
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When citing an abstract from the 2022 annual meeting, please use the format below. 

 

[Authors]. [Abstract Title]. Program No. XXX.XX. 2022 Neuroscience Meeting Planner.  

San Diego, CA: Society for Neuroscience, 2022. Online.  

 

2022 Copyright by the Society for Neuroscience all rights reserved. Permission to republish any 

abstract or part of any abstract in any form must be obtained in writing by SfN office prior to 

publication. 

  



Poster 

519. Vulnerability Risk Factors During Development 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 519.01 

Topic: A.09. Adolescent Development 

Support: DK124727 

DK124727DS 

S10RR025671 

MD006988 

GM060507 

Title: Neuropathological Correlates Linking Early-Life Stress to Disordered Eating and Obesity 
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Abstract: Background: Adverse childhood experiences significantly increase the risk for eating 

disorders and adult obesity. With extended COVID-19-related lockdowns, self-isolation, and 

adversities, there is evidence that unhealthy eating habits and obesity are increasing among 

youth. However, the mechanisms interconnecting early stress to adult obesity remain poorly 

understood. The present study identifies novel sex-dependent neuroadaptations mediating the 

elevated risk of overeating and obesity in a rat model of early-life stress. Methods: Adolescent 

Lewis rats (n=96, 48 males, 48 females) were exposed to a two-hit model of predator-based 

psychosocial stress (PSS) followed by intermittent access to a high-saturated fat obesogenic diet 

(WD, 41% kcal from fat) or an ingredient-matched control diet (CD, 13% kcal from fat). The 

PSS paradigm combined unpredictable predator stressors and social instability. We evaluated 

physiological and behavioral markers of stress longitudinally. The rats were subsequently 

exposed to intermittent WD feeding patterns to evaluate binge eating-like behaviors. A battery of 

behaviors, including Phenotyper home cage observation, was performed. The estrus cycle was 

staged to assess the effects of PSS and WD in estrus cyclicity. Histological imaging and 

immunodetection methods were used to determine the impact of stress and diet on the immediate 

early gene cFos and the synaptic integrity marker SV2A. Results: We found sex-dependent 

differences in rats exposed to traumatic stress and consumed the WD. Female rats displayed 

robust binge eating-like feeding behaviors when compared to males. This phenotype was 

associated with blunted acoustic startle reactivity. Interestingly, estrus cyclicity evaluation 

revealed dysregulated length and variability of stage frequency in female rats exposed to 

traumatic stress. In addition, PSS/WD exposure promoted distinct cFos and SV2A expression 

patterns in brain regions regulating feeding behavior and stress. Conclusions: We demonstrate 

that early-life stress is a significant catalyst for a high risk of disordered eating, particularly in 

females with intermittent access to an obesogenic diet. Our model recapitulates fundamental sex-



specific differences in how humans respond to childhood adversities and presents new evidence 

for potential neuropathological targets. Given the cumulative effect of early-life stress and 

nutrition on brain maturation and function, these findings significantly impact our understanding 

of neuroadaptations that may contribute to eating disorders and obesity. 
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Abstract: Can protective and compensatory experiences (PACEs) affect the saliva microbiomein 

health care providers?Pierce, Chelsea1, Quijada Carolina2, Peach Darci3, Koehler Gerwald4 , 

and Vazquez-SanromanDolores1.1 Department of Anatomy and Cell Biology, Oklahoma State 

University Center for HealthSciences.2 College of Osteopathic Medicine, Oklahoma State 

University Center for Health Sciences.3Department of Nutritional Science Allied Health, 

Oklahoma State University.4 Department of Biochemistry and Microbiology, Oklahoma State 

University Center for HealthSciences.Protective and compensatory experiences (PACEs) are 

positive experiences that increaseresilience and protect against the risk for mental and physical 

illness. Adults who had increasedPACEs in their childhood have better health and wellbeing 

even if they had a history of adversechildhood experiences (ACEs). The potential role of the 

salivary microbiome (SM), one of themost diverse microbiomes in the body, has been linked to 

systemic diseases with an underlyinginflammatory cause, such as chronic stress like ACES. This 

study examines the composition anddiversity of the SM of healthcare providers in Harmon 

County, Oklahoma and explores whetherthere are correlations to the number of PACEs they 

have experienced. Twenty-four healthcareproviders answered a PACEs and ACEs survey. Saliva 

samples were collected at two timepoints. The composition of SM was analyzed through 16S 

rRNA gene-based next generationsequencing. Results: We found out that 29% of our population 

present an ACEs score equal to ormore than 4 traits, in addition 64% neither experienced an 

enriched environment such as physicalexercise, nor social interactions outside their household. 



From the 19 PACE items score, wefound that 26% experienced equal or less than 7 protective 

experiences while growing up, and47% percent of those experienced that their parents divorced 

or separated. The SM will besequenced, and we will expect that the study participants with lower 

ACE scores, but higherPACE scores will have a different microbial composition in comparison 

to those with higherACE and lower PACE scores. 
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Abstract: In this review we address, identify, and discuss proposed potential neural mechanisms 

that underpin effects of cannabis on the adolescent driver’s brain and their fitness-to-drive. 

Following recent legalization of cannabis via CASB94 and similar bills in other states, there has 

been an increase in cannabis use amongst driving-age adolescents (16-19 years old). While, both 

adolescent and adult drivers under the influence of cannabis (DUI-C) are unsafe relative to their 

unintoxicated peers, sober adolescent drivers are involved in more MVAs when compared with 

novice adult drivers. Many of the cortical and sub-cortical regions implicated with driving (pre-

frontal cortex, thalamus, basal ganglia, cerebellum) do not completely mature until the age of 25. 

Thus, driving associated executive function, response inhibition, error recognition, visuospatial 

processing, and potentially motor control are limited in adolescent drivers. These further 

influence the necessary ability to multitask, process information to make decisions, and execute 

driving tasks. Importantly, development of these cortical and sub-cortical regions is negatively 

affected in cannabis users who begin using at an early age. Therefore, we posit that adolescents 

using cannabis would be at an even greater risk of MVA when compared with their age matched 

sober counterparts. Currently, little is known about the neurological impairments associated with 

cannabis use and MVA rates in adolescents. Direct evidence addressing the neurological 

components that drive the adolescent DUI-C and MVA rates remain obscure due to challenging 

ethical and legal barriers to objectively study this population. Current evidence uses ineffective 

outcome measures (e.g., reaction time), as well as indirect self-reported measures of driving and 

observational data on DUI-C and MVAs. Our work suggests cannabis use impairs adolescent 

brain development and function, leading to riskier driving behaviors, which in turn leads to 



higher rates of MVA in this population. However, a lack of empirical evidence potentially 

obscures the severity of the problem. It will be important for future studies to quantify fitness-to-

drive in adolescents with DUI-C to develop targeted driver safety interventions and inform 

policy to address this dangerous problem. 
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Abstract: Adolescence is a time of heightened vulnerability to the environment, in part due to 

ongoing development of prefrontal cortical regions. Inhibitory neurotransmission through fast-

spiking inhibitory cells (PV) increases across adolescence, contributing to medial prefrontal 

cortex (mPFC) development (Caballero et al., 2016). Additionally, the number of perineuronal 

nets (PNNs) increases across adolescence in the rat mPFC, where they preferentially surround 

PV cells (Baker et al., 2017; Drzewiecki et al., 2020) and support PV cell function. PNNs have 

been shown to be influenced by drugs of abuse (Slaker et al., 2018; Dannenhoffer et al., 2022). 

In the mPFC, PNNs also show a temporary decrease at puberty in females but not males 

(Drzewiecki et al., 2020) which could be a window of enhanced vulnerability for females.To 

assess the effects of exposure to methamphetamine (METH) during this vulnerable period, male 

and female Sprague Dawley rats were given IP injections of either 3mg/kg METH or saline at 

one of three timepoints: early adolescence P30-38, late adolescence P40-48, or adult P60-68. 

Brains were collected 24 hours after final METH exposure and sections of mPFC were 

immunofluorescently labeled for PNN’s and PV cells. Density and stain intensity of PV cells and 

PNN’s were quantified using ImageJ. Results suggest sex specific effects of METH on stain 

intensity. Females exposed to METH had more intense PNN’s and PV cells at all ages (p < 

0.05). Ongoing data analysis will assess the effects of METH on colocalization of PV cells and 

PNNs as well the effects of METH on the number of PNNs and PV neurons by multiplying 

density by the volume of the mPFC. At present, METH exposure appears to uniquely impact 

female PNN and PV expression at all timepoints. 



Disclosures:  A.S. Brinks: None. L.K. Carrica: None. D.J. Tagler: None. J.M. Gulley: 

None. J.M. Juraska: None. 

Poster 

519. Vulnerability Risk Factors During Development 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 519.05 

Topic: A.09. Adolescent Development 

Support: NSERC Grant 206686 

Janeway Foundation Trainee Grant 

Title: Legacies of stress: Investigating the impacts of repeated trauma on stress transmission 

across generations 

Authors: *L. DAWSON, R. BENNETT, A. JONES, K. RANDELL, K. GRACE, K. IVANY, P. 

E. MAC CALLUM, A. FLEMING, J. J. BLUNDELL;  

Psychology, Mem. Univ. of Newfoundland, St. John's, NL, Canada 

Abstract: The underlying mechanisms by which some individuals become more vulnerable to 

the development and persistence of stress-related and anxiety disorders remains poorly 

understood. Generational transmission of changes in behaviour and genetic regulation in 

response to traumatic experience may play a role. This study aimed to assess the effects of 

chronic predator stress in the parental generational on brain and behavioral changes in the F1 and 

F2 generations. F0 adult mice were exposed to a predator (rat) or control condition daily for 

seven days then assessed for anxiety-like behaviour (ALB) using a battery of tests consisting of 

the elevated plus maze (EPM), open field test (OFT), light-dark box (LDB), and social 

interaction test (SIT). F0 mice were also monitored for circadian locomotor activity for the 12 

days before and after stress exposures. While both control and predator stressed F0 mice showed 

habituation to the exposures (reduced freezing across days), predator stressed F0 mice froze 

more than F0 control mice across all seven days. As expected, predator stressed F0 mice showed 

increased anxiety-like behavior in the EPM compared to F0 controls. Following the behavioral 

tests, F0 mice were bred (control males to control females, predator stressed males to predator 

stressed females). We measured anxiety-like behavior (EPM, OFT, LDB, SIT) in adolescent F1 

mice. These behaviors, along with novelty suppressed feeding (NSF) and circadian rhythm 

monitoring, were also assessed following a mild stressor (foot shock) in adult F1 mice to 

determine if parental experience altered offspring stress sensitivity. Adolescent offspring from 

predator stressed parents showed decreased anxiety-like behavior as assessed in the EPM, but 

increased social behavior in the SIT. In adulthood, following a mild foot shock, F1 mice from 

predator stressed parents show less anxiety-like behavior in the EPM compared to offspring from 

control parents. Interestingly, in the OFT, female offspring from predator stressed parents 

showed increased ALB compared to female offspring from control parents. Current studies in the 

lab are examining changes in stress-related mRNA transcription in the brain in F1 offspring and 



assessing anxiety-related behavioral changes in the F2 generation. Our results demonstrate that 

chronic pre-conception parental exposure to predation risk engenders lasting effects on 

subsequent generations, a result that may improve our understanding of the etiology of stress-

related psychopathologies such as posttraumatic stress disorder as well as anxiety disorders. 

Disclosures:  L. Dawson: None. R. Bennett: None. A. Jones: None. K. Randell: None. K. 
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Abstract: There is limited existing research to show the relation between irritability and 

hyperactive/impulsive symptoms in adolescents with attention-deficit/hyperactivity disorder 

(ADHD). Impulsivity and ADHD are associated with lower academic and occupational 

outcomes, higher accident rates, substance use disorders, and suicidality. Identifying the 

correlations between the symptoms may help us intervene earlier and prevent costly negative 

outcomes. In this project, we apply machine learning (ML) models to investigate if irritability 

can predict hyperactive/impulsive symptoms. The model used 108 items scored between 0 

(never) to 3 (very often), from the Conners’ Parent Rating Scale, including the DSM-oriented 

ADHD subscales, measuring hyperactive/impulsive and irritability symptoms. We analyzed data 

for 80 participants (48 males) aged 12-16 years for two consecutive years, T1 and T2. Analysis 

of raw data showed that higher irritability scores are correlated with a higher 

hyperactive/impulsive score. We developed a random forest regression model using age, gender, 

and irritability along with hyperactive/impulsive raw scores at T1, as predictor variables, to 

predict hyperactive/impulsive scores at T2. Our model shows a reasonable prediction in terms of 

precision (80%), recall (78%), and balanced accuracy (81%) metrics. Ongoing work includes 

exploring gender differences in prediction of hyperactivity/impulsivity using Gaussian Graphical 

Model (network approach) and feature importance (ML approach). Additionally, to address the 

data imbalance and replicability, we are investigating consolidation of self-report rating scale 



along with data resampling techniques to refine the performance and interpretability of the model 

for prediction of hyperactive/impulsive symptoms in later years. 
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Abstract: All types of mental illness are known to tend to run in families. Family history of 

depression is reported to increase the overall risks in offspring for the onset of common mental 

disorders and suicidal behaviors in children. Complementary to familial information, polygenic 

risk scores have been suggested to assess overall psychiatric disorders risk. Familial risk and 

inherited genetic factors are significantly involved in developing mental illness, but their 

relationship remains unclear. In this study, we aimed to investigate the association of family 

history of depression with polygenic scores (PGSs) of multiple common traits and their effects 

on childhood psychopathology. We analyzed the phenotype and genotype data of 8,111 

multiethnic preadolescents (including 6,151 of European ancestry) from the Adolescent Brain 

Cognitive Development (ABCD) study. The variable describing risk levels of depression history 

over two generations was created, assuming that children with a depression history of both 

parents and grandparents have the highest risk and children with no family history have the 

lowest. We computed the PGSs of 30 different human complex traits. Based on logistic 

regression analysis, children with the highest familial risk tended to have higher polygenic 

chances than those with one ever-depressed generation or no familial risk. Among the tested 30 

PGSs, PGSs for depression and bipolar disorder were significantly associated with a family 



history of depression. Additionally, our mediation analysis revealed that PGS for depression was 

a significant mediator between a family history of depression and psychiatric disorders. These 

results showed the mediating role of PGS in the association of familial depression with 

psychiatric disorders and suicidality. 
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Abstract: According to the Centers for Disease Control and Prevention, alcohol is the most 

commonly abused drug among adolescents, and underage alcohol consumption accounts for 

more than 3,900 preventable deaths in the United States. Studies have shown that binge-like 

ethanol exposure during adolescence promotes dysregulation of inflammatory cytokine 

responses and a reduction of newly regenerated neurons in the dentate gyrus subregion of the 

hippocampus. These effects include changes in proliferation, regulation, differentiation, and 

maturation of neurons, and there is indication that such effects may be disproportionate between 

sexes. This study determined whether sex impacts the neurogenic makers Ki-67 and SOX2 as 

well as the proinflammatory cytokines TNF-α and IL-1β in adulthood after adolescent 

intermittent ethanol (AIE) exposure. To determine this, 16 adolescent male and 16 adolescent 

female rats underwent AIE with 10 doses of ethanol (5 g/kg) over a course of 16 days, on a 2-

days on, 1-day off, 2-days on, 2-days off pattern, to mimic the sporadic drinking of adolescents. 

Half of each sex group received either AIE or adolescent intermittent water (AIW) as the control. 

In adulthood, animals were sacrificed and immunohistochemical techniques and ELISAs were 

used to distinguish AIE effects on sex-specific neurogenic markers and proinflammatory 

markers, respectively. A random number generator was used to assign experimental cohorts with 

cage numbers to blind experimenters to the treatment groups. Our results indicated that AIE 

exposure led to a significant decrease in neurogenesis in the dentate gyrus of the hippocampal 



formation indicated by reductions in the numbers of Ki-67+ and SOX2+ cells in male and female 

AIE-exposed rats. Additionally, AIE increased the protein expression of pro-inflammatory 

cytokines, TNF-α and IL-1β, in the hippocampus of male AIE-exposed rats only. Altogether, our 

findings indicate that AIE does reduce neurogenesis in the dentate gyrus subregion and pro-

inflammatory cytokine expression in the hippocampus. The neurogenic impairment was not sex-

specific as both male and female AIE groups had approximately a 10-20% decrease in the 

number of Ki-67+ and SOX2+ cells compared to their AIW control, though the pro-

inflammatory cytokine increase was observed solely in male AIE-exposed rats. A persistent 

impairment in neurogenesis may alter hippocampally driven behaviors including memory 

consolidation and retrieval. 
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None. 

Poster 

519. Vulnerability Risk Factors During Development 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 519.09 

Topic: A.09. Adolescent Development 

Support: NIH Grant R56AG073965 

Title: Multi-omic profiling of the Down syndrome brain reveals novel aspects of aging in DS. 

Authors: *C. PALMER1, C. S. LIU2, N. WILLIAMS3, J. CHUN3;  
1Univ. of California San Diego, La Jolla, CA; 2UCSD, La Jolla, CA; 3Sanford Burnham Prebys 

Med. Discovery Inst., La Jolla, CA 

Abstract: Down syndrome (DS), caused by the triplication of human chromosome 21, is 

characterized by lifelong cognitive changes and the development of the neuropathological 

hallmarks of Alzheimer’s disease (AD). Previous single-nucleus RNA-sequencing studies 

identified numerous changes in the DS prefrontal cortex, including changes to neuronal ratios, 

microglial activation states, and the existence of previously unannotated transcript isoforms 

containing intra-exonic junctions. The genomic and epigenomic changes that lead to the 

observed transcriptomic changes, as well as the transcriptome’s effects on the cellular landscape 

are not understood. To elucidate the mechanisms responsible for these changes, we studied the 

DS postmortem brain via numerous approaches at a single cell resolution, providing insight into 

the cellular, epigenomic, and genomic factors responsible for the observed transcriptomic 

changes associated with DS. These results highlight global cellular and epigenomic differences 

as novel features of the aging DS brain. Supported by NIH R56AG073965 (J.C.) 
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Abstract: Early-life stress (ELS) is known to induce long-term neurochemical effects that affect 

neuronal circuit formation. These persistent alterations can result in the development of 

neurological disorders such as depression and neurodegenerative diseases later in life. The 

hippocampus (HIPP) can be especially vulnerable to stress, potentially resulting in learning and 

memory deficits. The brain-derived neurotrophic factor (BDNF) signaling pathway is a primary 

mediator of neuronal signaling in the HIPP. BDNF binds to and activates tyrosine receptor 

kinase B (TrkB), initiating an intracellular signaling cascade that leads to the downstream 

activation of multiple signaling molecules, including the extracellular signal-regulated kinases 1 

and 2 (ERK1/2). Phosphorylation of ERK1/2 further signals to transcription factors, leading to 

changes in gene expression. Evidence shows that proper function of this pathway can be altered 

by chronic stress. Most studies have been conducted using male subjects; however, female brains 

are known to have differing levels of BDNF as well as differential stress responses. To address 

this gap of knowledge, we hypothesized that ELS negatively impacts the expression of protein 

markers of the BDNF pathway in the female HIPP. Female Wistar rats underwent ELS in the 

form of neonatal maternal separation for 3h/d on postnatal days 2-14. Hippocampal tissue was 

harvested from adolescent (45 days old) rats and evaluated for expression of protein markers 

associated with BDNF signaling, including BDNF intermediate forms (pre-proBDNF and 

proBDNF), TrkB, and phosphorylated ERK1/2, using immunoblotting analysis. Our results 

indicate that ELS caused a significant increase in proBDNF expression without affecting levels 

of pre-proBDNF, thus suggesting that ELS can alter intracellular processing of BDNF. No 

significant changes were found in the expression of TrkB, pre-proBDNF, and phosphorylated 

ERK1/2. Collectively, our results indicate that ELS can have persistent molecular effects in the 

female HIPP, thus highlighting the need to specifically study female responses to chronic stress. 
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Abstract: Adolescence is a sensitive period in brain development that is marked by increased 

susceptibility to the effects of chronic stress, which may enhance vulnerability to 

neuropsychiatric conditions such as depression and substance use disorders. In the present study, 

we used an animal model to examine the effect of adolescent social isolation stress on coping 

behavior and nicotine reward. During the adolescent period from postnatal day (P)35-P49, male 

and female C57BL/6J mice were exposed to either social isolation (SI) stress or standard rearing 

(SR) conditions, as well as nicotine exposure (0.35mg/kg) four times between P35-P49 during a 

nicotine conditioned place preference (CPP) procedure. On approximately P50, stress-coping 

behavior was examined following a 6-minute forced-swim test (FST). Our behavioral results 

show that both male and female SI mice more rapidly develop nicotine CPP compared to SR 

mice, that SI mice exhibit increased levels of immobility in the FST, and that prior nicotine 

exposure during social isolation decreases immobility in the FST. These results suggest that 

adolescent social isolation stress enhances the rewarding effects of nicotine and negatively 

impacts stress-coping behavior. To determine whether adolescence is a sensitive period for these 

effects, ongoing research efforts are aimed at comparing these results to adult social isolation and 

nicotine exposure. Furthermore, we are examining stress-induced functional (c-fos expression) 

differences in the brains of SI versus SR mice in response to the FST via immunohistochemistry 

of the dorsal raphe ascending serotonergic system. Collectively, these analyses will help 

determine neurological correlates of adolescent susceptibility to the negative effects of chronic 

social isolation stress and inform our understanding of adolescent brain development and 

vulnerability. 
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Abstract: COMBINED EFFECT OF PRENATAL MATERNAL IMMUNE ACTIVATION 

AND ADOLESCENT EXPOSURE TO THC ON STRESS VULNERABLE MICE 

Begmatova D1, Murlanova K,1,2 Pinhasov A1.1Department of Molecular Biology, Ariel 

University, Ariel, Israel2Department of Physiology and Biophysics, Buffalo, NY, USAExposure to 

maternal immune activation (MIA) and cannabis use during adolescence have been associated 

with increased risk for the development of neuropsychiatric disorders. Inborn stress vulnerability 

is also known as a strong factor affecting fetal programming. Cannabis exposure in adolescence 

increases risk for psychosis, yet only a minority of cannabis users develop psychosis, suggesting 

that cannabis use may interact with pre-existing vulnerabilities such as prenatal MIA-exposure 

and increase the risk for neuropsychiatric illness.Our resent findings demonstrated that MIA 

activation in stress vulnerable (Sub) mice increased MK-801 provoked locomotor activity in 

offspring. In this work we explored the impact of MIA and sub chronic exposure to the main 

psychoactive component of cannabis, delta-9-tetrahydrocannabinol (THC), in adolescence on 

mouse models of social dominance (Dom) and submissiveness (Sub), which possess innate 

features of stress resilience and vulnerability respectively.MIA was elicited through prenatal 

exposure to polyinosinicpolycytidylic acid (poly(I:C)), supplemented with THC provided 

throughout adolescence (8 mg/kg/day for 21 days). We found that adolescent THC increased 

exploratory activity and social behavior and decreased MK-801 provoked locomotor activity Sub 

mice compared to vehicle treated Sub counterparts (136% of control, p<0.001). No effect of 

adolescent THC on Dom mice was observed. Combination of MIA with adolescent THC 

significantly increased MK-801 provoked locomotor activity with no effect on exploratory 



activity and social behavior in Sub mice compared with respective control. No effect of MIA-

THC was observed on respective Dom groups. Activation of CB1 receptors is thought to create 

an imbalance in excitatory-inhibitory signaling in the brain by influencing the GABAergic, 

glutamatergic, and dopaminergic systems. These findings suggest that induced MIA in 

combination with adolescent exposure to THC in individuals with inborn stress vulnerability 

may have cumulative effect on gross neuroanatomical development and affect GABAergic, 

glutamatergic, and dopaminergic signaling. that the endocannabinoid system may be sensitive to 

both prenatal MIA, adolescent THC, or a combination of factors. 
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Abstract: Interactions of Early Life Adversity and Brain-Gut Alterations Predict Obesity-

Related Complications Abstract: Due to continuing high prevalence and co-morbidities, obesity 

remains a complicated public health problem. Evidence shows that early-life adversity (ELA) 

impacts the brain-gut system and predisposes them to develop various adult-related disorders and 

symptoms related to stress sensitivity. Alterations to components of the brain-gut axis mediate 

between environmental pressures and host neurobiology, leading to obesity-related 

complications such as cognitive dysfunction and emotional dysregulation. However, it is unclear 

whether ELA predisposes individuals to obesity-related changes and how neuroendocrine and 

neurochemical brain-gut alterations mediate the interaction between ELA, BMI changes, and 

increased reward-based eating and cravings. This study performed a correlation and regression 

analysis to determine ELA as a predictor of increased BMI and a mediation analysis using 

structural equation modeling to examine the predictability of ELA on the association between 



stress-induced alterations of the gut and brain, specifically in the hippocampus, amygdala, 

hypothalamus, microbiome diversity, and BMI changes. Data is from a sample of 128 healthy 

adult participants, mostly of Hispanic origin, with a history of ELA and assessed using validated 

questionnaires. The adjusted models show interactions between ELA, BMI, hippocampal 

volume, and inflammatory signatures. We found positive associations between BMI and IL-6 

[r(82)=.23, p<.05] and positive associations between TNFα and left and right hippocampal 

regions [r(82) =.25 & .22, respectively, p<.05]. Selected gut-regulated factors, inflammatory 

biomarkers, and neurobiological structures may contribute as mediating factors to increased BMI 

in individuals exposed to ELA. The findings demonstrate that early adversity during a vulnerable 

period of neural growth predicts inflammation-driven brain-gut changes that have been 

implicated in obesity-related vulnerabilities and may inform targeted therapeutic approaches for 

further investigation. 
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Abstract: Fetal alcohol exposure has deleterious consequences on the cognitive abilities and 

motor skills of patients affected by Fetal Alcohol Spectrum Disorder (FASD) and in pre-clinical 

models of gestational ethanol exposure (GEE). Deficits in striatal cholinergic interneuron and 

dopamine function impair action learning and execution, yet the effects of GEE on acetylcholine 

and dopamine striatal release remain unexplored. Here, we report that alcohol exposure during 

the first ten postnatal days (GEEP0-P10), which mimics EtOH consumption during the last 

gestational trimester in humans, induces sex-specific anatomical and motor learning deficits in 

female mice during adulthood. Consistent with these behavioral impairments, we observed 

increased evoked-dopamine levels in the dorsolateral striatum (DLS) of GEEP0-P10 female, but 

not male, mice. Further experiments revealed an impaired β2-containing nicotinic acetylcholine 

receptor (nAChRs)-modulation of electrically evoked dopamine release, pointing to striatal 

acetylcholine deficits. Using a genetically encoded acetylcholine sensor (GACh3.0), we found a 

reduced decay of acetylcholine transients in DLS of GEEP0-P10 females in the presence of an 



acetylcholinesterase inhibitor. Finally, we showed that this effect is associated with decreased 

excitability of striatal cholinergic interneurons (CINs), pointing to activity-dependent defects in 

acetylcholine release. Altogether, these data shed a new light on striatal deficits that might 

underlie cognitive and motor learning symptoms of patients affected by FASD. 
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Abstract: Human susceptibility to stress varies substantially across individuals. Why do some 

people fall apart in face of stressful events while others bounce back quickly? Such differential 

susceptibility to stress is one of the major scientific issues to be answered in recent years. 

Psychological resilience is a key buffering factor of the vulnerability to stress, which allows for 

rapid recovery and helps maintain long-term mental health. Adaptive responses to diverse 

challenges are involved in the slow responses of the neuroendocrinal system, of which stress 

hormone cortisol is greatly sensitive to stress and dependent on the regulation of the 

hippocampus. Besides, the hippocampus has been thought to play a vital role not only in the 

process of positive coping style, but also in vulnerability to stress. However, the role of the 

hippocampus in processing negative events is still elusive. The hippocampus goes through a 

rapid development stage in childhood, yet little is known about the neurobiological mechanisms 

behind positive coping style from a developmental perspective in young children. We 

investigated the effect of psychological resilience and cortisol awakening response (CAR) on the 

development of the hippocampus in healthy children aged 6-12. In Study 1, we recruited 89 

children and collected their positive coping style (PCS) questionnaire as the index of 

psychological resilience. The CAR and fMRI data during an emotion processing task (Time1) 

were obtained. In Study 2, 34 children were invited back in the next year (Time2) to examine the 

interplay of PCS and CAR on brain development. We found that higher PCS was associated with 



greater CAR. Such PCS-related greater CAR paralleled with an increase in hippocampal 

functional connectivity with the ventrolateral prefrontal cortex (vlPFC) and fusiform gyrus one 

year later (Time2). Critically, CAR mediated the positive asssociation between PCS and 

longitudinal changes in hippocampal-fusiform functional connectivity (Time2-Time1), but not in 

hippocampal-vlPFC connectivity. Moreover, the interplay of PCS and CAR modulated the 

maturity development of vlPFC through the development of hippocampus-fusiform connectivity. 

CAR mediates the relationship between PCS and the longitudinal development of hippocampal 

function. Our findings have important implications in the neurobiological mechanisms 

underlying how positive coping style actively shapes hippocampal-neocortical functional 

systems invoveld in negative emotion processing. This points toward that psychological 

resilience may be dependent on the neuroendocrine process of CAR to shape hippocampal 

development in childhood. 
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Abstract: Fear is an emotional state that enables the organism to avoid or reduce harm, ensuring 

its adaptation and survival. Exacerbated or unfounded fear is a common hallmark of anxiety 

disorders. Fear responses are orchestrated by the activation of stimulus-specific neural circuits 

that converge in the periaqueductal gray (PAG). Common treatments for anxiety are serotonin 

reuptake inhibitors (SSRIs) that act by increasing 5-HT levels. Paradoxically, increased 5-HT 

during early postnatal development, for example due to early life trauma or SSRIs use in 

pregnancy, exert profound effects on brain structure and function, increasing adult anxiety and 

decreasing 5-HT innervation of certain brain structures (mPFC and hippocampus) in rodent 

models. In humans, imaging and genetic studies have linked serotonin-related genetic 

polymorphisms to anxiety disorders accompanied by structural and functional changes in PAG 

among other regions. However, it remains unknown if changes in developmental serotonin 



signaling alters adult serotonin circuit PAG function to increase anxiety. Here we investigated 

this question in mice using chemogenetic or pharmacologic methods to increase 5-HT signaling 

during postnatal (P) day 2 to 11 and to test reactivity to predator-like odor (2-methyl-2-

thiazoline, 2MT) in adulthood. To study unlearned fear-like responses in mice we developed a 

behavioral assay, in which a predator-like odor is presented in a chamber that allows for fast on- 

and off-set of the stimulus. I use deep learning algorithms to automate behavioral scoring. We 

found that chemogenetic or pharmacologic increased 5-HT signaling during this sensitive period 

increased fear-like responses in the adult. Furthermore, functional MRI imaging in this mouse 

model revealed robust PAG hyperactivity in response to the predator-like odor. Finally, using 

projection-specific optogenetics, we found that excitation of 5-HT neurons projecting to the 

dorsolateral PAG was sufficient to reduce unlearned fear-like responses in normal adult mice. 

Together our data demonstrate that: 1) developmentally elevated 5-HT signaling produces long-

lasting changes in adult 5-HT input into the dlPAG resulting in increased fear, 2) boosting 5-HT 

release in PAG may be sufficient to rescue these circuit-specific deficits. Overall, these findings 

suggest that serotonin in the PAG plays a pivotal role in fear and anxiety-like behaviors and 

understanding how this major modulatory neurotransmitter can modify unlearned fear responses 

in adulthood, and after developmental interference, can help improve diagnosis, prevention, and 

treatment strategies for anxiety-related disorders. 
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Abstract: The entorhinal cortex (EC) leads, and ends, two neural processing loops through the 

hippocampal formation (HF). In part, activity across two loops, one beginning with medial EC 

(MEC) and the other with lateral EC (LEC), contributes to neural representations of an animal’s 

environment as a whole (e.g., MEC led loop) and the location of items within that environment 

(e.g., LEC led loop). In this study, we used c-FOS to examine neural activation in Layers 2 and 3 

of MEC and LEC, which receive input derived from various brain regions and relay input to the 

HF, evoked by exposure to a novel, multi-level environments with or without a variety of 

moveable objects. Subjects were 15, adolescent Long-Evans hooded rats. After weaning, the 

animals were housed in groups in standard shoebox cages and handled daily. At 49 days old and 

prior to sacrifice, 5 rats spent 1.5 h in an enclosure with ramps and platforms (NoObj group), 5 

rats spent 1.5 h in the same enclosure but with a number of objects (YesObj group), and 5 rats 

spent 1.5.h in a standard shoebox cage in a quiet and dark room (control). Brains were processed 

to visualize c-FOS+ neurons, and cell counts were made using digital microscopy and 

stereological technique. All data were standardized to the control group cell counts. Enhaced 

neural activity was observed across Layers 2 and 3 of MEC and LEC of both NoObj and YesObj 

groups in comparison to controls (all p<.01). For LEC Layer 2, NoObj and YesObj groups did 

not differ in c-FOS+ neuron counts; however, 147% more activated neurons were observed in 

LEC Layer 3 of NoObj than YesObj brains (p<.037). Both Layer 2 and 3 of MEC in NoObj 

brains exhibited enhanced evoked activity relative to YesObj brains (+133%, p<.017 and +827%, 

p<.001, respectively). These results were somewhat unexpected. MEC layers were expected to 

be activated similarly across NoObj and YesObj groups due to responsivity to spatial cues of the 

overall environment (i.e., the global scene). However, more neural activity was elicited in three 

of four EC layers by exposure to an environment devoid of moveable objects than a setting with 

various objects (i.e., NoObj vs. YesObj groups). In contrast, and somewhat more expectable, 

more c-FOS+ neurons were found in MEC than LEC (+46%) of the NoObj group, and within the 

YesObj group more actvated neurons were in LEC than in MEC (+71%). These latter results 

align with suggestions that while MEC responds to the global nature of an environment, the LEC 

responds to both the space of an environment and the location of various objects within that 

space. That said, our data seem to suggest the EC may be more responsive to the global nature of 

an environment than local cues within that space. 
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Abstract: Novel object recognition tasks rely on rat’s natural tendency to explore novelty. The 

standard object recognition task (OR) requires rats to learn the identity of an object while the 

object location (OL) task requires memory of an object's spatial location. The object-in-place 

(OiP) task requires both object identity and location to be learned. Previous reports in adult 

animals show that the OR, OL and OiP, tasks depend on the perirhinal cortex, hippocampus and 

medial prefrontal cortex (mPFC), respectively. Furthermore, the OiP task is suggested to require 

a working circuit between the hippocampus and the prefrontal and perirhinal cortices. However, 

little is known about the whether these regions function similarly in the recognition tasks during 

development. The current study examined learning during the OR, OL and OiP tasks and how 

hippocampal and prefrontal activity varies across these tasks. Animals were trained in either the 

OR, OL or OiP task during adolescence [postnatal day (PD) 28] and their brains were 

subsequently examined for changes in cFos expression relative to control animals that only 

received habituation. In the hippocampus, preliminary results reveal a trending (p =.09) decrease 

in cFos activity in the ventral DG following learning in the OR and OL tasks (but not the OiP 

task) but no significant changes observed in the dorsal DG or CA1 subregions. In the mPFC, 

animals that performed the OiP task showed a significant increase (p < .05) in cFos activity 

relative to controls but no difference was observed in the OR and OL groups. Additionally, 

although activity was positively correlated between the dorsal blade of the dentate and the 

ventral blade (p’s < .05) in all three tasks, a trending (p = .06) positive correlation between 

activity in the mPFC and the DG was only observed in animals that performed the OiP task. 

These data demonstrate similar regional activity as that observed in adult animals across the 

three tasks. However, these data are the first to demonstrate a potential functional connection 

between the hippocampus and prefrontal cortex during OiP recognition learning in adolescence. 

Additional studies will examine the ontogenetic emergence of this relationship across 

development including infancy (when only identity recognition is observed) and in juveniles 

when identity recognition and location memory are not integrated. 
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Abstract: As we get older, we learn to modulate our behaviors to evaluate reward outcomes. 

These adaptive choices are orchestrated by current sensory conditions, internal cognitive states 

and future expectations. Understanding how neuronal functions develop and bias our 

behavior is fundamental to understanding developmental vulnerabilities to psychological 

disorders. To understand adolescent reward seeking behaviors, we examine how development 

changes brain function and connectivity. The medial prefrontal cortex (mPFC) is a key structure 

for emotional regulation, decision making, and reward seeking behaviors. The reward-

modulating properties of mPFC are thought to be derived from inputs from the ventral tegmental 

area (VTA). However, during adolescence, VTA inputs into mPFC are still developing, with 

adolescence showing decreased dopaminergic innervation of mPFC. Furthermore, mPFC itself is 

still developing, as indexed by myelination and inhibitory neuron maturation. Here we expand on 

our and others anatomical work to specifically probe the impact of development on functional 

connectivity and information flow within and between VTA and mPFC. Using simultaneous 

multisite neuronal recordings, we found that adolescent mPFC and VTA have increased activity 

during incorrect trials, compared to adults. This suggests that the compulsive reward seeking 

behavior we observe in adolescence may result from changes to adolescent interpretation of 

unrewarded attempts. Furthermore, through recording from VTA inputs into mPFC, we found 

that the VTA dependent reward information received in mPFC differs in adolescence, with 

chemical ablation of projections differentially affecting behavior at these ages. Together our 

work thus far suggests that the adolescent brain is not coding incorrect trials to the same extent 

as it does in adulthood, and therefore altering adolescent behavior. It may be that the compulsive 

reward seeking behavior we observe in adolescence may be a direct result of the lack of feedback 

on incorrect trials. Adolescence do not perceive the trials as wrong, so they do not learn to 

decrease their reward seeking behavior. Ongoing work is attempting to directly test this 

hypothesis. Overall, this work extends our understanding of motivation and reward-seeking 

behaviors across development and generate testable hypotheses that tackle why certain 

psychiatric disorders, such as impulse control and anxiety disorders, tend to emerge during 

adolescence. 

Disclosures:  G. Manzano Nieves: None. C. Liston: None. 

Poster 

520. Developmental Regulation of Brain and Behavior 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 520.06 

Topic: A.09. Adolescent Development 



Support: Appalachian State BNR&T Fund 

Title: Investigating a space with or without objects evokes activity in the amygdala of adolescent 

rats 

Authors: E. A. GIBSON, V. S. TACKER, *M. C. ZRULL;  

Psychology, Appalachian State Univ., Boone, NC 

Abstract: Adolescence can be a stressful time that is often marked by stimulation seeking and 

emotion-driven decision making, both of which can lead to risk-taking behavior during novel 

experiences. Exposure to an environment for the first time can promote exploration and 

emotional response through sensory and motor stimulation, provide opportunity to interact with 

same-sex conspecifics, and allow investigation of objects and space. Given the relative 

importance of the amygdala in learned and unlearned emotional response as well as in the 

evaluation of environmental and social cues, we examined how exposure to a novel, multi-level 

environment with or without a variety of moveable objects might evoke neural activity across 

lateral (LA) and basolateral (BLA) amygdala. We used c-FOS to study the differential effects of 

novelty exposure on evoked neuronal response within the LA and BLA of 15 adolescent rats. 

After weaning, the animals were housed in groups in standard shoebox cages and handled daily. 

At 49 days old and prior to sacrifice, 5 rats spent 1.5 h in an enclosure with ramps and platforms 

(NoObj group), 5 rats spent 1.5 h in the same enclosure but with a number of objects (YesObj 

group), and 5 rats spent 1.5.h in a standard shoebox cage in a quiet and dark room (control). 

Brains were processed to visualize c-FOS+ neurons, and cell counts were made using digital 

microscopy and stereological technique. All data were standardized to the control group cell 

counts. For LA and BLA, any exposure to novelty (YesObj, NoObj) increased neural activity 

over no exposure (control), +73% (p<.001) and +126% (p<.001), respectively. While there was 

no difference in LA neural activity between YesObj and NoObj groups (+15%, p=.258), the 

BLA of YesObj rats showed +70% more activated neurons (i.e. c-FOS+) than in NoObj rats 

(p<.001). Exposure to an unfamiliar space with or without novel objects promoted activity in LA 

and BLA. This activity likely underlies behavior related to emotion and assessment evoked in 

response to being in the environment. Activity in LA may underlie changes in emotional state as 

well as promote emotional memory formation during exploration and investigation of the space. 

Neural activity in the BLA may also correlate with behaviors accompanying emotional state but 

also contribute to adding context. While activity in LA was evoked similarly for environments 

with or without objects, activity evoked activity in BLA differed between YesObj and NoObj 

conditions suggesting the presence of objects in the unfamiliar space may have required 

integration of additional contextual cues to promote emotion-driven exploratory behavior. 
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Abstract: The dopaminergic system undergoes major developments during adolescence, a 

period especially vulnerable to mental disorders. Knowledge about the typical development of 

this system is required to understand its impact on the ontogeny of different mental disorders, but 

such information is sparse and scattered across publications investigating one or at most a few 

brain regions. We have utilized a comprehensive collection of microscopic images of 

immunostained sections from 152 male and female mice at five stages of development (P17, 

P25, P35, P49, and adult; DOPAMAP collection available through the EBRAINS Knowledge 

Graph), showing D1R and D2R expressing neurons across the forebrain. All images are 

registered to the Allen Mouse brain Common Coordinate Framework tools, with the P17-P35 age 

groups registered to spatially modified atlas delineations matching the morphology of young 

brains. We have analyzed all images using the semi-automated QUINT workflow, combining 

atlas defined regions-of-interest and image segmentation to extract and quantify D1R and D2R 

positive cells across sex and age groups. The data provide a novel quantitative overview of the 

regional maturation and spatial distributions of dopaminergic neurons in the mouse forebrain, 

suitable as a benchmark resource for future experimental studies in mouse models for mental 

disorders. 
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Abstract: Background: Rodent and human studies reveal that the gut microbiota can impact 

brain development and connectivity. For example, our group previously reported that aspects of 

the human infant gut microbiome are associated with functional connectivity between brain 

regions involved in processing and responding to threat, assessed via resting state fMRI. The 

goal of the current study was to test if introduction of human infant microbiomes into germ-free 

mice produced similar alterations in connectivity. Method: We transplanted human infant gut 

microbiota dominated by Bacteroides (BAC), human infant gut microbiota dominated by 

Bifidobacterium (BIF), and murine specific pathogen-free gut microbiota (SPF) into pregnant 

germ-free Swiss Webster mice. At 9 weeks of age, offspring (BAC n=8, BIF n=11, SPF n=8, GF 

n=8) were anesthetized using isoflurane, then switched to 0.5-1% isoflurane with a subcutaneous 

injection of dexmeditomidine at 0.05 mg/kg followed by an infusion of dexmedetomidine at 0.1 

mg/kg/h. Mice were scanned on a Bruker Biospec 70/30. Anatomical images were acquired 

using a T2_TurboRARE sequence. Diffusion weighted images were acquired using a 4-segment 

EPI sequence with 30 directions and B-value 1,000 s/mm2. We acquired resting state fMRI using 

a T2star_FID_EPI sequence for 2 500 repetition cycles for each mouse. Groups contained similar 

numbers of males and females but we did not test for sex differences due to limited power. 

Results: ANOVA analysis revealed group differences in functional connectivity between the 

hippocampus (HIP) and central nucleus of the amygdala (CeA) and between the nucleus 

accumbens (NAc) and bed nucleus of the stria terminalis (BST). Post-hoc tests (Tukey HSD) 

showed that BIF mice had significantly greater HIP-CeA connectivity than BAC mice. SPF mice 

were similar to BIF mice and GF mice were intermediate between BAC and BIF mice for this 

outcome. For BST-NAc connectivity, SPF mice had significantly greater connectivity than BAC 

mice. BIF and GF mice were more similar to BAC mice than SPF mice. Future Directions: We 

have created an atlas from our anatomical MRI images and are currently refining a structural 

segmentation so we can investigate whether regional brain volumes and DTI measures differ 

between groups. 
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Abstract: Ferrets have a gyerencephalic brain with an organization that is closer to non-human 

primates than rodents. Because of that, these animals have been used in studies of visual cortex 

development and plasticity, sensory processing, multisensory integration, TBI and and decision 

making. Ferrets are altricial animals with eye opening occurring only at postnatal day (P) 32. 

Developmental events that occur during the second half of gestation in humans, occur after birth 

in ferrets. Therefore, ferrets have been used as models for neurodevelopmental disorders such as 

fetal alcohol syndrome and hypoxia-ischemia. Surprisingly, there is no convention of what 

defines adulthood in the ferret. Studies have considered ferret adulthood as early as P90 and as 

late as 2 years. Adolescence is a period of development characterized by physical maturation, 

risk taking behavior and impulsivity. While physical maturation, including puberty, co-occurs 

with adolescence, they do not indicate when adulthood is reached. For instance, while puberty in 

humans is completed by 16-17 years of age, the human brain continues to mature until 

approximately 23-25yrs of age with the prefrontal cortex (PFC) maturing latest. Therefore, the 

functional maturation of the PFC is proposed to act as a marker of the conversion between 

adolescence and adulthood. We conducted whole-cell patch clamp of pyramidal neurons in 

Layers 5 from acute slices from the prelimbic cortex portion of ferret medial PFC at three 

different ages after puberty (P120, P180 and P220). Injected current-firing curves indicate that 

the amount of current needed to elicit the same number of action potentials (APs) increase 

between P120 to P220. APs amplitude and threshold decreased and increased respectively 

between these ages. Changes in passive membrane properties did not reach statistical 

significance. Our findings showed that excitability of pyramidal neurons in this region changes 

between the ages investigated, which strongly suggest that ferret prefrontal cortex does not 

mature before P220. 
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Abstract: Adolescence is a vulnerable period for the onset of mental health problems. It is 

characterized by widespread changes in both neural and behavioral development, including a 

peak in exploration, as individuals learn to navigate the world on their own. Many of these 

exploratory behaviors can be classified as risk-taking, which in humans has been associated with 

negative mental health outcomes (Smout et al., 2020). The interactions between changes in 

neural connectivity and patterns of behavior are key to understanding why mental health 

problems often arise during adolescence, and what preventative measures might be possible. 

Specifically, changes to threat- and reward-related circuits during adolescence may alter both the 

prevalence of exploratory behaviors and the likelihood of developing an anxiety disorder (Baker 

and Galvan, 2020). Neurodevelopmental trajectories in humans are mirrored by those seen in the 

common marmoset, an increasingly popular primate research model (Sawiak et al., 2018). 

However, behavioral similarities between the species during adolescence are less well 

understood. The primary aims of this study are twofold. First, to investigate whether adolescent 

marmosets, like their human counterparts, are more inclined to take risks than older or younger 

animals using a Novel Object test (NOt), and in the future to elucidate whether or not juvenile 

risk-taking correlates with markers of trait anxiety in the same animals assessed at adulthood. 

The NOt was conducted on thirteen family groups (n = 89 animals), comprised of breeding adult 

pairs and sets of offspring ranging from infancy to late adolescence. This method captures a 

wider range of naturalistic behaviors performed by animals as they explore the novel object 

within their family groups than would be possible if the NOt was performed on individuals 

temporarily isolated from their families. Novel object interactions were scored as low-risk 

(approaching and inspecting the object from a distance), medium-risk (approaching within 20cm 

of the object), or high-risk (touching the object). Adult levels of trait anxiety were assessed using 

the well-established human intruder test of uncertain threat. Overall, marmosets in late infancy 

and early adolescence were more likely to touch the novel object, exhibiting greater exploratory 

risk-taking than either older or younger members of their family groups. These findings support 

the use of the common marmoset as an animal model for future studies exploring the 

neurological development underlying changes in risk-taking behavior during adolescence and the 

potential link between this behavior and trait anxiety in adulthood. 
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Abstract: The general goal of this project was to determine if dopaminergic optical density 

within the dorsal striatum and nucleus accumbens (NAc) changes at the onset of puberty in Long 

Evans rats. Previous researchers have indicated that there are significant differences in the 

neuroanatomy between pre-pubertal and adult subjects within the striatum and the NAc, and it is 

hypothesized that hormones secreted by the “awakening” (onset of puberty) of the 

Hypothalamic-pituitary-gonadal axis (HPG) may contribute to these developmental changes. 

Despite this hypothesized connection, few researchers have analyzed the striatum and NAc 

specifically at the onset of puberty. The current project aims to analyze this gap of pubertal 

development in the striatum and NAc by using immunohistochemistry and ImageJ software to 

look at the dopaminergic optical density (OD) of the dorsal striatum and NAc for both male and 

female Long Evans rats at postnatal (P) days P30 and P40 (pre-pubertal for females and males 

respectively), 1 day post pubertal onset, 5 days post pubertal onset and P60 (adulthood). The 

results of our statistical analyses indicated that the NAc has a significantly higher optical density 

measurement than the dorsal striatum and that the NAc and dorsal striatum were positively 

correlated. However, the statistical tests indicated that there were no significant differences for 

sex or age on OD; nor was there a significant difference between interactions of region and sex, 

region and age, or age and sex. Our data indicates no significant differences between the dorsal 

striatum and the NAc over the pubertal stage. 
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Abstract: The ventral tegmental area (VTA) contains dopamine-producing cells that are 

essential for behaviors such as reward processing, memory and cognition, sexual behavior, 

learning, and mood regulation. Evidence suggests that dopamine cells in the VTA are affected by 



estrogen and testosterone, yet potential critical windows of elevated sensitivity to these 

hormones, such as adolescence, are relatively understudied. Previous work has also shown that 

dopamine cell number in the VTA changes between the juvenile and young adult period. Despite 

the known developmental changes and the sensitivity of the VTA to pubertal hormones, the 

developmental trajectory of this region has yet to be explored during the period of adolescence in 

relation to the timing of puberty. In the present study, we assess the role of age and puberty in 

changes in the optical density (OD) of tyrosine hydroxylase (TH) within the VTA in male and 

female Long Evans rats In the first cohort, VTA tissue was collected on postnatal day (P)30, 

P40, and P60 brain sections to compare definitively pre- and post-pubertal subjects. To further 

examine the potential changes in OD immediately following the event of puberty, in a second 

cohort, we used physical markers to determine the day of pubertal onset in male and female rats. 

From these subjects, brain tissue was collected from pre-pubertal, 1 day post pubertal onset, 5 

days post pubertal onset, and P60 males and females. Lastly, a third cohort was behaviorally 

tested in a battery of cognitive and affective tasks during adolescence and in young adulthood. 

We report sex-specific developmental changes in the VTA and in behavior that are mediated by 

both age and the onset of puberty. The results from these experiments have important 

implications for our understanding of the connection between dopamine, pubertal hormones, and 

psychiatric illnesses that manifest during the adolescent period. 
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Abstract: The paralaminar nucleus (PL) of the amygdala contains immature neurons that persist 

throughout life, and may have altered growth depending on early life experiences. Little is 

known about how PL immature neurons change with age or in response to early-life stress. Here 

we used stereological techniques to compare cellular features in the PL of 1) infant and 

adolescent macaques (n=4/group), and 2) infant macaques that experienced early life maternal 



deprivation (n=4/group, 2 deprived groups and 1 maternally reared control group). For the 

normal development study, we found pronounced differences in cellular measurements between 

maternally-reared infant and adolescent macaques. Adolescent PL had fewer immature neurons, 

more mature neurons, and larger immature soma volumes when compared to infant PL, 

providing evidence for PL neuronal maturation between infancy and adolescence. Furthermore, 

adolescent monkeys had fewer total neurons (immature and mature) in the PL compared to 

infant, suggesting that neurons may migrate out of the PL by adolescence. Early-life maternal 

deprivation did not change immature or mature neuron counts by 3 months of age. However, 

across all infants, immature neuron soma volume was strongly correlated with mature neuron 

counts. We also previously found that tbr-1 mRNA, which is highly expressed in the PL and 

associated with glutamatergic neuron maturation, was significantly reduced in the PL in 

maternally deprived infants in this cohort. Here, we compared tbr-1 mRNA levels with mature 

neuron counts in the PL and found they correlated positively across all infants. Together, these 

findings suggest that immature neurons gradually mature by adolescence, and that early maternal 

deprivation is correlated with subtle slowing in cellular growth, as indicated by decreased tbr-1 

mRNA levels and associated correlation with mature neuron counts in infancy. 
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Abstract: In primates, the amygdala is comprised of at least thirteen distinct subnuclei. The 

amygdala is necessary for emotional salience and its dysfunction has been implicated in the onset 

of many neuropsychiatric disorders. The basal subnucleus (Bpc) has an essential role in 

processing emotions and is surrounded by a unique group of cells recognized as the paralaminar 

nucleus (PL). The Fudge lab has previously demonstrated that the PL is different from the other 

subnuclei because it contains immature post-mitotic neurons which persist into adulthood. 

However, an increase in the proportion of mature neurons in the PL by adolescence suggests 



significant developmental neural growth and differentiation by this age. While we are beginning 

to understand neural maturation in the PL, the role of microglia, the brain’s immune cells, in PL 

development is unknown. During normal development, microglia can guide the differentiation of 

precursor cells to neurons, clear excess neuroblasts and prune synaptic contacts. Each of these 

functions is associated with different morphological and molecular signatures. As a first step in 

characterizing the role of microglia in the developing PL, we assessed microglia in 3-month-old 

(infant) and 4-year-old (adolescent) macaques (n=4/group), and used the adjacent Bpc as a 

relatively more mature brain region for comparison. Four evenly spaced sections through the PL 

and Bpc were immunoreacted for Iba1, sampled at 40x, and analyzed in FIJI/Image J. The 

average density of microglia in the PL was 37% greater in adolescents (390 microglia/mm2) 

compared to infants (267 microglia/mm2; p=0.0143), with no differences in density across 

medial, central, and lateral portions of the PL in either group. Similarly, in the Bpc microglia 

density was also greater in adolescents (341 microglia/mm2) compared to infants (290 

microglia/mm2) by 16% (p=0.0143). The spacing index, which measures microglial distribution 

while accounting for density (calculated as: (average nearest neighbor distance)2 *microglia 

density) was similar between the infant and adolescent groups in the PL (p=0.395). In contrast, in 

adolescent Bpc the spacing index (0.473) was 10% less relative to infants (0.530), indicating 

closer spacing (p=0.0277). These preliminary data indicate that there is an increase in microglia 

numbers from infancy to adolescence in the PL and Bpc, with increased clustering of Bpc 

microglia in adolescence, suggesting potential increased microglia interactions with neurons. 

Future analyses will determine whether differences microglia densities in each region are 

associated with increased phagocytosis or pruning. 
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Abstract: Improvement of cognitive abilities, including working memory and response 

inhibition, that characterize adolescent development is presumably caused by anatomical and 

functional brain changes over that period. The nonhuman primate model has been particularly 

fruitful for understanding cerebral function, but developmental data have been lagging. We 

therefore performed longitudinal morphological MRI to identify cerebral maturation trajectories. 

A total of 8 macaques (6 males, two females) were scanned over a period of three years over 11 

time points spaced approximately 3 months apart (with some variation due to COVID-19 

research disruptions). Monkeys’ ages ranged from 3.4 to 6.2 years old over that period, covering 

pre- and post-puberty stages. We also performed morphometric assays to determine objective 

markers of puberty and adulthood and relied on closure of the epiphysial growth plate of the tibia 

bones as a common time point to align MRI morphological results rather than relying on 

absolute age. T1 structural MRI (3T) were obtained under anesthesia. We used AFNI to co-

register the images to a study specific template and co-register the macaque CHARM atlases to 

each individual space. This procedure allowed us to extract biomarkers of cerebral maturation 

such as volume, thickness and surface. Maturation trajectory (peak, velocity) was estimated 

using general additive model (gratia library). Peak cortical volume (4.66 ± 0.82 years) was 

observed at an analogous absolute age when compared to humans (5.9 years), which is surprising 

when considering the 3x faster growth rate of monkeys. In addition, no significant change in 

cortical volume, suggestive of cortical pruning, was found after the time of the volumetric peak. 

We also identified the maturation peak times of cortical, subcortical and white matter areas, 

which occurred in a similar order in macaques and humans. Lobar maturation peak times were 

also ranked in the following order: parietal, occipital, frontal, temporal. Finer analysis suggested 

that the temporal pole and the inferior temporal cortex were the main drivers of the protracted 

temporal maturation. Our results reveal the trajectories of adolescent cortical maturation in a 

non-human primate model. 
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Abstract: The prefrontal cortex undergoes a protracted period of development in humans and 

nonhuman primates that is thought to be responsible for the improvement of cognitive abilities, 

including working memory and response inhibition, in adolescence. Little is known about the 

association between changes in prefrontal neuronal activity and consequent executive function 

over this time period. To address this question, we quantified behavioral performance, 

neurophysiological activity and cortical structure in areas 8a and 46 in adolescent animals. Eight 

(2F, 6M) macaques (Macaca mulatta) were trained to perform variations of the Oculomotor 

Delayed Response (ODR) task for assessing working memory, with delay periods of 1.5 s or 3.0 

s, including versions that included distracting stimuli. Behavioral performance and neural 

activity were collected from the animals at time points spaced approximately 3 months apart 

from 3.4 to 6.2 years old. The monkeys performed the ODR task robustly, with a mean accuracy 

of 86% correct (excluding aborted trials). Modest improvement in performance in in both ODR 

variants, with and without distracters was observed with age, with greatest improvement for the 

most difficult task conditions involving the presentation of distractor stimuli. A total of 994 

neurons were recorded in area 8a and 1440 neurons in area 46 across all monkeys and time 

points. An increase in the percentage of neurons that were responsive to task events (from 35% 

in the earliest stage to 47% in the latest stage) was observed. Changes in prefrontal activity were 

also observed over time. These were characterized by increased baseline activity in the fixation 

period as well as increased evoked activity relative to this baseline during the delay period of the 

task. Thus, adolescent development in PFC can be characterized by an increase in firing rate 

during working memory tasks. The results relate the development of cognitive capacity to 

specific changes in prefrontal neural activity. 
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Abstract: Over the course of life, there are periods of structural changes that are tied to the 

development or deterioration of functions. Adolescence, the transition from juvenile to 

adulthood, is a developmental period marked by a prolonged structural change in prefrontal 

cortex (PFC) and associated circuits that coincides with an increase in cognitive capacity, 

sensory seeking, and risk-seeking behaviors. While inroads have been made to understand the 

mechanisms that drive PFC maturation and how the PFC contributes to an array of cognitive 

tasks, the connection between the PFC’s developmental changes and its impact on circuit 

dynamics and behavior remain unclear. Using a cross species approach, mice and marmoset 

allow for a comprehensive overview of the structural and functional changes that are shared and 

divergent across rodents and non-human primate. For mice, we used synaptic physiology, 

anatomy, behavior, and computational modeling where we uncovered a prolonged period of 

structural maturation that mirrors change in behavior. Specifically, we examined L2/3 of the 

prelimbic region of the medial prefrontal cortex in the mouse across the first four months of life. 

We found changes in the long-range connections, intrinsic properties and the strength of the local 

microcircuitry. All evidence points to a significant and prolonged maturation of the inhibitory 

network that may alter the way the animal behaviors. To test whether changes in inhibition has 

an impact on behavior, we trained animals to perform a simple reversal learning to a more 

complex 2-armed bandit task. In all cases, younger mice performed differently than the adult 

mice. To better describe the changes, we have implemented a set of computational models where 

they suggest that younger animals are guided by new information to a greater extent than older 

adult animals. For marmoset, we have taken the behavioral and computational modeling and 

trained a cohort of young and adult marmosets to perform the identical two armed bandit task. 

Our preliminary results suggest a similiar strategy across the adult cohorts. By running these 

species in parallel, we will gain a deeper understanding of the shared properties before dissecting 

the underlying anatomical changes within the nonhuman primate. Together, these data provide a 

tractable developmental trajectory for which perturbations to genetic and environmental risk 

factors can be assessed across age, sex and ultimately species. Our next goal is to uncover the in 

vivo physiologically impact of these structural changes that may explain the changes in cognitive 

function. 
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Abstract: As adults age they can retrieve autobiographical memories that trace back several 

decades, and yet even as young adults could not recall memories from infancy. Such infantile 

amnesia may reflect a deficit in episodic encoding of infant experiences that results from 

hippocampal immaturity. However, recent evidence from fMRI in awake human infants suggests 

that the hippocampus plays a functional role in infant learning, raising the possibility that it may 

be able to encode memories during this time. An alternative explanation is that infantile amnesia 

reflects a deficit in episodic retrieval rather than encoding, resulting from greater interference or 

accelerated forgetting across childhood. Accordingly, it may be possible to find evidence of 

infant memories in younger but not older children. This hypothesis is difficult to test because the 

ground truth of what a child experienced as an infant, which is needed to probe memories for 

these experiences, is typically unknown. We took a novel approach to address this challenge by 

conducting a case study of two children, aged 3 and 9 years at the time of participation, whose 

first-person experiences as an infant (6-20 months) were recorded daily on a head-mounted 

camera. Rather than relying on behavioral assays of episodic memory, which have found 

impoverished performance in young children, we assessed memory retrieval in the brain using a 

novel neural measure that does not require explicit reports. During fMRI, each child viewed 30 s 

video clips from their own infancy and from the infancy of the other child, equating the stimulus 

set across children. After playing the first 15 s of each video intact, we probed retrieval by 

distorting the remaining 15 s in one of two ways: First, we tested recall given a partial cue 

(pattern completion) by blurring the second half, during which memory could allow 

reinstatement of missing visual information. Second, we tested for detection of mismatches with 

encoded memories (relational violation) by replacing the soundtrack or scrambling the order of 

the second half of the video. Other videos were presented intact for the full 30 s, providing a 

baseline for these additional component processes. We tested retrieval in subregions of the 

hippocampus and medial temporal lobe that were segmented manually from high-resolution 

anatomical scans. We found pattern completion in CA1-3, DG, and PHC but only in the younger 

child. There was no neural detection of relational violations in the younger or older child. This 

unique case study provides tentative evidence that some infant memories are encoded and 

retained with sufficient episodic detail to support later cued recall, at least into early childhood. 
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Abstract: Traumatic Brain Injury (TBI) is one of the leading causes of traumatic death and 

disability globally. Concussion, or mild TBI (mTBI), constitutes up to 75% of all brain injuries 

that occur annually in the US. There is growing evidence that repeated mild traumatic brain 

injury can cause chronic neuroinflammation, changes in hippocampal synaptic plasticity, and 

associated cognitive deficits. In this study, we used an awake closed head injury (ACHI) model 

to administer an mTBI repeatedly (8 times, spaced 2 hours apart) over the course of the day in 

juvenile male rats (P23-29). At 1 or 7 days after the injury, hippocampal slices were prepared for 

in vitro electrophysiological recordings, and the capacity for long-term depression (LTD) in both 

NMDA-mediated receptors and endocannabinoid-mediated receptors, as well as long-term 

potentiation (LTP) was examined in the dentate gyrus (DG) synapse. We found that r-mTBI did 

not produce significant alterations in presynaptic neurotransmitter release or in the size of 

fEPSPs generated with different stimulus intensities. Preliminary results indicate an impaired 

capacity for LTD in the endocannabinoid-mediated receptors 1-day post-injury, however, 7 days 

post-injury LTD increases compared to control. 

Disclosures:  A. Gross: None. A. Willoughby: None. J. Brand: None. E. Bosdachin: None. J. 

Morrison: None. F. Ramnaraign: None. B. Christie: None. 

Poster 

520. Developmental Regulation of Brain and Behavior 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 520.20 

Topic: A.09. Adolescent Development 

Support: CIHR Grant 468837 

Title: Prenatal THC exposure alters interneurons and microglia in the hippocampus of adult rats 

Authors: *H. REID1, K. BALL2, A. K. HINDE5, O. TREPANIER5, T. SNOWDEN3, C. 

RODRIGUEZ6, K. R. BREIT8, J. D. THOMAS7, B. R. CHRISTIE4;  
2Biol., 3Neurosci., 4Div. of Med. Sci., 1Univ. of Victoria, Victoria, BC, Canada; 5Med., Univ. of 

British Columbia, Victoria, BC, Canada; 6Psych, 7Dept Psychol, San Diego State Univ., San 

Diego, CA; 8Psychology, West Chester Univ., West Chester, PA 



Abstract: A growing segment of the population has reported cannabis use, including those who 

are pregnant. Misconceptions around cannabis use are common, and a subset of people may 

consider it a remedy for morning sickness, despite its effects as a potential teratogen. This 

research focuses on the effects of prenatal THC exposure in the rat hippocampus. THC acts 

primarily on CB1 receptors, one of the most ubiquitous G-protein coupled receptors in the brain. 

They are primarily Gi/o coupled, and found presynaptically on interneurons. The work of others 

has shown that repeated THC exposure causes receptor downregulation. In the case of prenatal 

exposure, the GABA switch has not yet been flipped, so this causes excitation. This has 

ramifications for network establishment. Further, CB1 receptors have been shown to be integral 

for axon guidance, and possibly for the migration of interneurons from the caudal and medial 

ganglionic eminences to the hippocampus. 

Our data suggests that there is an effect of prenatal THC exposure in parvalbumin and 

somatostatin interneuron densities. Parvalbumin interneurons make up 20% of all interneurons in 

the hippocampal formation. They are thought to be integral to lateral inhibition and memory 

consolidation. In 70-day old animals, in the ventral CA1 and DG subfields, the number of PV 

interneurons decreased, however this effect was smaller when related to the overall cell density. 

There were fewer changes in interneuron numbers overall in the DG, however a decrease in the 

number of PV interneurons in the THC exposed group was observed in the ventral DG. 

Somatostatin interneurons show a regional specific decrease (in the CA1 but not DG subfield). 

To ensure scientific rigor, power analysis was performed in all data sets. Sex differences were 

also considered (and were powered appropriately) since adult rats have sexual dimorphism in 

body size. Thus, profile counts were divided by the area of each cell layer counted. This also 

serves to increase robustness against brains that had slices that were slightly dorsal leaning 

(smaller area relative to ventral), to ventral leaning. All researchers were blinded to experimental 

condition. 

High-throughput macro analysis of ~19,000 Iba1+ cell circularity was investigated in adult 

animals to assess if there are probable long term inflammatory ramifications of prenatal THC 

exposure. Iba1+ cells circularity was found to be decreased in the dorsal dentate gyrus and the 

ventral CA1 in both sexes. Sex differences were observed in the dorsal CA1, where only females 

showed decreased circularity. 
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Title: The effects of postnatal choline supplementation and exercise intervention in ethanol-
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Abstract: Fetal Alcohol Spectrum Disorder (FASD) is among the leading causes of 

neurodevelopmental damage persisting into and throughout adulthood, yet a universal treatment 

for FASD does not currently exist. There is evidence that the nutrient, choline, and exercise 

interventions can reduce impaired phenotypic outcomes in FASD subjects - particularly in 

memory-related tasks. FASD subjects exhibit decreased neurogenesis in the hippocampal dentate 

gyrus (DG), a region of the brain required for information consolidation, while choline-treated 

and exercise-treated subjects both individually increase neurogenesis in the DG. This study 

explores whether choline and exercise produce additive recovery effects to neurogenesis in the 

DG following postnatal ethanol exposure. A third-trimester binge-like ethanol exposure model of 

a gavage-fed liquid diet was administered to eight randomly assigned groups of neonate rats 

from PD 4-9 (blood alcohol concentration ~300-340 mg/dl). Groups were given subcutaneous 

injections of either choline (100 mg/kg/day) or saline from PD 10-30 and were placed into a 

daily forced exercise task on either a moving (10 m/min) or non-moving automated running 

wheel from PD 26-35. All groups received intraperitoneal Bromodeoxyuridine (BrdU) (400 

mg/kg) injections on PD 35 and were euthanized within 24 hours of BrdU treatment (on PD36). 

Immunofluorescent staining against BrdU, ionized calcium-binding adapter molecule (Iba1) and 

glial fibrillary acidic protein (GFAP) was used to visualize changes in the distribution and 

abundance of dividing cells and microglial and astrocytic subpopulations across conditions. 

Preliminary results suggest that ethanol-exposed rats displayed a decrease in the abundance 

BrdU+ cells compared to controls. This effect was reduced in choline-treated and exercise-

treated rats. Choline-exercise-treated rats displayed the highest abundance of BrdU+ cells, in 

both ethanol-exposed and control conditions. The abundance of BrdU+ cells was significantly 

higher than the abundance of co-positive BrdU and IBA1 cells, as well as co-positive BrdU and 

GFAP cells. These results suggest that the administration of choline and exercise to ethanol-

exposed and wild-type rats may increase the DG’s capacity for neurogenesis relative to either 

intervention alone, indicating a potential additive interaction between the cognitive changes 

elicited by both interventions, occurring as early as PD36 (adolescence). Choline and exercise 

are both promising treatment options for the recovery of impaired neurogenesis in the DG, and 

the use of both interventions together could increase this capacity for recovery in FASD subjects. 
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Abstract: Major depressive disorder (MDD) is a mental illness that affects millions of people 

worldwide, making it one of the leading causes of disability. Chronic stress exposure is a well-

recognized risk factor for the development of MDD, in which social stress, in particular, plays a 

role in the etiology of mood-related disorders. While the traditional social defeat stress (SDS) 

paradigm has been useful in investigating the development/expression of behavioral responses 

associated with mood-related illnesses, mouse and rat models, unfortunately, display limited 

social structures that more directly resemble human behavior; consequently, limiting their 

translational implications. For this reason, the purpose of this study was to examine if SDS, in 

male prairie voles specifically, results in a depression-related phenotype. To do this, sexually 

naïve male voles experienced physical defeat bouts by a pair-bonded male resident aggressor, 5 

minutes per day, for 7 consecutive days. Non-stressed control male voles (same-sex siblings) 

were handled daily and housed in cages fitted with perforated Plexiglass partitions. Twenty-four 

hours after the last SDS exposure, experimental voles were evaluated on the social interaction, 

sucrose preference, and forced swim tests - behavioral endpoints that are commonly 

implemented to evaluate sociability, anhedonia, and despair-like behavior. When compared to 

controls, SDS-exposed voles displayed decreases in body weight, sociability, and preference for 

a sucrose solution, along with increased immobility on the forced swim test. Importantly, no 

differences in general locomotor activity were observed as a function of SDS between the 

groups. Collectively, these findings indicate that SDS exposure induces depression-related 

behavior in male prairie voles. 
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Title: Preeclampsia as a possible origin for development of anxiety, depression disorders and 

memory alterations in offspring 
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Abstract: It has been described that preeclampsia might affect health in offspring at adult life. 

Low birth weight has been associated to cardiovascular and metabolic alterations in adults. There 

are, however, few studies relating this illness to development of anxiety, depression and memory 

alterations in offspring. The objective of this work was to evaluate the possible relationship of 

preeclampsia with development of anxiety, depression, and memory alterations in offspring from 

preeclamptic rats. Thirty Swiss Webster females 12-14 weeks old, and 15 males 14 weeks old 

were mate in a two females per male ratio. Day 1 of pregnancy was recorded when spermatozoa 

were found in a vaginal smear. Pregnant females were divided into control group receiving 

vehicle, and preeclampsia group receiving L-NAME in drinking water at a dose of 60 mg/Kg 

from day 10 of pregnancy until delivery. Offspring was weaned and sexed at 4 weeks after birth. 

For study purposes, 2 females and 2 males were taken from every control and preeclamptic dam 

to set 4 study groups with 15 males and 15 females. Each group was evaluated using the elevated 

plus maze test (anxiety), tail suspension test (depressive-like behavior) and the recognition of 

novel objects test (memory), in addition to the open field test was performance to corroborate 

their motor activity and validate our results. We found that the male offspring from preeclampsia 

showed an enhancement in the time that mice spend in the close arms in the elevated plus maze 

test, in addition to a longer immobility time in the tail suspension test, compared to the offspring 

from healthy pregnancies. On the other hand, female offspring from preeclampsia showed a 

lower percentage of recognition in the memory test compared to offspring from normal 

pregnancy. These results seem to suggest that preeclampsia predisposes young male offspring to 

develop anxiogenic and depressive-like behavior as well as memory impair in young female 

offspring. 
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Title: Glun2c/d selective positive allosteric modulator of nmda receptors reveals particular 

gabaergic interneuron subtypes that do not rely on glun2d-mediated neurotransmission 
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Abstract: GABAergic interneurons make up a small proportion of total CNS cells, yet they 

control circuit excitability and behavior. Through opto- and chemogenetic manipulation, 

hippocampal GABAergic interneuron function can be directly linked to spatial navigation, 

memory, and overall network oscillations. Additionally, interneuron dysfunction is a central 

hypothesis to multiple neuropathological diseases including epilepsy, schizophrenia, and autism. 

Thus, the therapeutic potential of interneuron modulation is immense. One potential avenue for 

interneuron-specific control is through activation of GluN2D-containing NMDA receptors. The 

GluN2D subunit is expressed in GABAergic interneurons, with little to no expression on 

glutamatergic principal cells. In line with these data, our novel GluN2C/D-specific positive 

allosteric modulator, (+)EU1180-453, was able to significantly increase the charge transfer of 

evoked NMDA receptor-mediated currents onto stratum radiatum interneurons (0.59 pC for 

baseline vs 0.92 pC for 10 µM (+)EU1180-453; paired t-test, p=0.003; n=13). Interestingly, only 

54% (7/13) of these recorded cells showed robust potentiation above 1.25-fold, while the 

remaining cells had minimal response to (+)EU1180-453. Given heterogeneity of interneurons 

found within stratum radiatum, we hypothesized that the differential effects of (+)EU1180-453 

may be driven by lack of GluN2D expression on a particular interneuron subtype. To answer 

this, we used genetically-driven fluorescent mice to test (+)EU1180-453’s efficacy on 

cholecystokinin (CCK) only, CCK/vasointestial peptide (VIP), VIP only, and neuropeptide-Y 

(NPY) positive cells in stratum radiatum. We have shown mixed effects of (+)EU1180-453 on 

CCK only and CCK/VIP cells, while VIP only cells showed no potentiation, and NPY cells 

showed strong potentiation. Since GluN2C is not expressed on these interneuron subtypes, these 

data suggest that functional synaptic GluN2D expression may be limited to a unique subset of 

interneurons. We are currently assessing parvalbumin- and somatostatin-expressing interneurons 

to obtain a broad picture of GluN2D synaptic expression and the interneuron landscape. These 

data demonstrate how positive allosteric modulators of GluN2D-containing interneurons could 

alter network function. 
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Abstract: NMDA receptors (NMDARs) mediate a slow, Ca2+ permeable component of 

excitatory synaptic transmission in the CNS, and are tetrameric assemblies of two glycine 

binding GluN1 subunits and two glutamate-binding GluN2 subunits. There are four different 

GluN2 subunits (A-D), which are differentially expressed throughout the CNS. The GluN2D 

subunit appears absent in most principal cells but is present in many interneurons. We have 

developed a series of positive allosteric modulators that show selectivity for the GluN2C/2D 

subunits. Here we explore the actions of these modulators on hippocampal function using current 

clamp recording from CA1 pyramidal cells and interneurons in hippocampal slices from 

C57BL/6J mice (P20-25). Horizontal brain slices that contained the CA1 region were prepared 

and spontaneous firing of CA1 pyramidal cells and interneurons was recorded for a 5-minute 

baseline period, followed by a 10-minute of (+)-1180-453 (10 µM), which is a selective 

GluN2C/2D positive modulator (EC50 3 µM). The recording was concluded by co-applying (+)-

1180-453 with DL-AP5 (400 µM) for 5 min. The intrinsic membrane properties were measured 

during each treatment, including current-voltage (IV) curve, input resistance, the membrane time 

constant (τ), rheobase, evoked-spike firing frequency, and resting membrane potential. (+)-1180-

453 hyperpolarized the membrane potential from -68±3.4 mV to -72±3.3 mV (mean± SEM; 

n=10), shifted the IV curve more negative, but did not significantly alter input resistance, spike 

firing or rheobase. These effects were blocked by APV. To investigate the mechanism of the 

hyperpolarizing effect of (+)-1180-453, we repeated this protocol in pyramidal cells (n=8) with 

inclusion of the GABAA receptor inhibitor bicuculline (20 µM). The administration of 

bicuculline did not significantly change the intrinsic membrane properties of pyramidal cells, but 

eliminated the effects of (+)-1180-453. Recordings from CA1 interneurons showed two different 

responses. In 5 of 10 interneurons, (+)-1180-453 increased spike firing frequency, whereas it 

hyperpolarized the remaining 5 interneurons. These results suggest that potentiation of NMDAR 

responses in GluN2D-expressing GABAergic interneurons can increase their activity and 



suppress the excitability of CA1 pyramidal cells. We interpret the hyperpolarizing actions on 

interneurons of (+)-1180-453 as indicative of interneurons that do not express GluN2D but 

receive input from other GluN2D-expressing interneurons. These results show that enhancement 

of GluN2D can sculpt interneuron function in a complex fashion that alter circuit properties. 
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Abstract: The expression and activity of ionotropic glutamate receptors controls signal 

transduction at the excitatory synapses in the CNS. The major role is played by the calcium-

permeable NMDA receptors (NMDARs) that are represented by three types of subunits: GluN1, 

GluN2A-D, and GluN3A-B. The NMDAR is composed of two obligatory GluN1 subunits and 



two GluN2 or GluN3 subunits in different combinations. Each subunit consists of four domains: 

the extracellular amino-terminal and agonist-binding domains; the transmembrane domain; and 

the intracellular C-terminal domain (CTD). The CTD representing up to half of the entire 

NMDAR subunit (GluN2A/B) has the lowest homology between NMDAR subunits. The CTD of 

the NMDAR is crucial for trafficking of the receptor to synapses, endocytosis, and subsequent 

degradation of the receptor. The direct effect of altered CTD on the functional properties of the 

NMDAR ion channel has also been shown. CTD interacts with several intracellular proteins, 

such as cytoskeletal proteins, scaffold proteins, or proteins involved in intracellular signaling. In 

addition to the binding of various proteins, CTD is a target of numerous post-translational 

modifications regulating the functional properties of the receptor. Amino acid mutations in the 

cytosolic part of NMDAR subunits have been identified in individuals with various neurological 

impairments. These mutations could potentially contribute to the emergence and development of 

the disorder. We employed electrophysiological and microscopy techniques to study the impact 

of four (P1386L, N1076K, T1064A, V967L) disease-diseases associated mutations 

(schizophrenia or epilepsy) in the CTD of the GluN2A subunit, which we identified in our NGS 

data set from patients. We analyzed the NMDAR ion channel properties, their changes in surface 

expression, and their trafficking to synapses. Our results suggest that the mutations we tested 

affect the ion channel properties, such as glutamate potentiation, desensitization, and open 

channel probability. Besides that, studied mutations significantly decreased NMDAR surface 

expression. Furthermore, the de novo mutation P1386L found in schizophrenia patients shows a 

defect in synaptic localization. We demonstrated that decreased synaptic localization of P1386L 

mutated NMDAR is presumably linked to lower affinity for the scaffold protein PSD-95. In 

summary, we showed that genetic changes in the CTD of the NMDA receptor altered its 

functions, impairing its delivery to the cell surface and synaptic localization, which might 

contribute to the emergence of neurological disorders. 
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Abstract: Schizophrenia (SCH) is a severe mental disorder characterised by a high heritability 

rate. Genome-wide association studies revealed several individual loci contributing to disease 

susceptibility included GRIN genes encoding NMDA receptor subunits. A substantial number of 

NMDAR mutations and rare variants have been reported, but much less is known regarding the 

common population variability of the genes. In our recent study, we demonstrated that genetic 

variability in ionotropic glutamate receptors (iGluR) plays a meaningful role in the majority of 

SCH patients. We found genetic variability associated with SCH for variants in intronic 

sequences and regulatory regions of GRIN genes, suggesting possible alterations in gene 

expression and mRNA processing leading to NMDAR signaling disfunction. In addition, 

previous studies also reported different levels of gDNA methylation in various neurological 

diseases, also suggesting altered epigenetic regulation. Our goal was to analyse both the genetic 

variations and the methylation profiles of the regulatory parts of the GRIN genes to assess their 

effects on gene control. Our custom neuropanel covers, among other loci, all genes for the iGluR 

subunits including their promoter, 5'UTR and 3'UTR regions. The clinical cohort comprises 62 

SCH and corresponding control subjects. We mapped the genetic profiles of promoters and 

UTRs in individual GRIN genes and patients and used the CADD tool for scoring the 

deleteriousness of variants. The highest number of SNPs was observed in GRIN3B subunit, 27 in 

total. We also identified 5 SNPs in GRIN1 promoter region, 10 in GRIN2A, 13 in GRIN2B, and 

8 in GRIN3A. Two variants rs181870048 (GRIN2A) and rs12338602 (2B) had a high 

CADD_phred score. The selected promoters (combination of SNPs) identified with higher 

frequency in SCH and the control were cloned into a luciferase reporter plasmid and their 

activity was analysed. We observed differential activity between the selected promoters of each 

GRIN gene. However, the expected decreased activity of the promoters was not exclusive to the 

promoters found more frequently in SCH. In parallel, we analysed the methylation sites 

overlapping with the promoter regions using real-time PCR and bisulfite sequencing. We found 

an increased level of DNA methylation in GRIN1 and GRIN3A/B genes in SCH. Methylation 

was decreased in the analysed region of GRIN2A, whereas the GRIN2B gene was not affected. 

Our results suggest that both genetic changes in the promoter region of Grin genes and changes 

in methylation can alter the expression of GRIN genes in SCH. The data presented also help us 

to understand the possible role of several SNPs in NMDAR regulation. 
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Abstract: N-methyl-D-aspartate receptors (NMDARs) are synaptic glutamate receptors that 

mediate a Ca2+-permeable component of excitatory transmission and are critical for synaptic 

plasticity and brain development. Recently, whole exome sequencing has identified multiple 

patients with heterozygous de novo missense mutation in the M2 transmembrane domain of the 

NMDAR GluN1 subunit (encoded by the GRIN1 gene). All patients present with severe 

intellectual disability, developmental delay, motor and sensory deficits. The genetic variant 

(c.1858G>C/A) results in a substitution from glycine to arginine at position 620 of GluN1 

(p.G620R). However, the impact of this variant on synaptic function is unknown. We therefore 

generated a mouse model (Grin1-G620R) mimicking the heterozygous variant reported in the 

patients. Both male and female mice were used in this study. Grin1-G620R mice were smaller 

and weighed less than their wild-type (WT) littermates across a range of ages. However, we 

found no differences in gross brain anatomy or neuron number in Nissl-stained sections from 

adult mice. In behavioural testing, Grin1-G620R mice (8-12 weeks) exhibited locomotor deficits 

in the open field test, as well as increased startle response during pre-pulse inhibition. We used 

acute slice electrophysiology to examine the impact of the G620R variant on synaptic function in 

the CA1 hippocampus. Extracellular field recordings revealed no deficit in basal AMPAR-

mediated synaptic transmission of Grin1-G620R mice; however, NMDAR-mediated field EPSPs 

were reduced to ~50% of WT levels, and long-term potentiation (LTP) induced by theta-burst 

stimulation was similarly reduced by ~50%. In voltage clamp recordings from CA1 pyramidal 

neurons, NMDAR-EPSCs from Grin1-G620R mice were not only reduced compared to WT, but 

also exhibited significantly faster decay kinetics. In contrast, analysis of NMDAR-EPSC current-

voltage plots showed no difference in the sensitivity of NMDARs to blockade by Mg2+ ions. 

Finally, we found no difference in surface GluN1 protein level in Grin1-G620R mice using a 

surface biotinylation approach. Together, our data suggest that variant GluN1-G620R subunits 

are incorporated into synaptic NMDARs where they result in reduced channel function and 

impair activity-dependent synaptic plasticity, but do not significantly impact circuit formation 

during brain development. 
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Abstract: Glutamate is the primary excitatory neurotransmitter in the central nervous system. 

The dynamics of glutamatergic signaling associates with all forms of brain activity including 

learning and memory. Ionotropic glutamate receptors (iGluRs) are glutamate-gated ion channels 

that convert presynaptically released glutamate into a biological signal by opening of the ion 

channel pore, a process referred to as gating. N-methyl-D-aspartate receptors (NMDARs), a 

particular iGluR subtype, are obligate hetero-tetramers, formed by two glycine-binding GluN1 

subunits and typically two glutamate-binding GluN2(A-D) subunits. NMDARs contribute to 

normal brain physiology, which are highlighted in its contribution to neurological disorders such 

as autism, epilepsy and Alzheimer’s diseases. Understanding the mechanistic basis of NMDAR 

function has broad implications to brain function as well as clinical interventions. Fast glutamate 

applications to single channel patches is a powerful approach for studying underlying gating 

details. Notably, single NMDARs show either successes (activation) or failures (no activation), 

with successes showing variations in the delay to opening. Failures and delays to opening will 

impact how strongly the channel contributes to fast synaptic signaling. Here, I addressed 

potential mechanisms regulating failure rates and delays to opening that are relevant to the 

function of NMDARs at synapses. In terms of failures, one factor is the time between glutamate 

applications, as failure rates are significantly reduced with longer wait times. Additionally, the 

status of pH and CTD impact the activation efficiency of NMDARs, which indicates their 

important role in channel activity. In terms of subunit dependence, GluN2B-NMDARs with a 

much lower open probability than GluN2A-NMDARs, have a significantly reduced efficiency 

and shows greater variation. Interestingly, GluN2C-NMDARs with an even lower open 

probability shows comparable failure rates to GluN2A-NMDARs. Our data indicate intermediate 

activation pathways are a mode by which NMDARs are modulated: the physiological 

environment and subunit composition will have profound effects on NMDARs activation during 

repetitive activity, which would strongly impact Ca2+ influx mediated. Characterization of 

subunit-specificity of failures and delays to opening will allow us to understand the functional 

diversity of NMDAR subtypes, which is critical to the improvement of clinical approaches for 

neurological diseases. 
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Abstract: Consolidation of fear, spatial and motor learning has been demonstrated to be 

accompanied by proliferation of oligodendrocyte precursor cells (OPCs) and to require 

generation of new oligodendrocytes and de novo myelination. While studies have demonstrated 

immediate differentiation of pre-existing OPCs into immature oligodendrocytes as important for 

both motor and spatial learning, transgenic animals incapable of OPC differentiation exhibit 

normal recall of recent fear memories, leading authors to conclude that deficits in memory at 

remote time points are solely due to a lack of differentiation of newly proliferated precursor 

cells. Here, using in-situ hybridization and immunohistochemistry colabelling, we investigate the 

expression and spatial distribution of “newly differentiated” pre-myelinating oligodendrocytes 

and cFos in the brains of adult male and female c57Bl6/J mice 90 minutes after contextual fear 

conditioning. In vitro studies in OPC-neuron co-cultures and rodent studies following 

remyelinating white matter lesions suggest that N-methyl D-Aspartate receptors (NMDARs), a 

type of ionotropic glutamate receptor, are involved in activity dependent differentiation of OPCs. 

We show that subchronic treatment with NMDAR antagonist dizocilpine (MK801) post 

conditioning (i.p, 0.2 mg/kg, 1 time daily, 25 days) does not alter locomotor activity, yet reduces 

freezing behavior (P=0.038, n=6) during remote fear memory retrieval. In order to evaluate 

whether this is related to learning related myelin remodeling we investigated the effects of post 

conditioning MK801 treatment on the immediate OPC differentiation and proliferation using in-

situ hybridization and immunohistochemistry. Through these studies we attempt to further 

elucidate mechanisms of neuronal activity dependent white matter plasticity and explore putative 

pharmacological intervention for the attenuation of fear memory. 
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Abstract: N-methyl-D-aspartate receptor (NMDAR) inhibition is extensively studied due to its 

therapeutic potential. NMDARs are calcium-permeable glutamate receptors expressed broadly in 

the brain that are implicated in many neurological disorders including Alzheimer’s disease (AD). 

They are tetrameric ionotropic receptors composed of two obligatory GluN1 subunits and two 

GluN2 (A-D) and/or GluN3 (A-B) subunits. Channel blocking inhibitors such as memantine (an 

FDA-approved drug for treatment of AD) and MK-801 exhibit two distinct inhibitory 

mechanisms: the extensively studied traditional channel block, and membrane to channel 

inhibition (MCI). Traditional channel block occurs when charged blocker molecules from the 

extracellular solution enter the open channels of agonist-bound NMDARs, blocking ion flux. Our 

lab recently showed that memantine MCI occurs when uncharged memantine molecules in the 

extracellular solution enter the membrane, and then transit from membrane to open channels of 

agonist-bound NMDARs through a fenestration, blocking ion flux. Here, we use tsA201 cells 

transfected to express NMDARs to investigate properties of MK-801 MCI using previously-

established protocols. We previously showed that the MK-801 MCI IC50s for diheteromeric 

GluN1/2A and GluN1/2B receptors are similar. In contrast, GluN1/2C and GluN2D receptors 

showed weak MCI measured by Min IMCI/ICon (minimum NMDAR-mediated current during MCI 

relative to control current), following application of 10 µM MK-801 to GluN1/2D (Min IMCI/ICon 

0.95 ± 0.02) or 100 µM MK-801 to GluN1/2C (Min IMCI/ICon 0.48 ± 0.05) receptors. We 

investigated the time course of MK-801 exit from the membrane using GluN1/2A and GluN1/2B 

receptors and found that MK-801 exits the membrane with time constants of 9.27 ± 0.22 s and 

8.12 ± 0.23 s respectively. When compared with previous measurements, these data suggest that 

MK-801 exits the membrane much more slowly than memantine. We studied voltage 

dependence of MK-801 entry into the membrane using 1 μM MK-801 and GluN1/2A receptors. 

Min IMCI/ICon was compared using two protocols: with MK-801 applied at -65 mV and MCI 

measured at -65 mV, or with MK-801 applied at 35 mV and MCI measured at -65 mV (the 

voltage jump protocol). We found that Min IMCI/ICon was not significantly different when the 

entire protocol was performed at -65 mV (0.38 ± 0.04) and when the voltage jump protocol was 

used (0.25 ± 0.05; p =0.11). Thus, MK-801 entry into the membrane is not voltage dependent. 

We expect that continued characterization of MK-801 MCI will help deepen understanding of 

NMDAR channel block. 
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Abstract: Neuromorphic computing has gained much attention as a method of reduction of 

power consumption of artificial intelligence (AI) processors. On the other hand, neuron models 

employed in neuromorphic computing are single-compartment, and therefore they cannot 

implement active properties such as dendritic spikes. Incorporating dendritic nonlinearities into 

the computational models is expected to improve the computing capability of neuron models, 

hence reducing the cost and power consumption of AI Processor. In this study, we simulated N-

methyl-D-aspartic acid (NMDA) spikes, a type of dendritic spikes, by using Virtuoso, a 

computer-aided design (CAD) software for integrated circuits (IC). Models of α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and NMDA receptors were 

expressed by equivalent circuits consisting of some electrical components such as, resistor (R), 

inductor (L), capacitor (C), voltage-controlled current source, voltage-controlled voltage source, 

and operational amplifier. The effects of varying the NMDA/AMPA ratio and the number of 

inputs were examined. The output of each receptor was modeled as an electrical current. The 

waveform was reproduced by the output current proportional to the step responses of the built-in 

RLC band pass filter. The rise and fall time constants were set independently by adjusting R, L 

and C. The magnitude of the current depends on the membrane potential. The I-V curve was 

approximated by a piecewise linear (PWL) function. The simulation proved that NMDA spikes 

requires an NMDA/AMPA ratio greater than 1. This result corresponds with simulations with a 

multi-compartment model of a barrel cortex layer 5 pyramidal neuron. The excitatory 

postsynaptic potentials (EPSPs) were superlinear when the membrane potential was lower than -

30 mV, where the I-V curve of NMDA receptors reaches the maximum. Otherwise, the EPSPs 

were compressed. These characteristics are consistent with experimental data of neocortical layer 

5 pyramidal neurons recorded by patch-clamp technique. The implementation of the I-V curve 

by a PWL function is directly applicable to the experimental results, and thereby useful for 

reflecting the latest reports of properties of receptors and ion channels. Moreover, because 

semiconductor circuits simulators are designed to apply to the large networks, it is expected that 

the presented method is extended to the analytics of more complex neural models. 
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Abstract: N-methyl-D-aspartic acid receptors (NMDARs) are implicated in several psychiatric 

and neurological diseases. NMDARs are tetrameric subunit complexes composed of two glycine-

binding GluN1 and either two glutamate-binding GluN2 subunits (GluN2A-D) or two glycine-

binding GluN3 subunits (GluN3A-B). Due to high sequence identity among the GluN2 subunits, 

the development of subtype-selective NMDAR ligands targeting the glutamate binding site has 

to this date been unsuccessful. We aimed to explore potency, efficacy, and NMDAR subtype-

selectivity for a new class of glycine site agonists that bind GluN1 to activate NMDARs in a 

GluN2-subunit specific manner. We designed 19 furanylamide derivatives of the GluN1 glycine 

site agonist AICP, which is superagonist at GluN1/2C, full agonist at GluN1/2A, and partial 

agonist at GluN1/2B and GluN1/2D. The structure-activity relationship of the compounds was 

evaluated at recombinant NMDAR subtypes using two-electrode voltage-clamp recordings. No 

discernible agonist activity was seen at the GluN1/2B subtype for any of the analogs, but all 

compounds showed activity at the GluN1/2C subtype. The agonists show partial, full, or 

superagonism ranging from <10% to 157% relative to the maximal response compared to 

glycine. Six analogs were GluN1/2C-specific agonists with no discernible agonist activity at 

GluN1/2A, GluN1/2B, and GluN1/2D subtypes. Several of the agonists showed high potencies 

with EC50 values in the low nanomolar range (< 100 nM). Induced-fit computational docking 

into the GluN1 glycine binding site demonstrated that fundamental ligand-receptor interactions 

for the agonist -amino part were conserved and consistent with previous literature. In addition, 

the agonists were predicted to protrude into a side pocket of the orthosteric GluN1 binding site 

oriented toward the interface of GluN1 and GluN2 subunits. Consistent with this predication, it 

was found that a non-conserved residue at the position of GluN2A Val783 in the GluN1-GluN2 

dimer interface influenced the GluN2-specific agonist efficacy. Furthermore, the results from 

computational docking were consistent with the binding mode found in crystal structures of the 

isolated GluN1/2A agonist binding domain heterodimer. Our findings expand the synthetic 

pharmacology of NMDARs and contribute to a deeper understanding of subtype-specific 

NMDAR-modulation through the orthosteric GluN1 glycine binding site. With the significant 

variation in potency, efficacy, and selectivity, this new class of NMDAR agonists may provide 

innovative therapeutic strategies in the treatment of neurological and psychiatric disorders. 
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Abstract: N-methyl-D-aspartate receptors (NMDARs) are ionotropic glutamate receptors, which 

are widely expressed throughout the nervous system. NMDARs play crucial roles in neuronal 

development, synaptic plasticity, learning and memory, and neuropsychiatric disorders. The 

functional NMDAR subunits assemble as hetero-tetramers consisting of two GluN1 subunits and 

two subunits that are either GluN2 (A-D) or GluN3 (A-B). In particular GluN2 subunits define 

many of the functional properties of the channel, including their trafficking and their synaptic 

expression. In cerebral cortex and hippocampus, NMDARs are primarily composed of two 

GluN1 subunits, and two GluN2A and GluN2B. GluN2A and GluN2B have common binding 

protein regions and posttranslational modification sites such as phosphorylation, whereas they 

have distinct endocytic motifs in their C-terminal tails. The most well-known region in their 

cytosolic tail is the postsynaptic density-95 (PSD-95)/Dlg-A/ZO-1 (PDZ) binding motif (ESDV). 

PSD-95 is a member of the membrane-associated guanylate kinase (MAGUKs) family of 

proteins that is well-known for binding to the PDZ binding motif in the C-terminus of the GluN2 

subunits of NMDARs. This PSD-95 binding stabilizes the surface expression of GluN2 subunit 

containing-NMDARs at synaptic membranes. Connector Enhancer of Kinase Suppressor of Ras2 

(CNKSR2), also known as CNK2 or MAGUIN, is a synaptic scaffolding protein and was 

identified as a binding protein for PSD-95 and synaptic scaffolding molecule (S-SCAM). 

CNKSR2 is a homologue of CNK discovered first in association with Ras/Mitogen-activated 

protein kinase (MAPK) signaling during eye development in Drosophila. The CNKSR2 protein 

is encoded by the CNKSR2 gene located on the X-chromosome. Many CNKSR2 human 

mutations are associated with neurodevelopmental disorders including X-linked Intellectual 

Disability (XLID), Autism Spectrum Disorder (ASD), Attention Deficit Hyperactivity Disorder 

(ADHD), and epilepsy. However, the molecular mechanisms have not been elucidated. CNKSR2 

is a multi-domain protein including Sterile Alpha Motif (SAM), Conserved Region in CNKSR2 

(CRIC), PDZ, and Pleckstrin Homology (PH) domains. CNKSR2 is brain specific and enriched 

at neuronal synapses. We have characterized CNKSR2 expression during development, in 



different brain regions, and its subcellular localization. We have also investigated the CNKSR2 

binding proteins at neuronal synapses. Interestingly, CNKSR2 is enriched at the PSD in neurons 

and it binds to NMDARs as well as PSD-95. These results implicate CNKSR2 as an important 

interactor of PSD-95 and NMDARs. 

Disclosures:  S. Won: None. K. Roche: None. 

Poster 

521. NMDA Receptors: Biophysical Properties and Pharmacology 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 521.12 

Topic: B.02. Transmitter Receptors and Ligand-Gated Ion Channels 

Support: NIH grant R01GM128195 

NIH grant T32NS007433 

Title: NMDA receptor subtype dependence of inhibition by intracellular (+)-MK-801 

Authors: *E. G. NEUREITER, A. NIGAM, J. W. JOHNSON;  

Neurosci., Univ. of Pittsburgh, Pittsburgh, PA 

Abstract: N-methyl-D-aspartate receptors (NMDARs) are glutamate gated ion channels present 

at most excitatory synapses in the brain. They are involved in learning, memory, and synaptic 

function and are implicated in a range of diseases. Thus, pharmacology of NMDARs has broad 

therapeutic implications. MK-801 is a high affinity NMDAR channel blocking antagonist that is 

used as a research tool to study synaptic function, often applied intracellularly to inhibit 

postsynaptic NMDARs. However, the underlying mechanism by which intracellular MK-801 

(iMK-801) inhibits NMDARs is not well understood. Here, we investigate inhibition of 

NMDARs by iMK-801. We performed whole-cell patch-clamp electrophysiology on tsA201 

cells transfected to express diheteromeric NMDARs composed of GluN1 and GluN2A 

(GluN1/2A) and GluN1/2C receptors. We characterized subtype dependence, amount, and time 

course of inhibition by 0.1 and 10 mM iMK-801. We quantified iMK-801 inhibition by 

recording at a depolarized membrane potential (Vm) of 65 mV to alleviate iMK-801 block, 

followed by a jump to a hyperpolarized Vm of -65 mV to measure current amplitude and rate of 

reblock. Inhibition by iMK-801 was measured by calculating the ratio between the peak current 

after the hyperpolarizing step (Ipeak) and the steady state current after iMK-801 reblock at -65 mV 

(Iss).We found substantial NMDAR subtype dependence of iMK-801 inhibition: 10 mM MK-801 

induced significantly more inhibition of GluN1/2A receptors (Iss/Ipeak = 0.069 ± 0.01) than of 

GluN1/2C receptors (Iss/Ipeak = 0.41 ± 0.01) (p < 0.0001). There was also a significant difference 

in inhibition with 0.1 mM iMK-801 between GluN1/2A (Iss/Ipeak = 0.23 ± 0.12) and GluN1/2C 

receptors (Iss/Ipeak = 0.67 ± 0.06) (p = 0.02). Iss/Ipeak was also significantly different within 

subtypes between 0.1 and 10 mM iMK-801 (p = 0.04 for GluN1/2A and p = 0.01 for GluN1/2C). 

We analyzed the time constant of iMK-801 inhibition in GluN1/2A by fitting a double 



exponential curve to the NMDAR current decay that followed the Vm jump from 65 to -65 mV. 

The fast time constant was significantly faster in 10 mM MK-801 (23.2 ± 5.8 ms) than in 0.01 

mM MK-801 (2080 ± 1253 ms) (p = 0.04).The difference in inhibition of GluN1/2A and 

GluN1/2C receptors indicates that even high concentrations of iMK-801 do not effectively 

inhibit all NMDAR subtypes. The strong subtype dependence of inhibition by iMK-801 also 

suggests the specific mechanisms of inhibition by intra- and extracellular MK-801 may differ, 

since inhibition by extracellular MK-801 does not display strong NMDAR subtype dependence. 

Further exploration of the mechanisms of iMK-801 action will deepen our understanding of drug 

action on NMDARs. 
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Abstract: Classically, ionotropic postsynaptic NMDA receptors (postNMDARs) act as 

coincidence detectors in Hebbian plasticity. However, NMDARs can also signal 

metabotropically even when Mg++-blocked, and can be found presynaptically (preNMDARs), 

two scenarios where Hebbian coincidence detection is not possible. We previously showed in 

primary visual cortex (V1) layer-5 (L5) pyramidal cells (PCs) that preNMDARs signal 

ionotropically via RIM1αβ to boost high-frequency evoked release, but metabotropically via 

JNK2 to regulate spontaneous release independent of frequency. As L5 PC timing-dependent 

long-term depression (tLTD) is independent of frequency, we hypothesized that tLTD also 

requires metabotropic preNMDAR signalling via JNK2. By genetic deletion, we additionally 

tested if pre- or postNMDARs govern synaptic plasticity. 

Quadruple patch in P11-18 mouse acute V1 slices revealed that the JNK2 inhibitor SP600125 

abolished tLTD (96% ± 2%, n = 9 vs. tLTD 62% ± 4%, n = 15, p < 0.001) but homozygous 

RIM1αβ deletion did not (deletion 65% ± 7%, n = 10 vs. tLTD, p = 0.74). Also, 7-CK did not 



affect tLTD (73% ± 5 %, n = 9, p < 0.001), confirming that tLTD relies on metabotropic but not 

ionotropic preNMDAR signalling. In agreement with presynaptic induction, pre- but not 

postsynaptic dialysis of a JNK2-blocking peptide abolished tLTD (pre 96 ± 4%, n = 10 vs. tLTD 

52% ± 6%, n = 7, p < 0.001; post 61± 5%, n = 12 vs. tLTD, p = 0.30). To globally delete 

NMDARs in all PCs, we created the triple transgenic mouse model 

Emx1Cre/+;Ai9tdTom/+;NR1flox/flox. To sparsely delete NMDARs, we injected AAV9-eSYN-

mCherry-iCre-WPRE in V1 of P1 NR1flox/flox mice. MNI-NMDA uncaging verified 

postNMDARs deletion in global (0.02 ± 0.5 pA, n = 31 vs. control -48 ± 6 pA, n=19; p < 0.001) 

and sparse models (0 ± 0 pA, n = 9 vs. control -31 ± 8 pA, n = 14; p < 0.001). Consistent with 

preNMDAR deletion, AP5 did not affect mEPSC frequency in the global model (92% ± 4%, n = 

18 vs. control 60% ± 12%, n = 5; p < 0.05). Spine density was reduced in the global model (2.5 ± 

0.2 spines/10 µm, n =29; vs. 3.8 ± 0.2 spines/10 μm, p < 0.001), suggesting that NMDARs 

promote synapse formation/stability. In the sparse model, AP5 failed to suppress EPSPs in PC-

PC pairs with preNMDAR deletion (102% ± 10%, n = 4), yet successfully did with no or 

postNMDAR deletion (pooled: 63% ± 10%, n = 6; p < 0.05), indicating that pre- but not 

postNMDARs control short-term plasticity. In the sparse model, we will next show how 

pre/postNMDAR deletion impacts tLTD. 

In conclusion, preNMDARs control both short and long-term plasticity, but in different ways: 

the former ionotropically and the latter metabotropically. At V1 L5 PC synapses, NMDARs thus 

do more than classic Hebbian coincidence. 
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Abstract: One of the most essential steps during drug discovery is to develop a reasonable 

screening cascade. Typical primary tool used for screening of modulators of N-methyl-D-

aspartate receptor (NMDAR) are heterologous expression systems with defined NMDAR subunit 

composition. These models are particularly useful for the first selection of the active compounds 

from libraries. However, the compound activity can be affected by the absence of neuronal 

microenvironment. The most complex and physiologically relevant in vitro models recently used 

in neuropharmacology research include brain slice cultures and organoids. The main 

disadvantage of these cultures is low throughput, and therefore they are more suitable for 

mechanistic studies. The compromise solution that preserves natural physiological functions of 

neuronal cells but is also amenable for medium-to-high throughput screening is represented by 

(1) immortalized cell lines differentiated to neuron-like phenotype, (2) iPSC-derived neurons 

generated from human somatic cells or (3) primary cultures isolated from brain tissue. The aim 

of this study was to find out, whether mixed cortical and hippocampal primary rat postnatal 

neuronal culture is suitable in vitro tool for identification of NMDAR antagonists and if it is 

comparable with other generally used primary rat neuronal models differing in the cell type (pure 

cortical vs. mixed cortical and hippocampal) and developmental stage (embryonal vs. postnatal). 

The neuron/astrocyte ratio of each culture was first evaluated by flow cytometry and confocal 

microscopy using neuronal nuclei (NeuN) protein and DAPI immunocytochemistry staining. The 

cultures were further characterized by gene expression analysis of NMDAR subunits 

NR2B/NR2A, glutamate transporter GLT1 and glutamate-aspartate transporter GLAST by 

qPCR. Selected endogenous and synthetic neurosteroids that have been previously identified as 

antagonists of recombinant GluN1/GluN2B NMDA receptors by patch clamp technique were 

then assessed for the ability (1) to decrease the excitotoxic effect induced by glutamate or N-

methyl-D-aspartate (NMDA) over 24 hours by measuring cell viability, and (2) to inhibit an 

acute NMDA or glutamate-induced Ca2+ influx using fluorometric probe Fura-2. Postnatal mixed 

cortical and hippocampal culture showed to be a reliable, easy-to-cultivate and robust tool for 

NMDAR antagonist screening. Embryonal (E18) cells, that are usually considered as “gold 

standard” among primary neuronal cultures, offered higher cell yields, but they evinced 

increased sensitivity to compounds’ cytotoxicity. 
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Title: Pathway-specific contribution of parvalbumin interneuron NMDA receptors to synaptic 

currents and thalamocortical feedforward inhibition 
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Abstract: Prefrontal cortex (PFC) is a site of information convergence important for behaviors 

relevant to psychiatric disorders. Despite the importance of inhibitory GABAergic parvalbumin-

expressing (PV+) interneurons to PFC circuit function and decades of interest in N-methyl-D-

aspartate receptors (NMDARs) in these neurons, examples of defined circuit functions that 

depend on PV+ interneuron NMDARs have been elusive. Indeed, it is still controversial whether 

adult PFC PV+ interneurons contain functional NMDARs at all, which has major consequences 

for hypotheses of the pathogenesis of psychiatric disorders. Using a combination of fluorescent 

in situ hybridization, pathway-specific optogenetics, cell-type-specific gene ablation, and 

electrophysiological recordings from PV+ interneurons, here we resolve this controversy. We 

found that nearly 100% of PV+ interneurons in adult medial PFC (mPFC) express transcripts 

encoding GluN1 and GluN2B, and they have functional NMDARs. By optogenetically 

stimulating corticocortical and thalamocortical inputs to mPFC, we show that synaptic NMDAR 

contribution to PV+ interneuron EPSCs is pathway-specific, which likely explains earlier reports 

of PV+ interneurons without synaptic NMDAR currents. Lastly, we found a major contribution 

of NMDARs in PV+ interneurons to thalamus-mediated feedforward inhibition in adult mPFC 

circuits, suggesting molecular and circuit-based mechanisms for cognitive impairment under 

conditions of reduced NMDAR function. These findings represent an important conceptual 

advance that have major implications for hypotheses of the pathogenesis of psychiatric disorders. 
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Abstract: M1 muscarinic receptors play important roles in mediating the effects of acetylcholine 

in multiple brain regions including the cerebral cortex, hippocampus and neostriatum. Allosteric 

modulators of M1 muscarinic receptors are of particular interest due to their ability to shape 

acetylcholine signaling in precise spatiotemporal patterns. Moreover, compounds that enhance 

the efficacy of acetylcholine could help restore function in signaling pathways that are damaged 

due to disease processes. Several compounds have been identified that enhance the potency of 

acetylcholine at M1 muscarinic receptors, yet relatively few compounds increase acetylcholine 

efficacy. A library of structurally-related, drug-like potential allosteric modulators was 

synthesized and evaluated for the ability to modulate acetylcholine efficacy and/or potency – as 

well as levels of intrinsic allosteric agonist activity (allosteric modulators of M1 muscarinic 

receptors with high levels of intrinsic activity are associated with adverse cholinergic effects). 

Each compound was characterized by proton and carbon NMR, HPLC-UV, high resolution mass 

spectral analysis and/or elemental analysis. Pharmacological activity was evaluated by 

measuring [3H]-arachidonic acid release in CHO cells expressing human M1 muscarinic 

receptors in the absence or presence of 10 µM allosteric modulator and in the presence or 

absence of acetylcholine (0.1 µM or 100 µM). Several compounds were identified that enhanced 

responses produced by 100 µM acetylcholine greater than 25%, including: CW-6-65, CW-6-77, 

CW-7-22, CW-7-34, HS-1-40, and GK-1-15. A few analogs, including CW-6-45, CW-6-56, and 

CW-7-29, did not enhance the activity of 100 µM acetylcholine, yet reduced 0.1 µM 

acetylcholine activity more than two-fold. All compounds demonstrated relatively low levels of 

intrinsic allosteric activity (less than 25% of the maximal acetylcholine response). Together, 

these data delineate important structure activity relationships for modulating acetylcholine 

responses at muscarinic receptors and identify compounds that may enhance acetylcholine 

efficacy. 
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Abstract: M1 muscarinic receptors are G protein-coupled receptors that mediate the effects of 

acetylcholine in multiple brain regions. The development of compounds that can enhance M1 

muscarinic receptor activity could be useful in the treatment of neurological disorders associated 

with impaired cholinergic signaling. In contrast to directly acting muscarinic agonists, 

compounds that interact with allosteric binding sites may preserve the spatiotemporal patterning 

of muscarinic receptor activity that is stimulated by the physiological release of acetylcholine. 

Allosteric modulators can exert multiple effects, including modulation of potency (binding 

cooperativity), efficacy (activation cooperativity) and intrinsic activity (allosteric agonist 

activity). 

Preliminary studies identified several compounds that modulated the effects of 0.1 or 100 µM 

acetylcholine when tested at 10 µM in a [3H]-arachidonic acid release assay from CHO cells 

expressing human M1 muscarinic receptors. Full acetylcholine dose-response curves were 

generated for active compounds to determine effects on acetylcholine potency and/or efficacy. 

Several compounds, including CW-6-65, CW-6-77, CW-7-22, CW-7-34, HS-1-40, and GK-1-15, 

enhanced the maximal response to acetylcholine with minimal effects on acetylcholine potency 

and limited intrinsic activity. These compounds exhibited properties consistent with positive 

allosteric modulation of acetylcholine efficacy. In contrast, CW-6-45, CW-6-56, and CW-7-29 

shifted acetylcholine dose-response curves to the right without appreciably changing the 

maximal response produced by acetylcholine or elevating baseline activity. These compounds 

behaved as negative allosteric modulators of acetylcholine potency. 

Three compounds (CW-6-56, CW-6-65 and CW-6-77) were evaluated further over a wide range 

of concentrations to assess the parameters KB, tauB, alpha, and beta by fitting the data to the 

allosteric operational model. Both CW-6-65 and CW-6-77 displayed a high degree of positive 

activation cooperativity with beta values of 3.26 and 3.89, respectively and high affinity with 

logKB values of -6.26 and -5.53 respectively. In contrast, CW-6-56 displayed a high degree of 

negative binding cooperativity with an alpha value of 0.180 and a logKB of -6.20. Compounds 

such as CW-6-65 and CW-6-77 could be useful as starting points for the development of 

selective allosteric modulators of acetylcholine efficacy. 
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Abstract: Repetitive behaviors are associated with several neurological disorders, including 

autism spectrum disorders, obsessive-compulsive disorder and Tourette syndrome. A high-

throughput behavioral screen was developed to monitor repetitive behaviors in wild-type (AB) 

zebrafish and identify compounds that decrease levels of repetitive behaviors. Experiments were 

conducted using 5 days post fertilization (dpf), wild-type zebrafish larvae. First, a maximum 

tolerated concentration (MTC) assay was performed to identify the maximum concentration of 

each compound not causing general toxicity or morphological abnormalities. Then, 5-dpf 

zebrafish were exposed to a range of concentrations of compounds in a behavioral assay in 

alternating light and dark periods for a total of 90 minutes. Video tracking software (Noldus 

DanioVision) was used to measure locomotor activity and other parameters including angular 

velocity and variance of turn angle - measures of repetitive behaviors. Preliminary studies 

examined the effects of BQCA, a positive allosteric modulator (PAM) of M1 muscarinic 

receptors. At doses of 3 and 10 µM, BQCA significantly decreased locomotor activity 

(swimming); angular velocity was significantly increased at 3 and 10 µM, while variance of turn 

angle was increased at 1, 3 and 10 µM. The MTC was 10 µM for BQCA. Several novel allosteric 

modulators of acetylcholine efficacy, including CW-6-65, CW-6-77, and CW-7-22 also 

significantly decreased swimming and increased angular velocity and variance of turn angle. The 

MTC was 30 µM for CW-6-65 and CW-6-77, and 100 µM for CW-7-22. Two compounds (CW-

6-65 and CW-6-77) were evaluated further over a wide range of concentrations to identify an 

EC50 value and establish the minimum effective concentration (MEC) for decreasing repetitive 

behaviors. The EC50 values were 2.6 µM and 1.1 µM for CW-6-65 and CW-6-77, respectively, 

in good agreement with their affinity for allosteric binding sites at human M1 muscarinic 

receptors. The MEC was 0.3 µM for both CW-6-65 and CW-6-77 indicating a therapeutic index 

of 100 for both compounds. Further studies are needed to evaluate the activity of these 

compounds at zebrafish muscarinic receptors. 
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Abstract: Acetylcholine is a crucial neuromodulator for memory formation and recall. It acts on 

a family of ionotropic and metabotropic receptors with distinct expression loci over multiple 

timescales and has diverse downstream targets and outcomes. We construct a biophysical model 

of Schaffer-collateral (SC) synapses to study the effect of metabotropic acetylcholine receptors 

on synaptic transmission and plasticity. Hippocampal pyramidal neurons primarily express M1 

and M4 receptors. M1 receptor expression is concentrated in the post-synaptic regions on the 

soma and dendrites. These are Gq/11 coupled protein receptors that are known to broadly 

enhance neuronal excitability by suppressing small hyperpolarizing calcium-activated potassium 

(SK) and KCNQ2/3 channels. The M4 receptors, on the other hand, are most densely populated 

in the pre-synaptic regions. They are G(i/o) coupled receptors and have been shown to suppress 

neurotransmitter release via their action on pre-synaptic voltage-gated calcium channels. These 

counteracting pre-post effects of acetylcholine seem puzzling and inefficient at first glance. 

Adding to the complexity of the modulatory activity of acetylcholine, neuronal firing and the 

consequent neurotransmitter release are noisy. We show that the suppression of vesicle release 

rate via M4 receptors enables the limited vesicle resource to sustain release for a longer time. 

The prolonged-release of vesicles creates a stronger correlation between the amount of 

neurotransmitter released and the pre-synaptic firing rate. Additionally, the activation of M1 

receptors amplifies the weaker neurotransmitter signal to generate a stronger correlation of the 

post-synaptic response with pre-synaptic activity. In the hippocampus, theta-band activity 

coincides with elevated levels of acetylcholine. We investigate the action of cholinergic 

receptors on SC synapses during theta-entrained activity in CA3 neurons. Interestingly we see 

that the encoding mediated by acetylcholine is optimally tuned to respond to theta-rhythmic 

firing activity in CA3 neurons. The modulatory actions of acetylcholine on synaptic transmission 

filter out noise to support efficient transmission and encoding of information. Our model 

elucidates the subtle interplay between the M1 and M4 receptors and their role in orchestrating 

synaptic function. 
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Abstract: Cognitive impairments and psychotic symptoms observed in schizophrenia and 

Alzheimer’s disease (AD) result in debilitating disruptions to the activities of daily living in the 

patients as well as their caregivers. Unfortunately, currently available treatment options like 

typical and atypical antipsychotics are constrained by modest efficacy, partial responsiveness, 

treatment resistance, and dose-limiting motor incoordination and extrapyramidal side effects. 

Selective activation of muscarinic M4 receptor may provide an alternative approach for the 

treatment of psychotic symptoms and cognitive impairments in patients with schizophrenia, and 

also for the behavioral disturbances observed in AD. SUVN-L1305022 is a novel, and potent 

positive allosteric modulator (PAM) acting at muscarinic receptor M4 subtype. SUVN-

L1305022 was evaluated for its pharmacokinetics and brain penetration properties in rats. It was 

tested in behavioral efficacy models to assess its potential in alleviating psychotic symptoms. 

SUVN-L1305022 was also evaluated in neurochemistry studies to evaluate its effects on 

dopaminergic neurotransmission in the prefrontal cortex and striatum. When tested in rodents, 

SUVN-L1305022 showed excellent oral pharmacokinetics and brain penetration. In 

neurochemistry studies, SUVN-L1305022 negatively regulated dopaminergic tone in striatum 

and positively regulated dopaminergic tone in cortex suggesting its possible role in addressing 

both positive and negative symptoms of schizophrenia. In summary, results from the current 

preclinical studies support the development of SUVN-L1305022 for the potential treatment of 

both positive and negative symptoms associated with neurological disorders like schizophrenia, 

and AD. 
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Abstract: The type-5 muscarinic acetylcholine receptor (M5) is almost exclusively expressed in 

midbrain dopamine neurons of the ventral tegmental area (VTA) and substantia nigra pars 

compacta (SNc), and thus is of particular interest for precise modulation of dopamine signaling 

that is central to multiple neuropsychiatric diseases. For instance, decreasing abnormally high 

dopamine transmission in the striatum has been a core approach in treating psychotic and manic 

symptoms of schizophrenia and bipolar disorders. In this study we characterize the expression of 

M5 in different cell types of the VTA and SNc, namely dopamine, glutamate and GABA 

neurons. We found that M5 was predominantly expressed in dopamine neurons. We used ex vivo 

fast-scan cyclic voltammetry (FSCV) in brain slices from wild-type and M5 knockout mice to 

evaluate the capacity of M5-selective allosteric modulators to modulate dopamine release in the 

striatum. ML375 (selective M5 negative allosteric modulator; 10 µM) significantly decreased 

electrically evoked dopamine release, whereas VU 0365114 (selective M5 positive allosteric 

modulator; 10 µM) significantly increased dopamine release. In the presence of the acetylcholine 

nicotinic receptor blocker dihydro-β-erythroidine (DHβE, 1 µM), pre-incubation of the slice with 

ML375 completely abolished the increase in dopamine release induced by Oxotremorine-M 

(Oxo-M; 10 µM), a non-selective acetylcholine muscarinic receptor agonist. Pre-incubation of 

the slice with VU 0365114 augmented and prolonged the increase in dopamine release induced 

by Oxo-M. Recordings in M5 knockout mice showed that Oxo-M did not significantly increase 

dopamine release in the dorsal striatum, confirming the selectivity of action of both compounds. 

In vivo, we observed that pharmacological (ML375, 50 mg/kg po) and genetic blockade of M5 

(M5 knockout) increased locomotor response to amphetamine (1 mg/kg ip). In contrast to data 

reported in the literature (Gunter et al., 2018) ML375 did not decrease cocaine self-

administration in rats using either fixed ratio or progressive ratio paradigms, and at various doses 

of cocaine and / or ML375. In conclusion, our comprehensive mapping study of M5 expression 

in multiple cell types of the midbrain, supports a functional pharmacological response mediated 

by M5 activation ex vivo where we highlighted the important role of M5 in bidirectionally 

shaping dopamine signaling but our negative in vivo data in the cocaine self-administration study 

illustrates the complexity of M5 modulation. 
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Abstract: The activation of the 5HT1A receptor, a GPCR coupled to Gi protein, results in a 

decrease in the firing rate of serotonergic neurons. This effect makes 5HT1A receptors an 

attractive target for the treatment of neuropsychiatric diseases related to the dysregulation of 

brain serotonin concentrations. Studies on three-dimensional description of 5-HT1A and its 

conformational changes have been focused on the binding site and, in some cases, on the 

transmembrane domains (TMs). However, a detailed molecular description of the conformational 

changes involved in the mechanism of activation and inactivation of this receptor by serotonin is 

unknown.Here, using long-term in-silico studies, we describe the crucial role of the intracellular 

loop 3 (IL3) in conformational changes of the 5HT1A receptor when serotonin binds to the 

receptor. A comprehensive description of the 5HT1A/serotonin complex using molecular 

dynamic simulation over 1μs using correlation maps as well as, statistical significance, was 

performed. We identified conformational changes that correlated with the distances of the 

transmembrane domains. Our descriptive and quantitative results on the different conformational 

states of 5HT1A lead us to propose a concatenated mechanism dependent on the presence of 

serotonin. Finally, our results show a “hinge effect” of IL3 in the receptor activation process, 

which allows us to propose a new surface on 5HT1A as a possible target to regulate the activity 

in the intracellular segment. These results identify new target opportunities for the development 

of therapeutics involving the 5HT1A receptor. 
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Abstract: Fragile X syndrome (FXS)—caused by an epigenetic mutation of FMR1 that reduces 

or eliminates expression of the RNA-binding protein FMRP—is a neurodevelopmental disorder 

characterized by intellectual disabilities that are often comorbid with seizures, sensory 

hypersensitivities, anxiety, social-communication deficits, and repetitive behaviors. Neuronal 

hyperexcitability is an overarching feature of FXS that may underlie FXS symptoms. Like 

individuals with FXS, Fmr1 knockout (KO) mice have seizures, EEG abnormalities, 

hyperexcitable pyramidal neurons, and altered expression of ion channels. Inhibitory 5-HT1ARs 

have not been reported as direct targets of FMRP, but they directly modulate the activity of 

neural systems disordered in FXS, e.g., the hippocampus and cortex. We are using a 

combinatorial approach—from receptor pharmacology to single-cell to EEG to behavioral 

experiments—to test the hypothesis that selectively activating 5-HT1ARs is pharmacotherapeutic 

for FXS. At the behavioral level, we tested the antiepileptic effects of the selective 5-HT1AR 

agonist, NLX-112 (0.25-2.5 mg/kg). NLX-112 prevented audiogenic seizures in Fmr1 KO mice, 

an effect that was blocked by the selective 5-HT1AR antagonist, WAY-100635 (0.1 mg/kg). EEG 

recordings from above the left somatosensory cortex of awake, freely-moving, Fmr1 KO mice 

showed significantly elevated relative gamma (30-100 Hz) power compared to control mice. In 

vitro whole-cell patch clamping data collected from hippocampal CA1 neurons demonstrated 

increased input resistance of Fmr1 KO neurons. NLX-112 (10 µM) decreased the action 

potential duration of cells from control and Fmr1 KO mice. At the receptor level, we observed 

higher whole brain 5-HT1AR expression (BMAX), but no changes in agonist or antagonist affinity 

at 5-HT1ARs (KD) in male Fmr1 KO mice. In vivo, Fmr1 KO mice showed significantly elevated 

5-HT1AR-mediated behaviors when treated with the potent 5-HT1AR agonist (R)-8-OH-DPAT (1 

and 2 mg/kg), an effect that was blocked by pretreatment with WAY-100635 (0.1 mg/kg). 

Collectively, these results suggest that upregulation of inhibitory 5-HT1ARs in the brains of Fmr1 

KO mice may be a compensatory response to neuronal hyperexcitability, and that activating 5-

HT1ARs may be pharmacotherapeutic for FXS. 
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Abstract: Cannabidiol (CBD) is a popular phytocannabinoid and a potential candidate to treat 

psychiatric disorders. Multiple studies have suggested that CBD has antidepressant and 

anxiolytic properties, however, these mechanisms are still debated. Such effects may arise from 

CBD’s interactions with multiple targets, such as 5-HT1A receptors (5-HT1AR) and the 

survival-regulating ERK1/2 signaling pathway. Clinicians typically prescribe antidepressants 

such as SSRIs as first-line treatment for psychiatric disorders, however, these drugs have 

presented minimal effectiveness. On the other hand, CBD has been considered safe and multiple 

studies have suggested that CBD invokes rapid effects. Thus, the identification of novel 

mechanisms of CBD is crucial for the treatment of these disorders. SSRI-mediated 

desensitization of the serotonergic receptors has been documented as part of the antidepressant 

effect. However, the involvement of CBD in a similar mechanism is still questioned. Like many 

SSRIs, CBD is also an agonist of the 5-HT1AR, which is vulnerable to desensitization. 

Interestingly, a recent study in rodent models of neuropathic pain and anxiety revealed that 

chronic intra-DRN administration of CBD produced anxiolytic effects via reducing 5-HT neuron 

firing activity likely due to desensitization of 5-HT1A autoreceptors. Thus, we were inspired to 

investigate, for the first time, the influence of CBD-5-HT1AR desensitization in neurons. The 

human neuroblastoma cell line, SH-SY5Y, will be dose-dependently and time-dependently 

treated with CBD. Western blot will be employed to detect the impact of CBD on ERK1/2 and 

MAPK signaling while qRT-PCR will confirm whether CBD-induced desensitization of 5-

HT1AR is associated with the downregulation of 5-HT1AR and even ERK1/2. Finally, agonist-

antagonist studies employing CBD, 8-OH-DPAT, and WAY100135 will confirm whether CBD’s 

effects on the ERK1/2 signaling pathway require 5-HT1AR agonism. Data represent the average 

and standard error of 3-4 independent experiments. Statistical analysis will be applied using 

GraphPad software to generate a representative bar graph based on current data. All current data 

have been normalized compared to control. Based on early evidence, CBD evokes a dose-

dependent modulation of ERK1/2 signaling. Importantly, studies have suggested that 5-HT1AR 

internalization may be mediated by interaction with Ras-Raf signaling pathways. Thus, these 

early results suggest that CBD invokes a non-canonical 5-HT1AR signaling pathway that could 

later result in receptor internalization. This study will support the utility of CBD in the treatment 

of various psychiatric disorders. 
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Abstract: Serotonin 2A receptors (5-HT2ARs) mediate the effects of psychedelic drugs. 5-

HT2AR agonists, such as (-)-2,5-dimethoxy-4-iodoamphetamine hydrochloride (DOI), induce 

head-twitch responses (HTRs) in rodents. However, it is unknown whether the activity of 5-

HT2AR expressing neurons is sufficient to produce the HTR in the absence of an agonist. Nor is 

it known in which brain region 5-HT2ARs control the HTR. Here, we use an optogenetic 

approach to examine whether activation of 5-HT2ARs in the mouse prefrontal cortex (PFC) is 

sufficient to induce HTRs and if inhibition of these neurons prevents HTRs in mice following 

DOI administration. We crossed Htr2a-Cre mice to cre-dependent optogenetic lines Ai32 

(channelrhodopsin) and Ai39 (halorhodopsin) to selectively activate and inhibit (respectively) 5-

HT2AR-expressing neurons. Function was validated by whole cell patch clamp recordings 

performed on cortical slices from Ai32+/-;Htr2a-Cre+/- and Ai39+/-;Htr2a-Cre+/- mice, confirming 

that blue (470nm) and yellow (590nm) light activated and inhibited 5-HT2AR+ cells, respectively. 

Next, fiber optic cannulae were implanted bilaterally into the PFC of male and female Ai32+/-

;Htr2a-Cre+/- vs. Ai32+/-;Htr2a-Cre-/- and Ai39+/-;Htr2a-Cre+/- vs. Ai39+/-;Htr2a-Cre-/- mice. 

Immediately after administration of either DOI (1mg/kg, i.p.) or vehicle, mice were placed into 

an automated HTR apparatus and monitored for 30 minutes. All mice were exposed to 

optogenetic light. For optogenetic stimulation, Ai32+ mice received 5 ms pulses of blue light and 

Ai39+ mice received continuous yellow light, for the full recording session. Automated HTRs 

from the latter 15 min. period were analyzed. Results showed that, when exposed to blue light, 

there was no difference between DOI-induced HTRs in Ai32 mice that express Htr2a-Cre 

compared to Ai32 mice that do not. In Ai32 mice that received vehicle, there was no difference 

in HTRs in mice that expressed Htr2a-Cre compared with control mice, indicating that 

optogenetic activation of 5-HT2AR+ cells in the PFC was not sufficient to produce HTRs in the 

absence of an agonist. In Ai39 expressing mice that lack Htr2a-Cre, DOI administration 

produced a significant increase in HTRs, as expected for wildtype mice. However, in Ai39 mice 

that expressed Htr2a-Cre, DOI failed to significantly increase HTRs in the presence of yellow 

light, indicating that inhibition of 5-HT2AR+ cells in the PFC prevented DOI from inducing 

significant HTRs. Together, these findings suggest that activation of 5-HT2ARs in the PFC is not 



sufficient to induce HTRs in the absence of a 5-HT2AR agonist, but is necessary for induction of 

HTRs by a 5-HT2AR agonist. 
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Abstract: Precise localization and targeting of group I metabotropic glutamate receptors 

(mGluRs), mGluR1 and mGluR5, to appropriate subcellular and synaptic compartments is 

important for the proper functioning and activity of these receptors. Dysregulation of group I 

mGluR signaling is a major contributor to the pathophysiology of various neuropsychiatric 

disorders like schizophrenia, Fragile X syndrome and autism. Despite this obvious significance, 

not much is known about the cellular and molecular mechanisms that underlie the trafficking of 

these receptors in a neuron. Protein interacting with C-kinase 1 (PICK1) is a well-known adaptor 

protein that interacts with a number of membrane proteins and lipid molecules through its PDZ 

and BAR domains. It is known to regulate the trafficking of α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptors (AMPARs) and is implicated in various neuropsychiatric 

disorders. Moreover, group I mGluRs are known to modulate synaptic plasticity by regulating 

the internalization of AMPARs. In view of the overlapping roles of PICK1 and group I mGluRs 

in the central nervous system, we hypothesized that PICK1 might regulate group I mGluR 

trafficking and in turn control the mGluR-mediated AMPA receptor endocytosis.To test this 

hypothesis, we used dissociated primary hippocampal neurons from P0 C57BL/6 mice of both 

sexes and used dual antibody labeling to differentially label the surface and internalized 

receptors for calculating the endocytosis index in each cell. We observed that knockdown of 

PICK1 inhibited the agonist-mediated endocytosis of only one member of the group I mGluR 

family, i.e., mGluR1, but had no effect on the internalization of the other member of this family, 

i.e., mGluR5. Using a “molecular replacement” approach in primary hippocampal neurons, we 

showed that various regions of PICK1 viz., the N-terminal acidic motif, PDZ domain and BAR 

domain played crucial roles in the agonist-mediated internalization of mGluR1. Furthermore, 

PICK1 is important specifically for the mGluR1-mediated AMPAR endocytosis but not for 



mGluR5-mediated AMPAR endocytosis because the mGluR1 receptors that could not internalize 

in the absence of PICK1 stayed as inactive receptors on the membrane and could not initiate 

downstream extracellular signal-regulated kinase (ERK) signaling. Thus, our findings establish 

PICK1 as a differential regulator of group I mGluRs and mGluR-mediated AMPAR endocytosis 

that might be relevant to various neuropsychiatric disorders that report a dysregulation of 

mGluRs, PICK1 and mGluR-mediated synaptic plasticity. 
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Abstract: Metabotropic glutamate receptor 6, mGluR6, is predominantly localized at 

postsynaptic sites of the retinal ON-bipolar cells, where this receptor recognizes glutamate 

released from the photoreceptors and contributes to excitability of the ON-bipolar cells via Go-

mediated signaling cascades. We have previously shown that the intracellular C-terminal domain 

(CTD, residues 840-871) of rat mGluR6 is required for receptor cell-surface localization and G-

protein coupling, and that this receptor putatively possesses two ER retention motifs (848-

arginine-lysine-arginine-850 and 853-lysine-lysine-854) in its CTD. We herein examined 

whether the ER retention motifs were involved in intracellular trafficking and cell-surface 

localization of mGluR6 using heterologous expression systems with immunocytochemistry and 

flow cytochemistry. Surface levels of mGluR6 were significantly diminished by 15- and 16-

amino acid deletions at the C-terminus (Δ857-871 and Δ856-871), while substitution of a lysine 

residue with an alanine residue at the di-lysine ER retention motif in Δ857-871 resumed surface 

localization. 17 and 18-amino acid deletions at the C-terminus (Δ855-871 and Δ854-871) did not 

affect mGluR6 surface localization by disrupting the di-lysine motif. Yet again, mGluR6 surface 

localization was attenuated by 19-and 20-amino acid deletions (Δ853-871 and Δ852-871), while 

introducing triple-alanine substitution at the arginine-lysine-arginine ER retention motif in Δ852-

871 restored surface localization. In the cells co-expressing full-length and surface-deficient 

deletion constructs, while full-length constructs were clearly present on cell-surface, surface-

deficient mutants were still defective on cell-surface localization, even though full-length and 

surface-deficient constructs in co-immunoprecipitation assays formed heteromeric complexes. 

These observations suggest that the intracellular CTD of mGluR6 contains the two ER retention 



motifs, and that the exposed ER retention motif in aberrant mGluR6 assembly may prevent the 

protein complex from being located on cell-surface. 
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Abstract: Neddylation is a posttranslational modification in which NEDD8 is conjugated to a 

target substrate by cellular processes similar to those involved in ubiquitination. Recent studies 

have identified PSD-95 and cofilin as substrates for neddylation in the brain and have shown that 

neddylation modulates the maturation and stability of dendritic spines in developing neurons. 

However, the precise substrates and functional consequences of neddylation at presynaptic 

terminals remain elusive. Here, we provide evidence that the mGlu7 receptor is a target of 

neddylation in heterologous cells and rat primary cultured neurons. We found that mGlu7 

neddylation is reduced by agonist treatment and is required for the clustering of mGlu7 in the 

presynaptic active zone. In addition, we observed that neddylation is not required for the 

endocytosis of mGlu7, but it facilitates the ubiquitination of mGlu7 and stabilizes mGlu7 protein 

expression. Finally, we demonstrate that neddylation is necessary for the maturation of excitatory 

presynaptic terminals, providing a key role for neddylation in synaptic function. 
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Abstract: Soleus (SOL) H-reflex is inhibited during standing to provide better control and 

postural stability in young healthy individuals. However, in individuals with decreased 

neurological function it is overly excited, which may result in spasticity of the SOL. Reducing 

the synaptic gain at the Ia-α motoneuron synapse may help to reduce the spasticity and further 

improve standing performance in individuals with decreased neurological function. Recently, 

paired associative stimulation (PAS) has been shown to strengthen residual motor pathways via 

spike timing dependent plasticity (STDP) in the corticospinal tract, but few studies have looked 

at modulating the spinal reflex pathways and even fewer aiming to inhibit this pathway. 

Peripheral nerve stimulation (PNS) can be used to send a signal up the Ia-sensory nerve. Also, 

motor point stimulation (MPS), which electrically stimulates the motor portion of the muscle that 

is the most sensitive to electrical stimulation, sends a signal up the α motoneuron cell body 

antidromically. Thus, by using both of PNS and MPS in a PAS protocol, we may be able to 

induce STDP at the spinal Ia-α motoneuron synapse. Here we aimed to investigate whether MPS 

and PNS timed to induce STDP would decrease the H-reflex amplitude. To test this, six healthy 

participants (5M/1F: 26.8 ± 4.1 yrs) received one of the three following conditions on separate 

days: 1) Inhibition of H-reflex PAS, 2) MPS- or 3) PNS-only. The antidromic signal from MPS 

was timed to arrive 5ms prior to the orthodromic signal from PNS at the Ia-α motoneuron 

synapse to inhibit the H-reflex amplitude. For each condition, 200 stimuli were given at a 

frequency of 0.1Hz. The H- and M-wave recruitment curves of the SOL were measured prior to, 

immediately after, 30 and 60 minutes after the intervention. H-reflex amplitudes normalized to 

the corresponding max M-wave amplitudes were then compared across conditions and times 

using a two-way ANOVA (3 conditions × 4 times). No main effects of condition (F = 3.035, p = 

0.093) or time (F = 2.437, p = 0.105) were found. Additionally, no interaction between condition 

and time was found (F = 0.218, p = 0.986). To test our choice of the timing between MPS and 

PNS, two additional PAS conditions where MPS preceded PNS by 15ms at the Ia-α motoneuron 

synapse were tested. No change was found in the H-reflex amplitude. These results suggest that 

STDP may be insufficient to inhibit the SOL H-reflex. The influence of orthodromic and 

antidromic activation, pre- or post-synaptic projections onto the Ia-α motoneuron synapse and 

negotiated spinal neuron equilibrium on this unexpected result was discussed. 
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Abstract: Previous studies have demonstrated that electrical stimuli can induce targeted spike-

timing dependent plasticity (STDP) both in vitro and in vivo, but these often required long 

conditioning periods and the induced changes were not consistently seen between connected site 

pairs. We hypothesized that inducing reliable STDP was difficult because measures of 

connectivity typically involved macroscopic evoked potentials, whose mechanisms are complex. 

To test this hypothesis, we delivered paired stimulation to primary motor cortex (M1) of awake 

primates. To assess the strength of connectivity before and after conditioning we delivered 

single-pulse stimulation to the presynaptic site and recorded changes in neural responses from 

the postsynaptic site. Rather than the commonly used cortico-cortical evoked potentials 

(CCEPs), we used the probability of stimulus-evoked spikes (SESs) at the postsynaptic site as a 

measure of synaptic strength. During conditioning, single-pulse stimuli were delivered 

sequentially to pre- and postsynaptic sites with a specific inter-stimulus interval (ISI), ranging 

from ±0.1 to ±50 ms with sub-millisecond resolution. The probability of SESs showed consistent 

changes following conditioning that were strongly dependent on the ISI. Negative ISIs resulted 

in depression of response probability, consistent with classic STDP, but positive ISIs also often 

resulted in depression. Normalizing the ISIs to the latencies of SESs revealed that potentiation 

only occurred if the second stimulus was delivered before the SES. Stimuli delivered near or 

after the SES latency often resulted in depression as strong as with negative ISIs. The inhibitory 

responses immediately following SESs typically had highly variable changes after conditioning 

but increased in duration on average during sessions with positive ISI and decreased SES 

probability. We additionally tracked the CCEPs, which showed changes in size similar to 

changes in SES probability across all ISIs but with much higher variability. These results 

demonstrate that the traditional STDP curve may be more difficult to replicate within intact 

cortical circuitry in vivo due to interactions between excitatory and inhibitory networks, and that 

CCEPs are a less reliable measure of changes in synaptic strength than single unit responses. 
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Abstract: Neural information is believed to be encoded in synchrony of spikes across multiple 

neurons. Inhibition and spike timing-dependent plasticity (STDP), in which synaptic weight 

changes based on the temporal relationship of spike timing in presynaptic and postsynaptic 

neurons both independently have been shown to gate spike synchronization. However, how 

STDP in inhibitory synapses gate spike synchronization is yet unclear. To address this question, 

we built a three-layer feedforward network (FFN) model consisting of Hodgkin-Huxley-type 

excitatory (EX) and inhibitory neuron (IN) models. INs in each layer provided either 

feedforward inhibition (FFI) or feedback inhibition (FBI) to EXs, which underwent four different 

types of STDPs: Hebbian, anti-Hebbian, symmetric, and asymmetric STDP. Using these FFN 

model with FFI (FFNFFI) and FFN model with FBI (FFNFBI), we investigated how different 

STDP rules in FFI and FBI could differentially synchronize different frequencies of input spikes 

(5 to 80 Hz) in the final layer of each FFN model by analyzing the correlation coefficient 

between the spike trains in the input layer and the final layer. In the absence of STDP, FFNFFI 

could propagate and synchronize input spikes of low frequencies (20, 30 Hz) to the final layer 

while FFNFBI could propagate and synchronize input spikes of high frequencies (40-80 Hz). 

However, the four different STDP rules each differentially gated the spike synchrony depending 

on the input frequency, indicating that the FFI and FBI in the FFN can dynamically gate the 

propagation of spike synchronization in specific STDP learning rule regimes. 
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Abstract: Synaptic plasticity is the ability for neurons to make new or stronger connections with 

other neurons which is thought to be the main mechanism for learning and storing memory in the 

brain. The cerebellum is responsible for functions such as balance and movement and has been 

well studied as a powerful experimental paradigm for synaptic plasticity. However, it is not well 

known what the impacts are for NMDA-driven spike timing dependent plasticity. Golgi cells are 

the primary inhibitory interneurons in the cerebellum and are responsible for the regulation of 

activity in the circuit through feed-forward and feedback inhibition. This computational study 

investigates this main inhibitory circuit within the cerebellum utilizing Hudgen-Huxley models 

of mossy fiber cells, granule cells, and Golgi cells. Utilizing Python and NEURON programming 

languages, these computational cell models were developed to be biophysically realistic using 

spatial, histological, and electrophysiological recordings of actual rat cells. Here, each individual 

cell type model is connected together to simulate the cerebellar neuronal network. Modulating 

the precise timing of spikes affects the magnitude of changes in synaptic transmission. I found 

that the evolution of synaptic weights are likely dependent on the incoming mossy fiber signals 

along with the number and organization of the Golgi cells. In turn, these Golgi cells dictate the 

activity and changes in plasticity when implementing NMDA-driven spike timing. 
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Abstract: Astrocytes have been shown to possess important roles in regulating neural 

development and circuit maturation, for example, by controlling the number of synapses and 

synaptic connectivity. Recent evidence during postnatal development in various brain areas, such 

as somatosensory cortex (Min and Nevian, 2012), prefrontal cortex (Petrelli et al. 2020), 

hippocampus (Falcón-Moya et al., 2020), and basal ganglia (Cavaccini et al. 2020), provides 

strong support that astrocytes take part in modulation of synaptic plasticity and the activity-

dependent change in the strength of the synaptic connections between neurons. This 

phenomenon seems to be expressed in many forms, over different time scales, and depend on 

complex biophysical and biochemical mechanisms in the brain. Previously, we have reviewed 

and analyzed existing computational models for astrocytes and neuron-astrocyte interactions, 

including astrocytic mechanisms that may participate in synaptic plasticity (Manninen et al., 

2018). Based on tens of experimental data and computational modeling publications (see, e.g., 

Min and Nevian, 2012; Banerjee et al., 2014; Manninen et al., 2018), we have developed a model 

for spike-timing-dependent long-term depression (t-LTD) in a layer 4 to layer 2/3 synapse in 

somatosensory cortex during postnatal development (Manninen et al., 2020). Our synapse model 

consists of an astrocyte in addition to the pre- and postsynaptic neurons. In our model, the 

glutamate released from the presynaptic neuron activates the postsynaptic neuron, and also part 

of it is spilled over to the extrasynaptic space. The postsynaptic activation is followed by a 

release of endocannabinoids that induces an increase in the astrocytic calcium concentration. The 

increase in astrocytic calcium concentration induces exocytosis of glutamate that can further 

activate presynaptic N-methyl-D-aspartate receptors (NMDARs) together with the spillover of 

glutamate from the synaptic cleft. The NMDAR activation coupled with calcineurin signaling 

influences synapse dynamics. In the present study, we developed a workflow through EBRAINS 

to describe the data integration and modeling process. In addition, we performed sensitivity 

analysis of the model parameters (Seppälä et al., 2022) to be able to extend our model to also 

address the natural spike pattern-induced LTD. The combination of wet-lab experiments, 

computational modeling, and sensitivity analysis is needed to decipher the roles of spike 

frequency and astrocytes in synaptic plasticity in developing somatosensory cortex. 
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Abstract: Synapses throughout the brain exhibit spike-timing dependent plasticity (STDP) with 

a wide variety of timing requirements. Recent work suggests that the timing requirements for 

plasticity at a given set of synapses can themselves be tuned by experience to precisely match 

behavioral demands. Here, we propose general mechanisms for this new form of synaptic 

metaplasticity. Specifically, we propose that the same neural spiking statistics that drive STDP 

can also drive changes in the timing requirements for STDP, a form of metaplasticity we refer to 

as STDP2: spike-timing dependent plasticity of spike-timing dependent plasticity. In STDP2, the 

timing relationships of pre- and postsynaptic activity drive behaviorally adaptive changes in the 

parameters of the STDP learning rule. We show a number of distinct ways in which STDP2 can 

be implemented, each of which can align the STDP rule with a reliable interval in the spiking 

statistics, such as a physiological feedback delay. However, for more complex distributions of 

spike timing, the different STDP2 metaplasticity rules align the STDP rule to different features of 

the distribution, namely the median, mode or shape of the distribution. We further show how 

each of the different STDP2 metaplasticity rules can be implemented through a plausible 

biochemical network. By establishing how spike-timing dependent plasticity rules can be tuned 

through spike-timing dependent metaplasticity rules, our work demonstrates a powerful new 

range of computational possibilities that may be available to neural circuits. In particular, this 

form of metaplasticity enables neural circuits to learn associations between inputs that have 

differences in timing or in characteristic processing delays, solving the temporal credit 

assignment problem. More generally, our proposal for the experience-dependent tuning of the 

timing requirements for plasticity provides a mechanism for meta-learning, or “learning to 

learn”, that is implemented directly at individual synapses. 
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Abstract: We discovered a new property of synapses that provides a candidate mechanism of 

meta-learning‒ the ability to learn how to learn. Previously, we found that the timing 

requirements for associative long-term depression (LTD) at the parallel fiber (PF)-Purkinje cell 

synapses in the oculomotor cerebellum precisely compensate for feedback delays in the circuit 

during oculomotor learning. When there is an oculomotor error, the resulting image motion on 

the retina is reported by the climbing fiber (CF) input to the cerebellar flocculus at a feedback 

delay of ~120 ms. Remarkably, associative LTD at floccular PF-Purkinje synapses is selectively 

induced by the same, 120 ms delay between PF and CF activation. How do the PF-Purkinje 

synapses “know” what the relevant CF feedback delay is? Here we show that experience tunes 

the synaptic plasticity rules to the behaviorally relevant feedback delay. In mice dark-reared from 

birth to eliminate the delayed visual feedback errors carried by the CFs, LTD was induced, not 

by the normal, 120 ms PF-CF interval, but rather by coincident (0 ms) PF-CF activation. In mice 

allowed to develop in a normal visual environment and then moved as adults to dark housing, the 

timing rules for associative plasticity also reverted to the abnormal, coincidence-driven LTD, and 

the 120 ms PF-CF interval lost its effectiveness. When dark housed mice were moved back to 

normal housing and visual experience, the timing rule for associative LTD induction also 

switched back to requiring the behaviorally relevant 120 ms pairing interval, indicating that 

experience of the feedback delay in vivo updates the timing rules driving synaptic plasticity. 

Adaptive Tuning of the Timing Rules for Associative synaptic Plasticity (ATTRAP) could 

provide a solution to the temporal credit assignment problem, ensuring that LTD occurs 

selectively in PF synapses active at the time an error is generated. Accordingly, the learned eye 

movements of dark-reared mice were delayed by roughly 120 ms, as would be expected if LTD 

occurred, not in the PF synapses that caused the error, but instead in the PFs active at the later 

time when the CFs report the error. In adult mice moved from normal to dark housing, and then 

periodically tested with an oculomotor learning task, the timing of learned eye movements 

became increasingly delayed over several weeks, and then recovered to normal over several 

weeks after return to normal housing and visual experience. Together, these findings indicate 

that matching of synaptic plasticity rules to the behaviorally relevant feedback delay is needed to 

optimize learning. By implementing this matching, ATTRAP could provide a synaptic 

mechanism of meta-learning. 
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Abstract: Self-sustained dynamics maintained through local recurrent connections is of 

fundamental importance to cortical function. Converging theoretical and experimental evidence 

indicate that cortical circuits generating self-sustained dynamics operate in an inhibition-

stabilized regime. In this regime, unstable positive feedback is held in check by balanced 

recurrent inhibition. Inhibition-stabilization is increasingly viewed as the default dynamic regime 

of the cortex and proven to be crucial for many forms of neural computation—such as input 

amplification, working memory or motor control—but how neural networks self-assemble into 

this particular dynamic regime remains an open question. 

Previous computational models have established that four sets of weights (WE←E, WE←I, WI←E, 

WI←I) must obey specific relationships to produce inhibition-stabilized dynamics, but it is not 

known how the brain can appropriately set the values of all four weight classes in an 

unsupervised manner to be in the inhibition-stabilized regime. Using numerical simulations and 

analytical methods we prove that standard homeostatic learning rules are not robust enough to 

generate inhibition-stabilized dynamics and that their instability is caused by a counterintuitive, 

yet well described, signature of inhibition-stabilized networks: the paradoxical effect. In contrast, 

we show that a biologically plausible family of “cross-homeostatic” rules overcome the 

paradoxical effect and lead to the emergence of stable dynamics. Analytical results confirm that 

these rules are stable and robust to any set of parameter values. When implemented into a 

spiking network, cross-homeostatic plasticity autonomously tunes all excitatory and inhibitory 

weights and leads to the emergence of self-sustained asynchronous activity in the inhibition-

stabilized regime. 

This work provides the first model of how—beginning from a silent network—self-sustained 

inhibition-stabilized dynamics can emerge from homeostatic rules governing all four synaptic 

weight classes in an orchestrated manner. These rules shed new light on how the brain may reach 

its default dynamic state, and provide a valuable tool to self-assemble artificial neural networks 

into ideal computational regimes. 
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Abstract: The Pavlovian paradigm of tone-shock fear conditioning in rodents involves repeated 

pairing of a conditioned stimulus (CS) tones with an aversive unconditioned stimulus (US) shock 

that leads to LTP of synapses carrying CS information to the lateral amygdala (LA). This fear 

conditioning protocol involves the phases of habituation and conditioning. The learning and 

associated synaptic plasticity in the protocol has been shown to involve N-methyl-D-aspartate 

(NMDA) receptor-dependent plasticity. Despite this fact being known for more than two 

decades, the biophysical details related to the involvement of the receptor in such learning 

remain unclear. Here we use a 4000-cell computational model of the lateral amygdala (LA) to 

explore the role of NMDA receptors in such learning during CS tones, including in the 

generation of network activity and in promoting the recruitment of interneurons. The model is 

constrained using single unit multi-electrode data (up to 30 cells, at 25 kHz), in runs with and 

without blockade of NMDA receptors. We used state-of-the-art approach to label neurons that 

are active during CS and US presentations and have channel-rhodopsin ChR2 delivered to axon 

terminals of CS afferents in LA for subsequent in vitro studies of changes in synaptic efficacies. 

We then consider the habituation phase with CS tones to investigate the role of intrinsic circuits 

in signal transmission and in possibly engendering synaptic depression of CS afferents during 

habituation. 
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Abstract: Alzheimer’s disease (AD) is a neurodegenerative characterized by abnormal 

accumulations of amyloid beta in the hippocampus, leading to progressive decline in memory. 

Hippocampal CA1 cholecystokinin-positive (CCK) interneurons receive feedforward excitatory 

inputs from CA3 pyramidal cells (PCs) axons through Schaffer collateral (SC) to gate CA3 input 

to CA1 PCs, indicating their critical roles in memory processing. However, how SC inputs to 

CCK interneurons are impaired by amyloidosis to cause memory deficits in AD is yet unknown. 

To address these questions, we injected an AAV-Dlx-Flex-GFP virus into hippocampal CA1 

area of the CCK-Cre and 5XFADxCCK-Cre mice to perform targeted whole-cell voltage-clamp 

recordings from CCK interneurons in acute hippocampal slices in vitro. Specifically, we 

measured the changes in paired-pulse ratio (PPR) and short-term plasticity (STP) in SC-evoked 

excitatory postsynaptic currents (EPSCs) in CCK before and after the induction of the spike 

timing-dependent long-term potentiation (tLTP) at CA3-CA1 synapse, where tLTP was induced 

by pairing the presynaptic SC stimulation at 5Hz with CA1 PC postsynaptic spike bursts (4 

pulses at 100 Hz) with 10 ms time-window. In the control mice, PPR and STP of EPSCs at the 

SC-to-CCK synapse showed paired-pulse depression (PPD) and short-term depression (STD) but 

they were significantly depressed after tLTP induction. However, in 5XFADxCCK-Cre mice, 

such tLTP-induced decreases in PPD and STD in the control mouse were abolished and no 

changes in PPD and STD were observed. These results suggest that synaptic dysfunctions at SC-

to-CCK synapse may disrupt CCK interneuron-mediated gating of CA3 input to CA1 PC, 

leading to memory deficits observed in 5XFAD mouse model of AD. 
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Abstract: NPTX2 (Neuronal Pentraxin 2) is an immediate early gene that is expressed in 

excitatory neurons and exocytosed onto the excitatory synapses of parvalbumin-interneurons 

(PV-IN). NPTX2 clusters AMPAR of PV-IN and mediates homeostatic scaling, supporting 

excitation-inhibition balance. Later NPTX2 is shed from synapses into the cerebrospinal fluid 

(CSF), where NPTX2 is detectable by ELISA. The CSF NPTX2 is significantly reduced and 

correlates with cognitive performance in individuals with Alzheimer’s disease and 

schizophrenia. Previous in vivo imaging studies established NPTX2-SEP (Super-Ecliptic 

pHluorin) as a marker of synaptic NPTX2 and found that the trafficking in V1 is reduced on day 

1 of monocular deprivation at the same time as the pyramidal to PV-IN connectivity is reduced. 

This raises a possibility that loss of PV-IN activity can lead to LTD of the excitatory synapse and 

subsequent NPTX2 shedding via spike-timing-dependent plasticity mechanism. In this study, we 

employed multiple approaches to modulate the PV-IN activity in vivo to investigate the effect of 

post-synaptic activity on NPTX2 trafficking using two photon microscopy together with 

chemogenetics and optogenetics. Direct inhibition of PV-IN by hM4d(Gi) resulted in a 

remarkable reduction of NPTX2-SEP signals, which is regarded as shedding. Optogenetic 

activation of cholinergic neurons using C1V1 as a natural way to inhibit PV-IN also induced 

shedding of NPTX2. Administration of low-dose nicotine, known to suppress PV-IN, also 

downregulated synaptic NPTX2 levels. Conversely, when PV-INs were chemogenetically 

activated with hM4d(Gq), NPTX2 accumulated in the synapses. This series of observations 

reveal the regulation of NPTX2 shedding by the level of post-synaptic PV-IN activity. 
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Abstract: Given the worldwide obesity epidemic, it has been postulated that the body’s 

homeostatic circuits, which regulate hunger, are being overwhelmed by the satisfaction that 

comes from fats, sugars, and carbohydrates. We previously identified the first neural circuit 

encoding protein-specific hunger (named DA-WED) in Drosophila. Following protein 

deprivation, the DA-WED neurons not only promote protein feeding, but also suppress sugar 

intake, and do so via distinct terminal branches that signal to different downstream neurons 

(identified as “FB-LAL” neurons for protein feeding and “PLP” neurons for sugar feeding). 

Remarkably, only the protein-specific branch undergoes intrinsic plastic changes following 

protein starvation, which drives persistent protein feeding behavior. Under conditions of 

moderate protein starvation, we found that the DA-WED neurons showed no change in spiking 

rate but exhibit sub-threshold events in the protein branch. To test the impact of spiking rates on 

this circuit, we induced spiking (“analog” coding) and performed dual intracellular recordings of 

the DA-WED protein branch and the FB-LAL cell. To address spiking and non-spiking 

interactions (“hybrid” coding) in plasticity and hunger, we performed the experiments above, but 

simultaneously optogenetically increased DA-WED spiking and additionally measured protein 

branch morphological plasticity. Furthering the research, we are investigating the mechanisms 

underlying branch-specific analog signaling by harvesting cell bodies and axons of the DA-WED 

neurons for both single-cell and single- “branch” RNA sequencing. Gaining new insights into 

how appetite is regulated in the DA-WED neurons in Drosophila will reveal novel targets for 

addressing human obesity and expand our knowledge of the modulation of motivated behaviors. 
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Abstract: Neurons encode information mediated by changes in membrane potentials, which are 

classified into two types according to their coding scheme. One is a spiking neuron, which uses 

action potential, and the other is a non-spiking neuron, which uses graded potentials instead of 

the action potentials as its coding medium. The non-spiking neurons fail to carry the output 

signals to distal ends of their neurites because the graded potential declines quickly based on 

electrotonic distance. Therefore, computational function of the non-spiking neurons is possibly 

based on subcellular local processing mediated by the graded potential unlike spiking neurons. 

Arthropoda such as insects have many non-spiking neurons in their central nervous system. 

However, it remains unknown how the non-spiking neurons respond to sensory stimuli in a 

subcellular scale. In this study, we addressed this question by using wind-sensitive non-spiking 

neurons identified in the cercal mechanosensory system of the cricket to detect surrounding 

airflow. The airflow information such as velocity and direction is processed by local circuit in 

the terminal abdominal ganglion (TAG), where several local spiking and non-spiking neurons 

sensitive to the airflow have been identified, and conveyed to the brain by ascending projection 

neurons including identified giant interneurons (GIs). GIs represent distinct selectivity to the 

airflow direction with the stimulus-evoked spikes. In contrast, the airflow responses in the 

graded potential of the local non-spiking interneurons (LNIs) vary in directional tuning 

depending on the recording site of an intracellular electrode. By combining intracellular 

recording and Ca2+ imaging method, we examined both the membrane potential and subcellular 

Ca2+ responses in LNIs to airflow provided from eight different angles. In our present results, all 

recorded LNIs (n=12) had directional selectivity in their Ca2+ response, and some types of LNIs 

showed Ca2+ decrement as well as Ca2+ elevation. We especially focused on LNI-9V-2 (n=4), 

one of the LNIs and analyzed cross-correlation in the response properties of stimulus-induced 

local Ca2+ changes, such as time variation and directional tuning, among all subcellular regions. 

For the temporal variation, the Ca2+ responses in LNI-9V-2 were more highly correlated between 

the same subcellular regions such as dendrites, axon terminals, and main-neurite, than between 

those of different regions. For the directional tuning property, the dendrites and axon terminals 

were different in their tuning curves from each other. These results suggest that LNIs locally 

process the directional information in different time course. 
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Abstract: The mouse auditory brainstem is not fully mature prior to the first month of life. We 

have studied the neuronal properties and synaptic transmission in the medial nucleus of the 

trapezoid body (MNTB) and lateral superior olive (LSO) at postnatal day 30-40 (P30 - juvenile) 

and in young adults (3-6 months old; 3-6 MO). To avoid early age-related hearing loss at high 

sound frequencies in C57 mice, we used the CBA strain. Early in development, MNTB principal 

neurons undergo morphological changes which affect membrane passive properties, reducing 

their input resistance (Rin). Our data show differences in the Rin for P30 and 3-6MO in both 

MNTB (144.1±8.7 and 95.29±18.2 MΩ) and LSO principal cells (58.16±4.9 and 39.24±5.5 

MΩ). However, the resting membrane potential did not change significantly. Additionally, 

subthreshold conductances regulate the membrane potential resonance, which is hypothesized to 

modulate AP firing rate and precision. Using a chirp command wave, we observed resonance 

characteristics across different membrane potentials and these change with age and tonotopic 

localization. However, the particular resonant frequency remained nearly unchanged from P30 

and 3-6MO for LSO neurons. MNTB and LSO synapses show short term plasticity (STP) after 

high frequency stimulation (HFS). Synaptic currents depress to a steady state during HFS. In 

LSO, the depression reduced the EPSC amplitudes to a steady-state of 58 ± 5.5% of the initial 

amplitude in P30, and 52 ± 5.1% in 3 MO. In the MNTB, EPSCs were reduced to 46 ± 8.0% at 

P30 compared to only 68.1 ± 3.6% in 3 MO at 100 Hz HFS. STP data also allows us to estimate 

the readily releasable pool (RRP) size of synaptic vesicles. LSO neurons did not show significant 

differences in their EPSC RRP size (3.5 and 3.0 nA), but did in their IPSC RRP (3.8 and 1.3 nA). 

We observed that for adult mice excitation/inhibition (E/I) balance leans towards a more 

excitable system (P30: E/I = 0.59; 3-6 MO: E/I = 1.28), due to smaller IPSCs in LSO 3-6 MO 

compared to P30. Finally, IPSPs had a slower kinetic in P30 mice (Tau [ms]: 4.2 in P30; 1.3 in 

3-6MO), while EPSPs were similar (Tau [ms]: 1.5 in P30; 1.6 in 3-6MO). These characteristics 

lead to a reduced ability of juvenile animals to convey information precisely and securely when 

the nucleus is challenged with intense afferent fiber input. These results point towards a not yet 

fully developed superior olivary complex at P30 in CBA mice. Although neurotransmission is 

functional, its temporal characteristics at higher frequencies fail to deliver information fully and 

precisely to generate action potential spikes, something that is vital for a system that operates 

within the microsecond realm. 
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Abstract: Firing Rate Homeostasis (FRH) is a form of homeostatic control that stabilizes 

neuronal spiking rate and information coding when neurons are confronted by pharmacological, 

genetic or environmental perturbation (Davis, 2013; O’Leary et al., 2014; Kulik et al., 2019). 

FRH has been widely documented within invertebrate neurons (Turrigiano et al., 1994; Muraro 

et al., 2008; Driscoll et al., 2013; Kulik et al., 2019) and neural circuits (Haedo and Golowasch, 

2006) as well as the vertebrate spinal cord (Gonzalez Islas et al., 2010), cortical pyramidal 

neurons (Andrásfalvy et al., 2008) and cardiomyocytes (Guo et al., 2005; Marrus and Nerbonne 

2008; Michael et al., 2009). Yet, the underlying molecular mechanisms remain poorly defined. 

In Drosophila, FRH can be induced by the selective deletion or knockdown of the Shal 

potassium channel (Kv4 ortholog). Loss of Shal induces selective increases in both the Slo 

channel (BK channel ortholog) as well as the delayed rectifier ion channel conductance, 

precisely restoring action potential waveform and firing rates to wild type levels, evidence of a 

homeostatic signaling system. Here we demonstrate that the canonical Notch signaling pathway 

is selectively induced by loss of Shal in a single identified motoneuron. Notch signaling was 

implicated in FRH following transcriptional profiling of motoneurons comparing control and 

Shal mutants, following by confirmation using single-cell patch-seq. Taking advantage of 

available genetic tools, we demonstrate that loss of Notch and the downstream transcriptional 

regulator Su(H) both prevent the induction of homeostatic signaling without altering baseline 

neuronal firing rates. The Drosophila orthologue of Presenilin, which cleaves and releases the 

Notch intracellular domain, is also required for FRH. An ongoing analysis of ionic conductance 

changes is consistent with activation of Notch signaling being essential for the homeostatic 

modulation of the Slo channel conductance. No changes in neuronal cell fate or morphology are 

detected. We propose a model consistent with an essential, post-embryonic function of canonical 

Notch signaling during FRH, with potential implications for changes in neuronal excitability that 

are co-morbid with numerous neurodegenerative and psychiatric disorders in human including 

Alzheimer’s disease. 
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Abstract: The dentate gyrus receives synaptic inputs from the entorhinal cortex and processes 

this information before transmitting to the CA3 region. The principal cells of the dentate gyrus, 

granule cells (GCs), exhibit weak excitability, possibly reflecting sparse coding, but fire in bursts 

during distinct behaviors. These bursts may reflect the activity of their afferents, but GCs can 

also generate multiple spikes with a single stimulation. We explored multiple spiking in GCs 

with a hybrid voltage sensor (hVoS 1.5) targeted by Cre-drivers. In mature GCs targeted with a 

Prox1 Cre-driver, a single stimulation of cortical inputs often elicited two spikes separated by 

intervals of a few milliseconds (doublets), and rarely (incidence<3%) more than two spikes. The 

incidence of doublets initially increased with the stimulus current but declined with further 

increases; the decline may reflect the recruitment of GABAergic inhibition. This was confirmed 

by showing that GABA receptor blockade increased the doublet incidence nearly 2-fold. Thus, 

recurrent inhibition limits the generation of multiple spikes. To investigate the mechanisms by 

which multiple spikes are generated, we imaged voltage in GC soma and dendrites. The first 

spike generally initiated in the middle molecular layer. The second spike, in some cases, initiated 

in dendrites located in the inner molecular layer. This suggests that mossy cell (MC) projections 

play a role in GC repetitive firing. However, in other cases, the second spike initiated close to the 

soma, suggesting an intrinsic mechanism. As an additional test of the role of GC-MC recurrent 

excitation, we utilized two pharmacological agents to block the two excitatory synapses of this 

circuit. This reversed the increase in doublet incidence following GABA receptor blockade. 

Intrinsic excitability may contribute to multiple spiking in GCs because some GCs still fire 

doublets after blocking recurrent excitation. However, blockade of low-threshold calcium 

current, known to modulate GC bursting, only prolonged the doublet interval without altering 

their incidence. We also investigated multiple spikes in GCs targeted by c-fos expression in mice 

exposed to a novel environment. The doublet incidence of novelty-activated GCs was 

significantly higher than in control GCs targeted with Prox1, suggesting that multiple-spiking 

behavior may serve a role in encoding novel aspects of the environment. These results suggest 

that multiple spiking in GCs reflects both intrinsic excitability and network properties in the 

dentate gyrus. One or both of these mechanisms may contribute to the increased firing of GCs 

resulting from experience. 

Disclosures:  W. Shu: None. M.B. Jackson: None. 

Poster 

524. Intrinsic Properties 

Location: SDCC Halls B-H 



Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 524.05 

Topic: B.06. Intrinsic Membrane Properties, Electrical Synapses, and Signal Integration 

Support: NIH R21EB029740 

HFSP RGY0069 

ORAU Ralph E. Powe Junior Faculty Enhancement Award 

Title: The mechanisms underlying spike timing and rate under multiplexed dendritic input 

streams 

Authors: *S. XIAO, S. YADAV, K. JAYANT;  

Purdue Univ., Purdue Univ., West Lafayette, IN 

Abstract: Synaptic and dendritic integration across the vast expanse of the basal dendritic arbors 

of a pyramidal neuron is central for coincidence detection, feature binding, and dendritic branch 

specific plasticity. Central to enabling these properties is the ability of the cell to maintain spike 

precision and rate control while integrating widespread synaptic inputs across multiple dendrites. 

The biophysical mechanisms that give rise to such precision and rate control, however, remains 

poorly understood. Our limited understanding of both intra- and inter-branch integration stems 

partly from technical barriers in manipulating synaptic properties with high resolution, and, 

monitoring the effects of these manipulations across dendritic depth. Here, to address this 

challenge we performed simultaneous electrophysiology and two-photon glutamate uncaging 

across distributed and clustered synapses located along multiple basal dendrites of cortical 

pyramidal neurons in acute brain slices using a spatial light modulator (SLM) with custom-built 

pulse compression. The SLM allows simultaneous activation of multiple spines in 3D, across 

basal arborizations with near-diffraction-limited resolution. We found that co-activation of 

clustered spines on some but not all basal dendritic branches gives rise to a complex dendritic 

spike, characterized with a Na+ spikelet followed by a NMDA plateau. Compared to NMDA 

spikes without a Na+ spikelet, these complex Na+ dendritic spikes increase the temporal precision 

of somatic action potentials. Furthermore, when paired with depolarization caused by a 

distributed synaptic inputs background, we observe that this temporal precision is accompanied 

by burst rate modulation, with spike frequencies reaching ~200Hz in the form of doublets and 

triplets. We show that this precision-rate control is made possible by a combination of axo-

somatic persistent Na+ current amplification (via afterdepolarization and the increased input 

resistance) and stochastic ion-channel gating. Moreover, this temporal precision is preserved 

under an in-vivo like high conductance state, showing that noisy background activity does not 

saturate dendrites but in fact improves spike-probability, including from synapses that were 

previously too weak to elicit a spike. Together, our results suggest that multiplexed synaptic 

integration across multiple basal dendritic branches enables distinct modes of axo-somatic 

amplification to enable precise clock generation with concomitant gain control. 
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Abstract: Plasticity of neuronal excitability is a fundamental mechanism underlying learning 

and memory that refers to the signal processing that occurs within neurons after synaptic 

transmission. The study of plasticity in the intrinsic properties (IPs) of neurons is unveiling 

mechanisms beyond synaptic plasticity that relate network activity and learning. Prior work in 

songbirds established a relationship between the IPs of forebrain neurons and the learned song of 

zebra finches. Within the premotor nucleus HVC, the IPs of basal-ganglia-projecting neurons 

(HVCx) are developmentally regulated and differ across individual birds. Importantly, HVCX 

from birds who sing similar songs also express similar IPs. Given those results, we examined the 

role of song learning in regulating HVCX IPs. We evaluated HVCx in vitro firing properties in 

relation to the bird's song, and found that the song, not parentage, had the stronger effect on 

HVCx IPs. While examining the relation between IPs and learned song, we discovered a 

correlation between timing features of song and the rebound excitation of HVCx: Neurons from 

birds who sang longer songs with long harmonic stacks had a combination of IPs that reflected 

increased rebound excitation. Given that harmonic stacks are spectrally unchanging over their 

duration, this result suggests a mechanism underlying HVCx neurons’ documented ability to 

integrate over long periods of time. We then used an instrumental learning paradigm to generate 

two groups of birds who sang very similar songs, except one group was tutored with an added 

long harmonic stack. We found that the group who sang the longer modified song had increased 

evoked sag and firing frequency. Finally, we used these results, in vivo extracellular recordings, 

and established work to constrain a Hodgkin-Huxley-based network model of HVC that captures 

in vivo bursting properties and serves as a hypothesis linking neuronal IPs to network structure 

and behavior. Our results demonstrate an explicit link between neuronal IPs and features of 

learned behavior and accentuate the importance of including neuronal IPs in developing realistic 

network-level descriptions of neural circuits. 
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Abstract: The medial dendrite (MD) of granule cells (GCs) receives spatial information through 

the medial perforant path (MPP). The distal dendrite (DD) of GCs receives non-spatial 

information (sensory inputs) through the lateral perforant path (LPP). However, it is not clear 

how information processing though two pass ways are performed in the GCs. In this study, 

associative the information processing of inputs for MD and DD were reported. First, in 

physiological experiment, to investigate the differences in response characteristics between MD 

and DD using rat hippocampal slices, electrical stimuli of ten pulses at 10-40 Hz were applied 

MPP or LPP, respectively. In our experiments, NMDA receptor and GABAergic receptor as post 

synaptic factor were blocked by application of D-AP5 (NMDA receptor antagonist) and 

picrotoxin (GABAA receptor antagonist). As the result, excitatory post-synaptic potential 

(EPSPs) for successive input pulses in MD were transiently decreased as the number of inputs. 

On the other hand, EPSPs in DD showed sustained responses to 10-30 Hz. However, EPSPs in 

DD did not show sustained responses to 40 Hz. Next, using NEURON simulator of multi-

compartment GC (Ferrante et al. 2009) with the dynamic synapses model (Tsodyks et al. 1988), 

we performed a computational experiment. The dynamic synapses model was fixed by parameter 

fitting for our physiological experimental data. Theta burst (8 Hz) and random pulse inputs (10-

40 Hz) were applied to MD and DD, respectively. As the result, the temporal-pattern sensitivity 

for burst inputs to MD was shifted depending on the frequency (20-40 Hz) of random pulse 

inputs applied to DD. On the other hand, the existence of cue cells (non-spatial information) in 

addition to better characterized place cells (spatial information) in the dentate gyrus was recently 

reported (Tuncdemir SN et al. 2022). It showed that the response of place cells was blocked by 

lateral inhibition from cue cells. Therefore, we performed the second experiment using a model 

with lateral inhibition to block responses of place cells by cue cells. As the result, the temporal 

pattern sensitivity for burst input to MD was enhanced depending on the frequency of random 

pulse inputs to DD. Our result suggests that the information processing of GCs for temporal 

pattern inputs was modified depending on the non-spatial information in the network of dentate 

gyrus. 
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Abstract: The serotonergic dorsal raphe nucleus (DRN) receives diverse long-range synaptic 

inputs, yet the relative contribution of each input to DRN output spiking patterns is unknown. 

Here, we use electrophysiological, optogenetic and computational tools to compare functional 

features of excitatory inputs from lateral habenula (LHb) and prefrontal cortex (PFC) onto DRN 

5-HT neurons. Dual-color opsin strategies revealed that single 5-HT neurons receive functionally 

matched input from both PFC and LHb. Subthreshold features of excitatory post-synaptic 

potentials, including amplitude and decay, were largely overlapping. However, PFC inputs 

triggered spikes that displayed significantly higher latency and greater jitter than those from 

LHb. A support vector machine classifier demonstrated that input identity can be accurately 

decoded from the spike timing of under ten 5-HT neurons, revealing that these timing differences 

can be robustly parsed by downstream circuits. By examining the intrinsic cellular mechanisms 

in 5-HT neurons underlying these transformations of EPSPs to spikes, we uncovered a prominent 

T-type calcium conductance which selectively boosts certain input types, as well as subthreshold, 

voltage-dependent membrane noise which calibrates spike jitter and latency. Together, these 

results outline a mechanism by which intrinsic properties of 5-HT neurons functionally segregate 

LHb and PFC inputs into distinct spiking patterns which could, we hypothesize, be decoded by 

downstream areas innervated by 5-HT axons - a multiplexing operation. 
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Abstract: Serotonin (5-HT) neurons in the the dorsal raphe nucleus (DRN) receive a diverse 

constellation of long-range synaptic inputs, yet it is largely unknown how the statistics of these 

inputs interact with local connectivity motifs and synaptic dynamics within DRN to shape 5-HT 

output and ultimately behavioral state. Here, we combined optogenetic, electrophysiological, 

computational and behavioral strategies to identify how the inputs from the lateral habenula 

(LHb) are locally processed in the DRN to acutely calibrate learned reward predictions. 

Stimulating LHb afferents to 5-HT neurons triggered a frequency-dependent mixture of fast, 

monosynaptic excitation and slow inhibition mediated by 5-HT1A receptors. Optogenetic and 

pharmacological manipulations in DRN demonstrated that 5-HT neurons are organized in a 

recurrent inhibitory network, accounting for the protracted effects of LHb inputs and refuting the 

classical autocrine transmission model. At these recurrent connections, 5-HT release is 

probabilistic, dominated by robust short-term facilitation, and can be captured with a linear-

nonlinear plasticity model. Network simulations revealed that these short-term recurrent 

dynamics generate excitation-driven inhibition from strong habenular inputs, and submodule-

specific winner-take-all dynamics which emerge over behavioral timescales. We employed an 

auditory classical conditioning paradigm in mice to test quantitative model predictions, finding 

that activating LHb input to DRN suppressed goal-directed anticipatory licking behavior 

contextually during high reward value states and for high input frequencies, yet did not affect 

motor output or the learned association itself. We suggest that recurrent 5-HT release dynamics 

in DRN support an integration of learned associations, internal state and acute stimuli to flexibly 

adapt behavioural state to dynamic environments. 
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Abstract: Biological systems often have properties that are difficult to measure directly but may 

be inferred from available data using appropriate mathematical tools. As an important example, 

the electrophysiological behavior of neurons depends on their morphology and biophysical 

parameters, and one common approach to estimating these biophysical parameters has relied on 

varying the parameters in a morphologically detailed neuronal model until the behavior of the 

model best approximates the experimental recordings. Such methods have yielded some of the 

currently accepted values for biophysical parameters such as axial resistivity and have also been 

used to argue for a non-uniform distribution of membrane conductances in several types of 

neuron. However, the precision and reliability of these estimates have not been analyzed, and the 

effects of measurement noise on the results have not been investigated. 

In this study, we combined methods from probabilistic inference with simulations of detailed 

neuronal models to examine these issues and applied them to morphological and 

electrophysiological data from CA1 pyramidal neurons to obtain reliable estimates of key 

biophysical parameters. We first analyzed the noise in our whole-cell recordings, and found that 

it was characterized by significant temporal correlations at various time scales. Investigation of 

the effects of noise correlations on the results of parameter inference using simulated data 

indicated that assuming an incorrect noise model introduced bias into and increased the variance 

of the estimated biophysical parameters. This is important also because the common method of 

fitting parameters by minimizing the mean squared error is equivalent to assuming additive 

Gaussian white noise during inference and is therefore also expected to yield incorrect results. 

Our methods also allowed us to compare the expected efficacy of different experimental 

protocols in determining the target parameters and predicted that dendritic whole-cell recordings 

using a combination of current steps of different length would be suitable to determine axial 

resistivity. We therefore carried out such recordings in CA1 pyramidal neurons and performed 

simultaneous inference for three biophysical parameters. Our method predicted with high 

confidence that the axial resistivity of CA1 pyramidal neurons was severalfold lower than 

previous estimates based on least-squares fits. A similar analysis suggested that it was not 

possible to reliably determine whether the distribution of the leak conductance was spatially 

uniform in the cell using recordings at a single (somatic or dendritic) site. 

Disclosures:  D. Terbe: None. M. Szoboszlay: None. Z. Nusser: None. S. Kali: None. 

Poster 

524. Intrinsic Properties 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 524.11 

Topic: B.06. Intrinsic Membrane Properties, Electrical Synapses, and Signal Integration 

Support: NSF-IOS-2002863 

NSF-CRCNS-DMS-1608077 

Title: Interaction of segregated mechanisms of resonance in CA1 pyramidal neurons: interplay 

of ionic currents and the spatial structure of the cell 



Authors: *H. ROTSTEIN1, U. CHIALVA2;  
1Federated Dept. of Biol. Sci., NJIT & Rutgers Univ., Newark, NJ; 2Univ. Nacional del Sur and 

CONICET, Bahia Blanca, Argentina 

Abstract: CA1-pyramidal neurons are known to have two spatially segregated resonance 

mechanisms due to the non-uniform distribution of two different voltage-gated channels: the 

perisomatic M-current and the dendritic h-current (Hu et al., J. Neurosci. 2009). These play 

different roles regarding the control of excitability, spike regulation, processing of rhythmic 

inputs and neuronal integration of CA1 neurons. The two mechanisms have been studied both 

theoretically and experimentally in vitro, focusing on the properties of those responses that 

emerge at different polarization levels at which the two resonant currents activate. However, 

these studies focus on the two resonant mechanisms independently, and do not take into account 

the possible interactions between them and the interactions with the additional inputs coming 

from sorrounding cells. In particular, it is not clear how the resonance interactions are affected 

by the presence of voltage heterogeneities across the cell such as those expected to be present 

under realistic conditions due to inhibitory inputs from PV+ (proximal) and OLM (distal) 

interneurons in addition to background noise. We address these issues by using biophysical 

(conductance-based) modeling and computational simulations. We show that the h- and M-

current-based segregated resonant mechanisms can interact at the subthreshold level due to 

significant voltage differences along the cell membrane. As result, they can generate filtering 

regimens and resonant profiles that different from the ones produced by the individual 

mechanisms, and are not uniform along the neuron. Futhermore, we distinguish between strong 

and weak interactions of the two segregated mechanisms, which give rise to responses with 

greater or lesser variability, respectively, throughout the neuron. We then describe how this 

response variability affects the neuron’s synaptic integration properties. Finally, by measuring 

the somatic summation of synaptic-like inputs applied at the distal end of the neuron for a wide 

range of input frequencies, we were able to establish the contribution of each current to the 

overall response. We find that the interaction of resonant mechanisms may play a role in 

regulating the temporal integration of synaptic inputs, by increasing the range of frequencies for 

which the summation value is negative. Together these results demonstrate that the filtering 

properties of neurons are flexible and depend not only on ionic currents or voltage regime, but 

also on the (nonuniform) distribution and spatial segregation of currents, also therefore provide a 

mechanism that regulates the frequency-processing of synaptic inputs. 
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Abstract: Despite cell-to-cell variability, biological neurons still have the striking ability to 

maintain their key firing properties in the face of unpredictable perturbations and stochastic 

noise. However, the biological strategies that neurons use to reliably maintain their firing 

properties remain poorly understood. By using a population of compartment models for the 

lateral pyloric (LP) neuron in the crab stomatogastric ganglion, we explored how the critical 

pattern of rebound bursting is preserved when the 14 channel conductances in each model 

undergo random variations. Simulation results suggest that the rebound bursting pattern can be 

well maintained in many of the neuron models with different ranges of variations, which argues 

the existence of manifolds for bursting neurons in the 14-dimension parameter space to make this 

property insensitive to conductance variations. The rebound bursting pattern is more insensitive 

to channel conductance variations in the soma than in the axon. The degree of soma-axon 

coupling is critical to the ability of the axon to spike during bursts and consequently determines 

the size of the manifold that corresponds to the bursting models in the whole parameter space. 

When the soma-axon coupling deviates from the biological range, the neuronal tolerance of 

conductance variation is significantly lessened. This work suggests that neurons can still find 

general strategies to enhance their functional reliability, even when they exhibit significant 

individual variability. 
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Abstract: Impedance phase characterizes the temporal relationship between subthreshold 

membrane potential oscillations and the stimuli which elicit them. However, impedance cannot 

characterize suprathreshold neuronal spiking properties because spiking neurons violate the 



assumptions of stationarity and linearity. Instead, we employed a suprathreshold impedance 

phase framework for spiking neurons by registering spikes to the phase of a sinusoidal input. We 

used a model of neocortical layer 5b pyramidal neuron with subthreshold impedance properties 

we previously found to be in agreement with experimental data. We identified two (A and B) 

distinct time-dependent relationships between oscillatory stimuli and spiking, depending on 

whether the sinusoidal input current was of constant or increasing amplitude. A. Constant 

amplitude: the stimulus phase of each spike advanced over time, initially preceding the peak of 

each stimulus cycle and eventually following the peak. This occurred for specific frequency-

amplitude combinations at different stimulus locations on the cell. For an 8 Hz perisomatic 

current stimulus of 1.0 nA amplitude spike-phase advanced ~45o over six stimulus cycles. The 

spike-phase relationship was nearly constant for lower frequency stimuli of the same amplitude 

and more complicated for higher frequencies. This phase advance was eliminated by blocking Ih 

(HCN). B. Increasing amplitude: the stimulus phase of each spike decreased over time 

(retreated), initially following the peak of each stimulus cycle and eventually preceding the peak. 

Responses were similarly dependent on stimulus frequency, amplitude, and location in the 

dendritic tree. For a perisomatic stimulus of 8 Hz whose amplitude increased by 1 nA/s, spike-

phase retreated by ~60o over 6 stimulus cycles. There was less spike-phase retreat for lower 

frequency stimuli of the same amplitude, and the spike-phase profile was more complicated for 

higher frequencies. The range of stimulus phases swept by the spiking activity was shifted 

upward by blocking Ih. These cellular responses may play a role in network phenomena studied 

in hippocampal pyramidal neurons where the phase of spiking changes relative to theta 

oscillations: theta-phase precession and phase “roll” (phase advance over time). 
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Abstract: There has been an increased interest in extracting information about the structure of 

neuronal networks in different cognitive states from the newly developed multiarray recordings 



of the brain. A sharp peak near zero in spike-train cross-correlation functions (CCFs) is 

consistent with the presence of a monosynaptic connection between a pre- and post-synaptic 

neuron (Toyama et al., J Neurophysiol 1981; Platkiewicz et al., J Comput Neurosci 2021). Spike-

train relationships have been used to infer synaptic connectivity, by using these peaks as a proxy 

for synaptic strength (English et al., Neuron 2017). Changes in the peak’s height under certain 

appropriate controlled conditions have been interpreted as synaptic plasticity, involved in 

cognitive processes such as learning and memory (English et al., Neuron 2017, McKenzie et al., 

Neuron 2021). However, CCFs are complex and contain significantly more information about 

the spike train relationships between the participating neurons. Some of this information is 

apparent from the spiking patterns themselves, but spiking patterns are controlled by the 

neuronal subthreshold (membrane potential) dynamics whose effects often remain hidden. 

Identifying this type of information is expected to contribute to the inference of synaptic 

connectivity strengths and synaptic plasticity from spike-train relationships. Here, we address 

this issue by combining biophysical modeling, numerical simulations, dynamical systems tools 

(phase-space analysis), and artificial neural networks (ANNs). We show that in the presence of 

certain combinations of ionic currents (e.g., resonant and amplifying), secondary peaks emerge 

in CCFs, away from the peak near zero, in addition to and confounded with these resulting from 

external factors such as background oscillations, or ripples. We then investigate the 

circumstances under which the ionic currents’ features (conductances and time-constants) can be 

extracted with ANNs. We identify which of the attributes that describe the CCF’s shape are 

relevant to allow for an efficient classification exploiting the fact that the timing of the first 

postsynaptic spike relative to a presynaptic spike has a strong dependence on the intrinsic 

dynamics of the postsynaptic cell in addition to the background. This has been overlooked in 

earlier modeling studies. Our results have implications for the inference of intrinsic cellular and 

synaptic properties (e.g. resonances) and the detection of synaptic plasticity from spike-train 

relationships since “first spikes” (after each presynaptic spike) may be spread out beyond the 

sharp-peak lags commonly attributed to monosynaptic connectivity. 
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Abstract: For detailed investigation of how ion channels affect neuronal spiking behavior, we 

interfaced the NEURON simulator (www.neuron.yale.edu) with a real-time, high-speed dynamic 

clamp system. This allowed us to implement "virtual channel expression," in which 

experimentally observed membrane potential is used to calculate the current that is generated by 

computational models of ion channels and injected back into the cell (Synaptic Cell Mode 

configuration, see diagram). In these experiments, the "cell" subjected to virtual channel 

expression was a real-time simulation of a model Purkinje neuron with seven voltage-gated ion 

channels developed by Akemann and Knopfel (2006). The channels that were virtually-

expressed in this model were drawn from the neuroscience literature. Addition of IKA and IKDR 

(from Sheets et al., 2007) reduced AP firing frequency (Control: 48±0 Hz, IKA: 16±1 Hz, IKDR: 

20±1 Hz; n=4), but IKA affected after-hyperpolarization potential (AHP) magnitude more than 

IKDR did (Control: 2.8±0.1 mV, IKA: 13±0.2 mV, IKDR: 9.9±0.1 mV; n=4). Addition of the 

sodium channel NaV 1.8 (from Han et al., 2014) increased AP firing frequency (Control: 

48±0 Hz, NaV 1.8: 60±1 Hz; n=4), increased AHP magnitude (Control: 2.8±0.1 mV, NaV 1.8: 

8.3±0.2 mV; n=4) and increased AP width at half-height (Control: 0.7±0.1 ms, NaV 1.8: 

1.6±0.1 ms; n=4). These simulations demonstrate the feasibility and applications of combining 

NEURON AP simulations with a real-time dynamic clamp system for cell-based 

electrophysiology research. Through the use of computational models of ion channels and 

neurons, the effects of subtle changes in ion channel properties on AP behavior can be examined 

in detail. Instead of “virtual ion channel current expression”, real ion channel currents expressed 

in living cells can be input into the NEURON models. Drug assays targeting the expressed ion 

channels can be developed in which the measurable endpoints are neuronal function and AP 

behavior. These studies were supported, in part, by NIH NS011613 and 1R43NS125749. 
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Abstract: Transcription factors (TFs) achieve precise patterns of gene expression that define a 

wide variety of functional states in living systems by binding to specific regulatory elements in 

the genome. While many current methods are available to profile this binding, they are limited to 

endpoint views - they are capable of describing the current state of a system, but cannot describe 

how that state came to be. Calling Cards technology overcomes this limitation using a TF-

transposase fusion and a transposon reporter to leave permanent records of TF binding events, 

allowing us to integrate TF binding over time and connect the binding events to a later phenotype 

of interest. Susceptibility to GABA antagonist pentylenetetrazol (PTZ)-induced seizures provides 

a proof-of-concept of this scenario. Preliminary work has demonstrated that genetically identical 

juvenile C57BL/6 mice housed in similar conditions experience seizures of highly variable 

severity in response to the same dose of PTZ. If there are individual pre-existing epigenetic 

differences in the mice that alter their later susceptibility to PTZ-induced seizures, the Calling 

Cards system should be able to detect them. Using a Syn1-Cre driven transposase with a natural 

affinity for Brd4, which targets super-enhancers, pilot data has detected differential antecedent 

super-enhancer usage that may predict which mice go on to have mild and severe seizure 

phenotypes. 
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Abstract: Purpose: P-glycoprotein (P-gp) is an ATP-dependent drug efflux pump that acts as a 

xenobiotic extruder and its overexpression is associated to drug resistant epilepsy. Moreover, P-

gp overexpression is detected after an acute seizure and has been associated to neuronal 

hyperexcitability. Therefore, we aim to determine if P-gp expression is progressively increased 

through epileptogenesis induced by electrical amygdala kindling. Methods: Male Wistar rats 

(300-350g) previously implanted in right basolateral amygdala were used (n=5 per group). 

Briefly, kindled group was stimulated daily until 3 consecutive stage V seizures were induced. 

Stage III group was stimulated until one stage III seizure was elicited. Stage I group in which 

only one discharge was evoked. Sham group was implanted but did not receive any electrical 

stimulation. Naïve animals weren’t implanted nor stimulated. Amygdala and hippocampi (ipsi- 

and contralateral) were collected 24 h after the last electrical stimulation or manipulation. P-gp 

expression was evaluated by Western blot. Results: Stage I group showed P-gp overexpression in 

ipsilateral hippocampus (86%, p<0.001 vs naïve). Stage III group presented P-gp overexpression 

in ipsilateral amygdala (77.79%, p<0.05 vs naïve), and both hippocampi (58.95%, p<0.05 and 

57.66%, p<0.05 vs naïve, ipsi and contralateral respectively). Kindled group had P-gp 

overexpression in ipsilateral amygdala (89.95%, p<0.01 vs naïve) and both hippocampi (92.20%, 

p<0.001 and 91.73%, p<0.01 vs naïve, ipsi and contralateral respectively). Sham group presented 

P-gp overexpression in the ipsilateral hippocampus (98%, p<0.001 vs naïve) Conclusion: 

Progression of electrical amygdala kindling is associated with increased P-gp expression in 

amygdala and hippocampus. These changes are structure and stage dependent. P-gp 

overexpression induced by kindling could be associated with progressive neuronal 

hyperexcitability and epileptogenesis. 
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Abstract: Rationale: Genetic influences on human epilepsy are complex. Most work done to 

identify gene mutations in patients analyze gene structure in DNA derived from peripheral blood. 

We hypothesize that somatic mutations exist in the brain cells of most individuals and that 

specific allelic variations influence both susceptibility and resistance to epilepsy and other brain 

diseases. Thus, somatic cell mutations may contribute to the cause of epilepsy in humans. 

Methods: We studied 5 patients with temporal lobe epilepsy (TLE) using whole exome 

sequencing (WES) at an average of more than100X depth of coverage. We extracted DNA from 

both peripheral blood and from a single region of the resected temporal neocortex (Brodmann 

area 38). We then performed WES and compared results between blood sequences and brain 

sequences in each patient. We used an established bioinformatics pipeline to identify mutations 

in brain that are not found in blood. We distinguished mutations into 2 classes: “Rank A”, which 

are nonsense somatic mutations (stop-gain, frameshift deletion/insertion etc.) and “Rank B” 

which are non-synonymous mutations. We defined mutations as having a minimum minor allele 

frequency (MAF) of greater than one percent based on read number and depth of coverage. 

Results: Data analysis revealed that each patient harbored thousands of somatic mutations. In 

total, there were 4010 unique genes that contain at least one Rank A somatic mutation, with 191 

of these genes represented at an MAF greater than five percent. We identified 8388 unique genes 

with Rank B mutations. The 5 patients had 20 genes with Rank A somatic mutations in common 

including: CCDC30, HMCN1, OR2T2, TTN, XIRP1, FRAS1, MAML3, TACC2, MKI67, 

ACIN1, RBM25, SLTM, BRD7, HNF1B, FHOD3, DPP9-AS1, MUC16, NRIP1, LOC150051, 

and CLTCL. Altogether, the patients had 54 genes with Rank B somatic mutations in common. 

Conclusion: Somatic mutations occur in the brain cells of patients with TLE and may contribute 

to the development of disease symptoms. Among the 20 genes with somatic mutations that we 

identified in the patient cohort, two are associated with epilepsy (BRD7 and CLTCL). Somatic 

mutations occur in brain cells in many people, and specific allelic variations may influence both 

susceptibility and resistance to epilepsy and other brain diseases. We are currently expanding the 

number of blood-brain pairs and the number of brain regions, including additional areas of 

temporal neocortex as well as hippocampus and amygdala. Convergence of somatic gene 

mutations and single cell or bulk tissue gene expression profiles will help to identify new brain 

cell-localized, genetic causes of epilepsy. 
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Abstract: Malformations of cortical development (MCD) are characterized by focal disruption 

of cortical architecture and cellular organization arising during cortical development, largely 

from somatic mosaic mutations. Identifying the genetic causes of MCD has been a challenge, as 

mutations remain at low allelic fractions in brain tissue resected to treat epilepsy. Here, we show 

a genetic atlas from 317 brain resections, identifying 69 mutated genes through intensive 

profiling of somatic mutations, combining whole-exome and targeted-amplicon sequencing with 

functional validation and single-cell sequencing. Genotype-phenotype correlation analysis 

elucidated specific MCD gene sets correlating distinct pathophysiological and clinical 

phenotypes. The unique spatiotemporal expression patterns identified by comparing single-

nucleus transcriptional sequences of mutated genes in control and patient brains implicate critical 

roles in excitatory neurogenic pools during brain development, and in promoting neuronal 

hyperexcitability after birth. 
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Abstract: Introduction: The underlying pathomechanisms of epilepsy are likely driven by 

abundant and diverse changes in transcriptional control that results in aberrant gene readout and 

altered protein levels. This includes altered epigenetic, transcriptional and post-transcriptional 

gene readout. However, there may be additional layers of gene regulation in epilepsy which 

remain unexplored to date. Methylation of the sixth position of adenosine residues in RNA 

results in N6-methyladenosine (m6A) which is the most common internal covalent modification 

in mRNA and is associated with altered RNA stability, translational efficiency, and sub-cellular 

localisation. Preliminary data from our lab shows that in the epileptic mouse brain, global 

increases in m6A levels are seen, however the mechanisms which govern m6A and the levels of 

m6A itself remain unknown in human TLE. We hypothesise that RNA methylation represents an 

important mechanism of post-transcriptional regulation which significantly contributes to the 

aberrant gene expression and protein production involved in the development and maintenance 

of hyperexcitable networks in epilepsy. Methods: We combine m6A micro-array, qPCR, and 

proteomics to probe the status and effects of m6A deposition in human hippocampal tissue at the 

level of the transcriptome, genome, and proteome. Further, in vitro characterisation of neuronal 

structure and function in response to loss of m6A is carried out in iPSC derived neuron cultures. 

Results: Western blot analysis revealed selective dysregulation of m6A-associated enzymes. 

Transcriptome-wide mapping of m6A in TLE uncovered significant restructuring of the m6A-

epitranscriptome in TLE Vs control tissue. Similarly proteomic analysis confirmed significant 

changes in the epileptic proteome Vs control. Conclusion: By integrating the results of these 

analyses, we identify m6A-modulated gene networks and biochemical pathways that may be 

involved in the development and/or maintenance of TLE. This project has explored a potentially 

novel layer of gene dysregulation in human TLE which provides further insight into disease 

mechanisms and may illuminate novel pathways for therapeutic intervention. 
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Abstract: Temporal lobe epilepsy (TLE) is the most common form of epilepsy in adults and is 

associated with drug resistance. Surgical resection of the epileptic focus is often the only 

possibility for seizure-relief, with the pathological hallmark of hippocampal sclerosis observed to 

varying degrees. TLE is characterised by global changes in gene expression and regulatory 

networks. Gene regulatory patterns are controlled by the activity of transcription factors (TFs) 

that function by interpreting and altering the chromatin landscape. Chromatin is dynamic and its 

accessibility can be regulated by a host of mechanisms including chemical modifications on both 

DNA and histone proteins. While chromatin accessibility has been explored for single loci, there 

has been no global attempt to map the chromatin landscape in human TLE. This could lead to 

improved understanding of how dynamic changes in our epigenome establish or maintain seizure 

susceptibility or drug-resistance in epilepsy patients. The assay of transposase accessible 

chromatin sequencing (ATAC-seq) was employed in order to profile the accessible chromatin 

landscape in resected human hippocampus from patients with drug resistant epilepsy with 

different grades of sclerosis. RNA-seq from the same cohorts was performed and incorporated to 

make inferences about regulatory elements that are potentially regulating the dysregulated 

transcriptomic landscape. Epigenetic marks and TFs were further mapped in order to determine 

their localisation within the genome and to elucidate their function in regulation following 

ATAC-RNA-seq analysis. ATAC-seq experiments resulted in the identification of 1000s of 

differentially accessible regions of chromatin between epilepsy cases and controls, in contrast 

with few differences in accessibility between epilepsy cases with different grades of sclerosis. 

Differential accessible chromatin regions were predominantly found within regulatory enhancer 

and promoter regions. Gene ontology of sites with increased and decreased accessibility in 

hippocampal sclerosis TLE versus control suggests that these regulatory regions are associated 

with metabolic pathways and synaptic transmission. Differentially accessible chromatin in non-

hippocampal sclerosis versus control showed enrichment for terms involved in cellular 



development and organisation. Here, we characterised genome-wide chromatin accessibility in 

the resected hippocampi of individuals with TLE and linked this to the differential accessibility 

on the transcriptome. This analysis provides insight into the structural basis of molecular 

mechanisms contributing to human TLE. 
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Abstract: Focal cortical dysplasias (FCDs) are local malformations of the human neocortex and 

a leading cause of pharmacoresistant epilepsy. FCDs are characterized by local architectural 

disturbances of the neocortex and often feature a blurred gray-white matter boundary indicating 

abnormal white matter myelination. We have recently shown that myelination is also 

compromised in the gray matter of FCD type IIa in the temporal lobe. Here, we aimed at 

analyzing the myelination pattern in FCD type IIa and IIb by focusing on extratemporal regions 

of the human brain. We characterized the gray matter-associated myelination pathology of FCD 

IIa, FCD IIb and epileptic control specimens derived from curative epilepsy surgery on several 

levels. First, we performed a morphological analysis by applying immunohistochemistry to 

visualize myelinated fibers by confocal microscopy and ultrastructural analyses of the 

myelinated axons. Next, in situ hybridization histochemistry for myelin basic protein (MBP) was 

performed to analyze the density of myelinating oligodendrocytes (OLs). Finally, we 

investigated the myelination pattern in FCD on the molecular level by applying real-time RT-

qPCR to determine the expression levels of myelin-associated transcripts and chromatin 

immunoprecipitation to analyze the binding capacity of the transcription factor myelin regulatory 



factor (MYRF) to its target promoter MBP. We show that the proportion of myelinated gray 

matter is similar in FCD IIa, IIb and controls with myelinated fibers extending up to cortical 

layer II. The myelinated fibers, however, appear fractured and distorted in FCD IIa. Electron 

microscopy revealed that the myelin sheaths of layer V/VI axons are thinner in FCD IIa and IIb 

specimens than in controls indicated by an increased g-ratio. In addition, the density of MBP-

expressing OLs was reduced in FCD IIa, however, contrarily, we observed an increase of OLs in 

FCD IIb. Similarly, the expression levels of myelin-associated transcripts were decreased in FCD 

IIa but increased in FCD IIb. Finally, we detected a reduced binding capacity of MYRF at the 

MBP promoter. Our results indicate that FCD IIa and IIb have different myelination profiles and 

reveal opposing myelination deficits. 
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Abstract: An increasing body of literature has revealed that social determinants of health 

including socioeconomic status and neighborhood disadvantage immensely impacts epilepsy 

prevalence and outcomes. To further assess this, our study aims to characterize the relationship 

of the US census-based neighborhood disadvantage metric, the Area Deprivation Index (ADI), 



and its association with white-matter connectome findings of participants from the Epilepsy 

Connectome Project (ECP). Multi-shell connectome diffusion weighted MRI (ms-dMRI) data 

from 124 subjects ages 18 to 60 were employed, including 85 TLE patients (34 male, mean age = 

39.28 ± 11.71 years) and 39 healthy controls (HCs) (20 male, mean age = 34.87 ± 10.20 years). 

The IIT Destrieux gray matter atlas was utilized to create the 162 x 162 structural connectivity 

matrices using MRTrix3. ComBat data harmonization was applied to harmonize the structural 

connectivity matrices from pre- and post-scanner upgrade acquisitions and threshold free 

network-based statistics (TFNBS) was used for statistical analysis of these matrices. These 

findings were correlated with ADI metrics, which contains measures of income, education, 

employment, and housing quality. ADI is grouped by quintiles with lower quintiles representing 

least deprived (least disadvantaged) and upper quintiles representing most deprived (most 

disadvantaged). Our results reveal a much higher number of significant abnormal connections in 

the direction where the upper quintiles of ADI scores (more disadvantaged) TLE patients, exhibit 

lower cross-sectional area of white matter tracts when compared with TLE patients of the lower 

quintiles of ADI scores (least disadvantaged) and both upper and lower quintile ADI scores of 

HCs. Moreover, TLE patients in the lower quintile ADI also showed a higher significant number 

of abnormal connections where their cross-sectional area is lower than that of HCs of both upper 

and lower quintiles of ADI scores. This demonstrates that neighborhood and other 

socioeconomic disadvantages may have a strong impact on the white matter integrity of TLE 

patients. Overall, our study illustrated discrete significant white matter tract abnormalities in the 

most disadvantaged TLE group when compared to other groups. Understanding the relationship 

of geospatial metric of neighborhood disadvantages and its impact on epilepsy may inform 

proper care, treatment delivery, and policy for underserved and disadvantaged patients. 
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Abstract: In addition to seizures, patients with epilepsy often exhibit pathological brief electrical 

discharges called Interictal Epileptiform Discharges (IED) during the quiescent period between 

seizures. Although IEDs are common in patients with epilepsy, their role in disrupting normal 

cognition, as well as in causing or preventing seizures, remains little understood. A key signature 

of both seizures and IEDs is concomitant autonomic dysregulation, with changes in heart-rate 

variability around a subset of IEDs commonly seen in both humans and animals. However, the 

reason for why IEDs can result in autonomic dysregulation remains unknown. We examined the 

relationship between IEDs and the autonomic nervous system using intracranial single-neuron 

and local field potential recordings in human patients implanted with hybrid depth electrodes for 

seizure monitoring. We recorded cardiac data (2 lead electrocardiogram) and neural data (single 

neuron activity and EEGs scored for IED occurrence) recorded simultaneously from these 

patients. To assess autonomic function, we developed a toolkit of features including, among 

other metrics, time-frequency analysis of the inter beat interval (IBI) series. We analyzed these 

cardiac metrics as well as neural activity aligned to the onset of IEDs to identify potential 

relationships between neural activity and autonomic responses. Motivated by prior work that 

shows that modulation of low frequency power of the cardiac waveform during a heartbeat can 

be used as a metric of a change in sympathetic tone, we used the metric of low frequency-high 

frequency power ratio of the cardiac waveform to assess sympathetic tone and the IBI to assess 

heart rate. Using n=13 patients, and averaging over all identified hippocampal IEDs, the low 

frequency-high frequency power ratio (p=0.0492; t=2.12), and the IBI (p=0.02; t=-2.54) were 

significantly modulated by the occurrence of hippocampal IEDs. This result indicates that the 

heart rate and the sympathetic tone of the patients in the 30 seconds after the IED is, on average, 

greater than in the 30 seconds before the IED. Additionally, we have observed that the activity of 

single neurons recorded in the same brain area as the IEDs is modulated around the time of the 

occurrence of IEDs, thereby reproducing prior findings. The extent to which a given IED 

modulates neurons varies widely, however. We are therefore now investigating whether the 

extent of single-neuron modulation is indicative of the degree of autonomic modulation. 

Together, these new findings shed light on how an epileptic region of the brain that generates 

IEDs influences both cardiac as well as single neuron activity. 
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Title: Deciphering axon dysfunction in the pathogenesis of ARHGEF9 epileptic encephalopathy 

Authors: *W. WANG1, C. D. MAKINSON2, W. N. FRANKEL1;  
1Dept. of Genet. and Dev't, 2Dept. of Neurol., Inst. for Genomic Medicine, Columbia Univ. 

Irving Med. Ctr., New York, NY 

Abstract: ARHGEF9 is an X-linked gene that is associated with developmental and epileptic 

encephalopathy (DEE) and intellectual disability (ID). ARHGEF9 encodes the brain-specific 

protein collybistin (Cb), a guanine nucleotide exchange factor, and more well known as an 

essential regulator of inhibitory postsynaptic density by binding to gephyrin and to the α2 

subunit of type A GABA receptors (GABAAR-α2). Among patients with mutations in 

ARHGEF9, the reported clinical phenotypes vary, depending in part on the region of the protein 

affected. Missense mutations in the C terminal PH domain do not cause epilepsy while mutations 

in DH and SH3 domain lead to early-onset epilepsy along with moderate to severe ID. 

We investigated the pathogenesis of ARHGEF9 DEE by studying a missense variant (G55A), the 

only missense mutation in the SH3 domain identified in severe DEE. Utilizing a novel Arhgef9-

G55A mouse model, we examined behavioral, cellular and physiological consequences of 

Arhgef9G55A in mice (Arhgef9G55A/Y). Arhgef9G55A/Y mice exhibited spontaneous generalized 

tonic-clonic seizures and spike-wave discharges, and increased acoustic startle response, 

recapitulating key phenotypes observed in ARHGEF9 patients. Immunostaining studies showed 

that in Arhgef9G55A/Y neurons, Cb formed elongated protein aggregates at the axon initial segment 

(AIS) of hippocampal pyramidal neurons colocalized with gephyrin, leading to a significant 

decrease in Cb and gephyrin puncta at the AIS and in dendritic compartments. Furthermore, 

Arhgef9G55A/Y neurons had decreased GABAAR-α2 puncta, especially at the AIS, indicating a 

disruption in GABAergic synaptic function. Using acute brain slice electrophysiology to 

examine intrinsic neuronal excitability and synaptic transmission, we observed altered frequency 

and amplitude in miniature postsynaptic currents (mIPSCs and mEPSCs) in Arhgef9G55A/Y 

neurons. More interestingly, with phase plane analysis of action potentials recorded with somatic 

current clamp, we observed that Arhgef9G55A/Y neurons exhibited altered action potential 

initiation kinetics, pointing to structural and functional disruptions at the AIS. Together, these 

results identify the possible pathomechanism of ARHGEF9 DEE and reveal the underappreciated 

role of ARHGEF9 at the AIS. 
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Abstract: Brain malformations cause cognitive disability and seizures in both humans and 

animal models. Highly laminated structures such as the neocortex and cerebellum, in particular, 

are vulnerable to malformation affecting lamination and neuronal connectivity as well as causing 

heterotopia. The objective of the present study was to determine if sporadic neocortical and/or 

cerebellar malformations in C57BL/6J mice are correlated with reduced seizure threshold. The 

inhaled chemo-convulsant flurothyl was used to induce seizures in male and female C57BL/6J 

mice, and the time to seizure onset was recorded as a functional correlate of brain excitability. 

Following seizures, mice were euthanized and brains extracted for histology. Cryosections of the 

neocortex and cerebellar vermis were stained and examined for the presence of molecular layer 

heterotopia as previously describe in C57BL/6J mice (Ramos RL, et al. Dev Neurosci. 2014 

;36(6):477-89; Ramos RL, et al. Neuroscience. 2015; 310:242-51). Over 60% of mice had 

neocortical and/or cerebellar heterotopia. No sex differences were observed in the prevalence of 

malformations. Significantly reduced seizure onset time was observed dependent on sex and the 

type of malformation present. These results raise important questions regarding the presence of 

malformations in C57BL/6J mice used in the study of brain development, epilepsy, and many 

other diseases of the nervous system. 

 

http://files.abstractsonline.com/CTRL/9F/8/0D0/8E6/1B1/4BF/F9A/C5E/F49/78C/674/5F/g12391_1.JPG


 

Disclosures:  K.M. Keever: None. P.D. Womble: None. D.G. Sullens: None. Y. Li: 

None. J.N. Lugo: None. R.L. Ramos: None. 

Poster 

525. Epilepsy Mechanisms 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 525.12 

Topic: B.08. Epilepsy 

Support: NINDS NS088776 

Title: Early-life seizures and neonatal vocalizations in mice 

Authors: *J. M. REINHART, J. N. LUGO, Jr., K. J. BLANDIN, D. SANTANA-COELHO;  

Psychology and Neurosci., Baylor Univ., Waco, TX 

Abstract: Early-Life Seizures and Neonatal Vocalizations in MiceJohn M. Reinhart, Katherine 

J. Blandin, Danielle Santana-Coelho, and Joaquin N. LugoRationale: Early-life status epilepticus 

(SE) can cause deficits in learning, memory, social behaviors, and communication. To better 

understand the acute impact of SE, ultrasonic vocalizations (USV) have been used to investigate 
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communication deficits in mice. Our lab previously found that mice that received SE on 

postnatal day (PD) 10, have a decrease in the quantity and duration of USVs at PD12. In the 

current study, we investigated whether SE induced on PD7 had changes in USVs on PD9 to 

determine if different communication alterations occur at an earlier stage in neonatal 

development. We also included females in this study to examine sex differences.Methods: In the 

present paradigm, we induced SE using an intraperitoneal (i.p.) injection of 0.5% kainic acid (2.5 

mg/kg), on C57BL/6 male and female mice at PD7. Age matched control male and female pups 

were given i.p. injections of 0.9% physiological saline. We then investigated the communicative 

behavior of these mice using USVs recorded on PD9. Two-way ANOVAs for sex [male, female] 

X treatment[control, SE] were run to assess changes in the total number of calls, total time 

vocalizing, peak call frequency, maximum call amplitude, and total number of each call 

individually based on a classification system using ten different categories.Results: We did not 

find differences in the total number of USVs emitted, total time vocalizing, peak call frequency, 

and maximum call amplitude between the SE and control group. We did observe a main effect of 

treatment with an increase in the total number of chevron calls (p<0.05) emitted by the SE group 

compared to the control. There was also a main effect of sex with upward and complex 

calls(p<0.05) being emitted at a higher number by females over males.Conclusions: In this study 

we found a significant increase in chevron calls made by the treated mice. There was also a 

greater number of upward and complex calls made by females compared to males. We did not 

find significant alterations in total number of calls following SE on PD7. This result is different 

from previous findings in SE on PD10. Additionally, these findings support the need for further 

investigation into the communication differences between males and females reaching SE during 

this neonatal period and to the broader effects during early development. 
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Abstract: Dysregulation of the mechanistic target of rapamycin (mTOR), which functions via 

two distinct complexes named mTORC1 and mTORC2, has been causally linked to epilepsy. 

Currently, it is widely believed that hyperactivation of mTORC1, which is sensitive to the drug 

rapamycin, drives epilepsy. Most of the evidence supporting the role for hyperactivation of 

mTORC1 in epilepsy relies on its chronic pharmacological inhibition with rapamycin. However, 

chronic rapamycin treatment, which reduces seizures in several epilepsy models, also inhibits 

mTORC2. We recently found that genetic inhibition of mTORC2 improved behavioral deficits 

and rescued the seizure phenotype in mice lacking the mTOR upstream negative regulator, Pten. 

Thus, it remains unclear whether hyperactivation of mTORC1 or mTORC2 leads to abnormal 

synchronized neuronal firing during epilepsy. To dissect the role of mTOR complexes in 

epilepsy, we selectively silenced the activity of either mTORC1 or mTORC2 in forebrain 

neurons. Using the Cre-lox system, we deleted Rptor (encoding the defining mTORC1-defining 

component, Raptor) and Rictor (encoding the mTORC2-defining component, Rictor) to inhibit 

mTORC1 and mTORC2, respectively. Next, we examined both behavioral and electrographic 

seizures in the kainic acid (KA) model, which is one of the most widely studied epilepsy models 

in the field. We found that KA activated mTORC2 more persistently than mTORC1. 

Surprisingly, we found that genetic inhibition of mTORC1 increased acute KA-induced seizures 

while genetic inhibition of mTORC2 reduced acute KA-induced seizures. Our results indicate 

that the mTOR complexes may play distinct roles in seizure generation. More importantly, future 

studies in other epilepsy and seizure models can help stratify seizures into mTOR-complex-

specific subspectra and could inform more effective therapeutic strategies. 
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Abstract: Patients with epilepsy often experience increased frequency of seizures at night. 

Given the role glial cells play in modulating neuronal excitability, we hypothesize that circadian 

changes in glial cells may affect seizure threshold. Fatty acid binding protein 7 (Fabp7) is 



expressed in brain astrocytes and is involved with the fatty acid transport, signal transduction, 

and gene transcription. Its mRNA expression cycles in a circadian rhythm and is necessary for 

sleep regulation. We examined if Fabp7 influences seizure threshold upon electrical stimulation. 

Male C57/BL6N wild type (WT) and Fabp7 knockout (KO) mice were maintained on a 12/12 

hour light/dark cycle. Seizure thresholds were measured by administering a once daily, regularly 

increasing electroshock stimulus. General or maximal seizure was determined by the mouse’s 

response to the stimulus. 

Results showed that KO mice required a higher current to elicit both general and maximal 

seizure compared to WT mice (unpaired t test). Additionally, KO mice had a lower probability of 

seizure occurrence than both KO mice in the light phase and WT mice in the dark phase 

(Kaplan-Meier log rank test). 

Astrocyte expressed Fabp7 plays an integral role in modulating neuronal excitability. Mice 

without functioning Fabp7 have an increased seizure threshold to electrical stimulus and 

therefore have reduced excitability in brain regions where Fabp7 is normally expressed. Further 

work is now needed to elucidate the pathway by which Fabp7 alters seizure threshold. 
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Abstract: Epilepsy is a neurological condition characterized by recurring, spontaneous seizures, 

which are often attributed to underlying imbalances in excitation and inhibition. Epileptic brain 

activity is linked to many cellular and molecular dysfunctions, including alterations in the 

function of inhibitory interneurons and changes in extracellular matrix, as seen in both human 

patients and a variety of acquired epilepsy models. Of particular interest are the assemblies of the 

extracellular matrix, called perineuronal nets (PNNs), which condense into net-like coatings that 

surround the soma and contribute to the firing of the fast-spiking GABAergic interneurons they 

envelop. We are interested in the functional differences of PNNs in healthy versus epileptic 

brains and how PNNs may be altered in multiple acquired epilepsy mouse models, considering 

their role in interneuron function. In the present study, we have characterized PNNs in a 

pilocarpine mouse model of temporal lobe epilepsy, focusing on both population-wide, 

comprehensive changes as well as structural and cell-level changes. While doing so, we observed 

that a sparse population of cells in the hippocampal CA1 region displays PNNs post-onset of 

status epilepticus; however, mice that received a sham injection or did not acquire epilepsy after 

treatment do not exhibit PNNs. Additionally, these cells stain negative for parvalbumin, 

indicating that they are not fast-spiking interneurons. We therefore sought to identify these cells 

and investigate their properties through immunohistochemical and electrophysiological means. 

Here, we characterize PNN structures in a pilocarpine mouse model and show that the CA1 

“mystery cells” are in fact interneurons via immunohistochemical staining. Furthermore, we 

show that the electrophysiological activity of the interneurons from pilocarpine-treated mice that 

developed status epilepticus indeed differs from that of control mice. We propose that our 

findings signify a functional difference in these cells triggered by pilocarpine-induced epilepsy, 

as indicated by the development of the surrounding PNN structures, and hypothesize that these 

interneurons are involved in either a causative or compensatory role in epileptogenesis, requiring 

further study in this and other models. 
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Abstract: Epilepsy is a neurological disorder of the central nervous system characterized by 

increased and abnormal synchronization of neuronal activity, which is clinically manifested 



among others by recurrent unpredictable and uncontrollable spontaneous seizure and the 

temporal lobe epilepsy is the most common type of acquired and frequent epilepsy in adults. 

Aquaporine 4 (AQP4) is a transmemabranal protein such as regulates the flow the water in the 

cell; is expressed in brain by glial cells, especially at specialized membrane domains including 

astroglial endfeet in contact with blood vessels. In patients with focal cortical dysplasia and 

epilepsy higher AQP4 expression was found, whereas that in animal models has been poorly 

studied. In this work we evaluated the immunoexpression of AQP4 in brain of rats exposed to 

kainic acid (KA) and pentylentetrazole (PTZ). Male Wistar rats were used, were divided into 

three experimental groups, a control group Saline solution (SS), KA group (10 mg/kg ip) and the 

third group such as administered with 3 doses of PTZ (25 mg/kg ip) in 15-minute intervals. 

Cresyl Violet stain and immunohistochemistry antibody for AQP4 were applied. We founded in 

rats treated with KA strongly AQP4 immunopositive capillaries amidst a weakly labeled neuropil 

observed mainly in astrocytes of hippocampal brain region in rats; while in neuropil, astrocytes 

and around blood vessels immunoreactivity remained without obvious changes in its intensity in 

PTZ-treated rats. These preliminary results support that AQP4 increased expression is a part of 

protective mechanism to maintain water transport and to modulate ion homeostasis in the rat 

brain in experimental models of epileptic seizures 
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Abstract: A well-known central nervous system dysfunction associated with autism spectrum 

disorder (ASD), and ASD’s comorbid disorders such as epilepsy, is hyperexcitability. 

Hyperexcitability may occur due to dysregulated excitatory glutamatergic and/or inhibitory 

GABAergic neuronal firing. The underlying mechanisms that cause hyperexcitability and 

predispose the brain to ASD and epilepsy remains unclear. Neurexin-2 (Nrxn2) is a presynaptic 

adhesion molecule which plays a critical role in synapse organization and neurotransmission and 

has been linked to many neuropsychiatric disorders including ASD and epilepsy. A recent study 



using Nrxn2 conditional knockout (cKO) mice showed a novel inhibitory role specifically in 

excitatory synapses. The present study used Emx1-Cre mice to conditionally delete Nrxn2 in 

excitatory neurons of hippocampus and cortex to identify Nrxn2’s role in regulating 

hyperexcitability. Using intracranial electroencephalogram (iEEG) recording, we demonstrate for 

the first time that deletion of Nrxn2 in excitatory synapses caused spontaneous recurrent 

seizures, as confirmed by the Racine scale. Moreover, the Nrxn2cKO has a decreased seizure 

threshold and increased seizure-related death. Behavioral analysis revealed ASD-like behavior 

impairments in the Nrxn2cKO. Our electrophysiology recordings showed the disruption of 

excitatory and inhibitory balance, which likely contributed to the generation of unprovoked 

spontaneous seizures. This study provides the first evidence that deletion of Nrxn2 induces 

hyperexcitability that manifests into spontaneous recurrent seizures and ASD-like behavioral 

impairments. 
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Title: Impaired hippocampal-prefrontal cortex connectivity with development of cognitive 
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1Univ. of North Texas, Denton, TX; 2Univ. of California Los Angeles, Los Angeles, CA 

Abstract: The aim of this study was to explore the neuronal mechanisms underlying seizures in 

a rat model of Alzheimer's disease (AD) and their relevance to the development of cognitive 

impairment. Seven AD Tg (FAD+) rats (5-7 months old), which overexpress dominant familial 

AD mutations. app (APPsw) and Δ exon 9 mutations in human presenilin-1 (PS1EΔ9), and seven 

age matched controls (FAD-) participated in this study. Rats were implanted with 16-channel 

depth electrodes to record brain electrical activity in the hippocampus, prefrontal cortex, 

thalamus, and striatum. All animals performed a Chessboard Maze Task to assess memory scores 



and award-seeking motivation. Seizures were observed in 3 of 7 FAD+ rats. Interictal 

epileptiform discharges (EEG spikes) were observed in all 7 FAD+ animals. No seizure activity 

was observed in the FAD- control group. The rate of pathological high-frequency oscillations 

(pHFOs) was significantly higher in the FAD+ group compared to the FAD- group. In animals in 

the FAD+ group, nearly 17% of the pHFOs are coupled between the prefrontal cortex and the 

hippocampus. This finding was associated with a significant decrease in memory scores and 

reduced motivation to seek rewards. Our data suggest that pathological HFOs occur in a rat 

model of AD which is associated with the ongoing epileptogenesis, and we demonstrate that 

impaired hippocampal-prefrontal cortex HFO couplings are associated with the development of 

cognitive dysfunction. 
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Title: Golgi-cox staining reveals altered apical, basal dendrites and spine density in the 
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Abstract: Introduction: Temporal lobe epilepsy (TLE) is a distributed network disorder, which 

involves the hippocampus and extra-hippocampal structures. Epileptogenesis in temporal lobe 

epilepsy (TLE) is tightly associated with neurogenesis, plastic changes and neural network 

reorganization. In the present study, we investigated using Golgi impregnation, tiny neuronal 

architecture of pyramidal neurons in the in the hippocampus, anterior temporal lobe (ATL) and 

neocortex at the dendritic and spine levels Methods: Li-Pilocarpine was used to induce a status 

epilepticus (SE) in S. D. rats. Golgi-Cox staining was achieved according to standard protocol to 

visualize neurons in their cell soma(cell body), axons, dendrites, and spines. In brief, rats were 

transcardially perfused with 0.9% of saline (PBS) for 3 min followed by 4% PFA in 0.9% saline 

for a further 5 min. Later the perfusion, brains were dissected out and fixed in Golgi solution for 

48 hrs. The brain sectioning was performed using vibratome into 200-μm slices, followed by 

incubation in 0.1 M Tris buffer (pH 7.3) and then relocated onto gelatin-coated slides. The slides 



were dehydrated at room temperature and further followed by alcohols gradient decreasing order 

series for dehydration. Golgi-Cox stained pyramidal neurons of hippocampal CA1, 5th layer of 

pyramidal neurons of ATL, and neocortex of pilocarpine and control rats sections were observed 

under a microscope (Olympus BX50) and analyzed using Neurolucida software (MBF 

Bioscience, Williston, VT). Dendritic morphology was analyzed by using a 40× objective lens. 

Results: The length of apical and basal dendrites, spine density and soma architecture were 

altered in pilocarpine rat model of epilepsy. Sholl analysis revealed a significant increase spine 

density, number of intersections, length of the apical and basal dendrite in pilocarpine treated rats 

compared to control rats. Conclusion: This study demonstrated the alterations in morphology, 

spine density, and axonal processes of pyramidal neurons in hippocampus, ATL and neocortex 

suggest restructuring of dendrites and spines, could potentially be involved in production of new 

circuits, and synaptic reorganization in TLE. 
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Abstract: Rationale: People with epilepsy are at risk of sudden death, a phenomenon known as 

sudden unexpected death in epilepsy (SUDEP). Retrospective studies and captured events from 

epilepsy monitoring units consistently demonstrate that SUDEP is more common during the 

night. Historically, this nighttime tendency has been attributed to sleep. Recent evidence from 

our lab has demonstrated that an independent circadian mechanism contributes to this nocturnal 

death. In mice housed in constant darkness, seizures induced during wakefulness are more likely 

to be fatal during the subjective night. Accumulating evidence from mouse models of 

spontaneous seizure-associated death also demonstrate a nighttime tendency. This conserved 

nighttime phenotype in diurnal humans and nocturnal rodents suggest that an underlying 



circadian rhythm may mediate this time-of-day dependent mortality. The neurotransmitter 

serotonin (5-HT) is a compelling target of study. In both humans and rodents, levels of 5-HT 

fluctuate throughout the day, with levels lowest during the night. 5-HT neurons have also been 

shown to have anticonvulsant effect, regulate breathing, and are necessary to awaken from sleep 

in response to hypercarbia. Methods: Male and female adult (3 - 7 month) Lmx1bf/f (homozygous 

for floxed Lmx1b alleles) and Lmx1bf/f/p (homozygous floxed Lmx1b alleles and hemizygous 

ePet1 Cre recombinase) mice were used for this study (N = 12 - 16 per group). Conditional 

knockout of the Lmx1b gene in ePet1 Cre-containing neurons eliminates >99% of 5-HT neurons 

in the central nervous system. Seizure naïve animals were housed in a 12:12 light-dark cycle 

with ad libitum access to food and water. A single maximal electroshock (MES) seizure (30 mA, 

60 Hz, 200 ms) was induced at six evenly spaced time points (Zeitgeber Time (ZT) 2, 6, 10, 14, 

18, and 22) during wakefulness. Results: Like our lab’s previous findings from C57BL/6J mice, 

wild-type Lmx1bf/f mice are more likely to die following MES seizures induced during the dark 

phase of the twenty-four-hour day (58.3% versus 21.4% mortality at ZT 18 and 6, respectively). 

On the other hand, Lmx1bf/f/p mice demonstrate high mortality regardless of time of day (45.5% 

and 60.0% mortality at ZT 18 and 6, respectively). Conclusions: Seizures that occur during the 

night appear to carry a higher risk of mortality. The time-of-day and circadian mechanisms 

underlying this nighttime risk are poorly understood. Findings from this work suggest a 

serotonergic mechanism may be involved. Better understanding how 5-HT neuron-related 

physiology is influenced by time-of-day and circadian mechanisms may help us develop 

strategies to mitigate the nighttime risk of SUDEP. 
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Abstract: Mutations in SCN1A, which encodes the voltage-gated sodium channel Nav1.1, cause 

Dravet Syndrome (DS). Previous work has suggested that changes in cellular respiration and 

mitochondrial dysfunction may play, at least in part, a role in seizure development in DS models. 

We hypothesized that mitochondrial oxygen (O2) consumption and substrate utilization would be 



diminished in Scn1a-/+ mice. We isolated mitochondria from Scn1a-/+ (KO) and Scn1a+/+ (WT) 

(N=4/genotype) mice at ages P20-P25 and performed high resolution respirometry on an O2k 

(Oroboros). Mitochondria were exposed to either substrates for Complex I driven respiration 

(glutamate/malate [G/M]) or Complex II driven respiration (succinate), followed by an addition 

of ADP. In the succinate group, pyruvate and rotenone were added in sequential order following 

ADP. In addition, respiration was measured in transverse brain slices in a subset of experiments 

(N=1/genotype). We found that neuronal mitochondria isolated from KO mice showed a 

preference for Complex I linked ATP production. Respiration after sequential additions of G/M 

then ADP were significantly increased in KO mice (p = 0.027 and 0.004 respectively). In 

experiments where succinate was given, there were no differences between KO and WT mice. 

However, the subsequent addition of ADP led to an increase in O2 consumption in WT mice but 

failed to increase O2 consumption across KO mice. Further addition of pyruvate led to a 

significant increase in respiration in KO mitochondria but only a modest increase in WT 

mitochondria. Finally, addition of rotenone in these experiments had a much larger effect on KO 

mitochondria compared to WT (p = 0.01). To determine if differences in respiration could be 

seen in intact tissue, O2 consumption was measured in acute brain slices at baseline and 

following 4 µM kainic acid, a concentration we determined to trigger an increase in hippocampal 

firing. KO mice exhibited a larger O2 consumption compared to WT (p = 0.047). Taken together, 

our results suggest that Scn1a-/+ DS mice may have a heavier reliance upon Complex I mediated 

electron transport and ATP production. This over-reliance may play a role in changes to 

energetics during an epileptic event. 
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Abstract: A cilia-based flow network resides in the brain ventricular system and confines 

cerebrospinal fluid (CSF) to flow channels and compartments. Implication of this highly 

complex transport system for brain functioning and neuropathological conditions has yet to be 

demonstrated. We investigated a possible role of such guided fluid flow in the context of 

CDKL5-deficiency disorder (CDD), a neurodevelopmental disorder with early onset intractable 

epilepsy. We first analyzed multiciliated tissues of patients and Cdkl5 KO mice, then turned 

towards mice with heterozygous deletion of the ependyma-specific transcription factor FoxJ1 

and finally addressed the effect of ketogenic diet, a short-term treatment for intractable seizures 



in CDD. We applied our methods of tracing cilia-mediated fluid transport along the multiciliated 

brain ependyma, and developed sophisticated analyses to compare cilia motion parameters and 

associated intracellular structures from live cell imaging and immunohistochemistry results. 

Further, we applied an anesthesia-based assay sensitive to CSF homeostatic regulation to 

determine seizure susceptibility. We applied standards of scientific rigor to verify significance of 

our results. We found abnormal cilia motion in CDD patients and Cdkl5 KO mouse airway and 

brain including loss of synchrony and increased beating range suggest the cellular anchoring 

might be affected. Consistent with this, we found abnormalities of a newly found cellular 

structure that regulates the polarized beating of cilia and thus generate directional flow. Loss of 

uniform cilia beating polarity in an area critical for CSF clearance causes a flow blockage in 

Cdkl5 KO mice. This was also observed in FoxJ1 mice together with increased seizure 

susceptibility, demonstrating this novel type of ciliopathy is a novel mechanism in epilepsy. 

When administered a ketogenic diet instead of regular chew, Cdkl5 KO mice showed 

normalization of flow patterning, motile cilia polarity, and decreased susceptibility to anesthesia-

induced seizure suggesting that postnatal cellular pathways can be triggered to modulate cilia 

motion and associated fluid transport respectively clearance. This was significant for female but 

not male mice, consistent with observations in CDD patients. Together, these findings point to a 

crucial role of intraventricular flow barriers in the etiology of seizure, and point to cilia motion 

being a promising target for pharmacological intervention. 
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Abstract: Abstract: Recent advances in epilepsy research highlight the significance of 

microglia, the resident immune cells of the brain in epileptogenesis. Additionally, studies 

describe the role of microglia Gi-signaling in regulating microglia-neuron interaction and 

neuronal excitability. To further elucidate the role of microglia in regulating neuronal activity 

during seizures, the present study was conducted using chemogenetic approaches (Designer 

Receptors Exclusively Activated by Designer Drugs, DREADDs) to manipulate microglial Gi-

signaling. Healthy, adult (~8 weeks old), male transgenic CX3CR1CRE-ER/WT mice (Control) and 

CX3CR1CRE-ER/WT: R26LSL-hM4Di/WT mice (Gi-Dreadd) were used in the study. Our results 

indicated that Gi activation by CNO reduced seizure scores significantly (p<0.05) in Gi-Dreadd 

mice (n=11) as compared to the Control group (n=11), 30 min after CNO injection. Using 



immunostaining and confocal microscopy we determined microglial activation and cell density 

using Iba-1 and CD68 markers. The results reveal a significant upregulation of Iba-1+ cell density 

and mean intensity in the CA3 region. The expression of CD68 was also elevated in the Gi-

Dreadd group, suggesting increased activation and phagocytic function of microglia. Thus, Gi-

Dreadd activation acutely activates microglia in ICV-KA model of epilepsy. We also determined 

that there is an increased interaction between microglia (Iba-1+) and neuronal soma (NeuN+) in 

the CA3 region. Moreover, we explored that this interaction reduced neuronal hyperactivity as 

evidenced by reduced cFos positive neuronal cells in the Gi-Dreadd group. Together, our current 

findings suggest that activation of microglial Gi-signaling has a protective role during status 

epilepticus and may offer a therapeutic target for epilepsy. 
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Abstract: Viral encephalitis is a serious medical condition, the manifestations of which include 

neuroinflammation, fever, cognitive impairment, neurodegeneration, and seizure development 

(ictogenesis). Perhaps the best-characterized preclinical model of viral encephalitis is intracranial 

infection of juvenile C57BL/6 mice with Theiler’s murine encephalomyelitis virus (TMEV). 

TMEV infection causes changes which allow for the recruitment and entry of peripheral immune 

cells into the brain parenchyma. Myeloid-derived cells (monocytes/macrophages) are the first to 

respond, and their infiltration is tied to pathogen-induced ictogenesis. Using single-cell 

sequencing, we found that these cells contain high levels of Tmev RNA. The pro-inflammatory 

cytokine storm caused by infection also induces central nervous system expression of the 

indoleamine2,3-dioxygenases (Ido1 and 2). The metabolic pathway initiated by these two 

enzymes generates ictogenic tryptophan metabolites within immune cells. Thus, we explored the 

importance of Ido1 and Ido2 expressed by myeloid-derived cells for ictogenesis by breeding 

Ido1- and Ido2-floxed mice to those expressing Cre recombinase under the myeloid-cell-specific 

Lyz2 promotor. Seizure incidence was recorded for seven days following intracranial TMEV or 

sham injection. We found that TMEV-infected Cre-control male and female mice had a 49% 



seizure incidence, whereas Ido1 and Ido2 deficiencies in myeloid-derived cells reduced seizure 

incidence to 16% (n=32-50, p<0.01). Hippocampal gene expression was analyzed by qPCR. 

Expression of Tmev, Ido1, cytokines (IFNγ and TNFα), and infiltrating immune cells markers 

were induced by TMEV infection and further elevated in mice experiencing at least one seizure 

compared to mice that did not seize. However, gene expression did not differ across genotype. 

Next, to study the direct effects of TMEV infection on myeloid-derived cells, peritoneal 

macrophages from wild-type, Ido1-deficient, and Ido2-deficient mice were treated in vitro with 

TMEV ± IFNγ. Consistent with established literature, IFNγ suppressed viral replication. 

However, there was no effect of genotype on either viral load or the effect of IFNγ. These results 

demonstrate that Ido1 and Ido2 expression in myeloid-derived cells drives ictogenesis 

independent of viral load or the inflammatory response, and suggest peripheral Ido1 and Ido2 as 

potential targets for anti-seizure drug development. 
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Abstract: We have recently demonstrated that one of prostaglandin E2 (PGE2) receptors, EP3 is 

involved in stroke-reperfusion injury and glutamate-induced excitotoxicity. In this study, we 

investigated the involvement of EP3 receptors in seizures of two acute models, kainic acid (KA)-

induced seizures and febrile seizures (FS). In a KA-induced seizure model, KA (30 mg/kg, i.p.) 

was injected to wild-type (WT) or EP3 knockout (EP3KO) mice. In a FS model, seizures were 

induced by pretreatment of lipopolysaccharide (LPS, 100 μg/kg, i.p.) and increasing body 

temperature twice (4 h-interval) for 30 min using infrared radiation lamp in 10 day-old WT or 

mPGES-1 KO (ES1KO) mice. The seizure score for 2 h after KA-injection in EP3KO mice was 

significantly lower than that in WT mice. The increases in numbers of c-fos-positive cells at 4 h 

after KA-injection and GFAP- and Iba-1-positive cells at 3 days after injection were significantly 



less in EP3KO mice as compared with WT mice. The increases in mRNA expressions of COX-2, 

mPGES-1 and EP3 receptors, as well as GFAP and Iba-1, and production of prostaglandin E2 

observed in WT mice was also significantly less in EP3KO mice. Furthermore, KA induced 

severe neuronal loss in hippocampal CA3 region of WT mice, but not in that of EP3KO mice. In 

behavioral test, 10 mg/kg KA was injected repeatedly every hour until induction of status 

epilepticus. The total dose of KA in EP3KO mice was higher than that in WT mice, however, the 

seizure score in EP3KO mice was significantly less than that in WT mice. The spatial memories 

measured by Y-maze test were impaired by KA, and there were no significant differences 

between genotypes. Although total migratory distance in open field test was similar in all groups, 

the time spent in center area in WT mice, but not EP3KO mice, was significantly prolonged by 

KA. The production of PGE2 and expression of mPGES-1 mRNA were also upregulated after 

FS. The upregulation of IL-1β and TNF-α were observed after FS in WT mice, but not ES1KO 

mice. Furthermore, mRNA of GFAP, but not Iba-1, was increased after FS only in WT mice, but 

not ES1KO mice. These results suggest that activation of EP3 receptors by PGE2 through 

induction of mPGES-1 contributes to seizure susceptibility, glial activation, production of 

inflammatory cytokines, hippocampal neuronal loss, and reduction in anxiety. Although the role 

of EP3 receptors in febrile seizures should be determined using EP3KO infants, inhibition of 

mPGES-1 and/or EP3 receptors will be a valuable therapeutic option in treatment of temporal 

lobe epilepsy. 
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Abstract: Extensive microglia reactivity has been well described in human and experimental 

temporal lobe epilepsy (TLE). To date, however, it is not clear whether and based on which 

molecular mechanisms microglia contribute to the development and progression of focal 

epilepsy. Astroglial gap junction coupled networks play an important role in regulating neuronal 

activity and loss of interastrocytic coupling causally contributes to TLE. Here, we show in the 

unilateral intracortical kainate (KA) mouse model of TLE that reactive microglia are primary 

producers of tumor necrosis factor (TNF) alpha and contribute to astrocyte dysfunction and 

serverity of status epilepticus (SE). Immunohistochemical analyses revealed pronounced and 

persistent microglia reactivity, which already started 4 h after KA-induced SE. Partial depletion 

of microglia using a coloncy stimulating factor 1 receptor inhibitor prevented early astrocyte 

uncoupling and attenuated the severity of SE, but increased the mortality of epileptic mice 

following surgery. Using microglia-specific inducible TNFalpha knockout mice, we identified 

microglia as the major source of TNFalpha during early epileptogenesis. Importantly, microglia-

specific TNFalpha knockout prevented SE-induced gap junction uncoupling in astrocytes. 

Continuous EEG recordings revealed that during the first 4 weeks after SE induction, microglial 

TNFalpha did not significantly contribute to spontaneous generalized seizure activity. Moreover, 

the absence of microglial TNFalpha did not affect the development of hippocampal sclerosis but 

attenuated gliosis. Taken together, these data implicate reactive microglia in astrocytes 

dysfunction and network hyperexcitability after an epileptogenic insult. 
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Abstract: Extracellular matrix (ECM) is a glue-like component of the CNS that fills up small 

extracellular space surrounding all cellular structure. ECM contributes to the maintenance of 

ionic distribution, the regulation of synaptic plasticity, and the transport of neurotransmitters, 



neuromodulators, nutrients and metabolites. The molecular mechanisms that disrupt the 

assembly and functions of the ECM can therefore contribute to neuronal network 

hyperexcitability and seizures. Chondroitin sulfate proteoglycan (CSPG) is a major constituent of 

the ECM, that along with other constituents, forms either amorphous interstitial matrix or well-

organized lattice-like structures called perineuronal nets (PNNs) encapsulating mainly neuronal 

soma. Varying changes in the components of ECM including CSPG have been reported in 

human and in animal models of epilepsy, however, it is not entirely clear whether these changes 

are cause or consequences of seizures. In the present study, we investigated this question using a 

clinically relevant mouse model of acquired epilepsy caused by virus infection. Mice were 

treated with Theiler’s murine encephalomyelitis virus (TMEV) and the brains samples were 

collected during acute infection period to evaluate the expression of CSPG by several 

biochemical methods. We found a distinct increase in the level of CSPG in the dentate gyrus and 

amygdala of mice that experienced seizures but not in seizure-resistant mice. In contrast, there 

was overall degradation of ECM in whole hippocampus. The PNNs in CA2 and CA3 regions, 

especially around dendritic processes, were structurally degraded, which was correlated with a 

concomitant increase in the activity of matrix metalloproteases (MMPs) in the region suggesting 

that MMPs may directly contribute to ECM degradation. TMEV-infected mice treated with 

minocycline, which reduces seizures and inhibits MMPs, significantly inhibited upregulation of 

CSPG in dentate gyrus and amygdala and suppressed the overall degradation of CSPG in 

hippocampus. Importantly, genetic and adeno-associated virus-mediated deletion of aggrecan in 

both dentate granule cells and amygdala significantly suppressed TMEV-induced seizures. Our 

data suggest a causal relationship between TMEV-induced seizures and enhanced deposition of 

CSPG in dentate gyrus and amygdala. Further studies are directed to investigate the 

physiological mechanisms whereby CSPG level in dentate gyrus and amygdala regulates 

network hyperexcitability. 
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Abstract: Rationale: Microglia act as a key component in maintaining homeostasis in the central 

nervous system. Seizures induce brain region dependent enhancements in microglia activation. 

Regional activation of microglia has been linked to higher seizure susceptibility and cognitive 

impairment, progressing with age. Neuronal subset specific phosphatase and tensin gene deleted 

on chromosome 10 (Pten) knockout (KO) mice display hyperactive mammalian target of 

rapamycin (mTOR) signaling in the hippocampus, cerebellum, and cortex followed by seizures 

that increase in severity with age.Methods: In the present study, we investigated region specific 

microglia activation in NS-Pten KO mice at multiple timepoints across the lifespan. Tissue 

collection of wildtypes (WT) and KO mice was done at week 5 and 15 weeks for Flow 

cytometry to analyze activated microglia as measured by MHC II in the hippocampus, cortex and 

cerebellum. Percent MHC II activated myeloid cells comparison was used for percent activation 

quantification. In a separate cohort of WT and KO mice, tissue collection for 

immunofluorescence was done at week 4 and 10 weeks of age to stain for activated microglia 

using Iba1 in the subsections of the dorsal hippocampus (dentate gyrus, CA1, CA2/3). 

Hippocampal region morphological alterations were recorded and Iba1 positive cells were 

quantified by region. Results: Chi squared analysis of myeloid cells in KO mice following flow 

cytometry at 5 and 15 weeks showed significantly greater activation compared to WT mice 

across regions. This significant increased activation was apparent in the cortex, hippocampus and 

cerebellum, (p < 0.05). At 15 weeks of age the KO mice continued to express increased 

activation over WT mice in the cortex and hippocampus (p < 0.05), but not the cerebellum. Two-

way ANOVA analysis of the immunofluorescent imaging revealed that at 4 weeks of age, KO 

mice had significantly higher Iba1 activation over WT throughout the hippocampus, but not at 

the subregional level. At 10 weeks of age, KO mice expressed increased Iba1 activation in all 

hippocampal regions, as well as the total count for the entire structure. Conclusions: Within the 

NS Pten KO model, elevated levels of activated microglia are present in the hippocampus and 

cortex at 5 and 15 weeks of age. Specific analysis of the dorsal hippocampus revealed significant 

increases in microglia throughout the structure by 10 weeks of age. This study suggests future 

research on the impact of microglia in genetic models of epilepsy are needed. 
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Abstract: The consequences of chronic seizures remain difficult to study in the laboratory 

setting. Current methods such as animal kindling models and tissue from patients remain limited 

by available biochemical tools. Acute treatments of cell cultures with epileptogenic compounds 

have been performed and well characterized, but chronic, multiple-day treatments have not been 

widely explored. We have investigated a primary-cell culture model of neuronal activation to 

model chronic epilepsy. This model demonstrates key electrophysiological and inflammatory 

responses implicated in epilepsy. To accomplish this, we dissected cortices from neonatal rat 

pups which resulted in cultures yielding a mixture of cortical neurons, astrocytes, and microglia. 

To assess electrophysiology, we plated dissociated cortical cells on multi-electrode arrays 

(MEA). Cultures developed spontaneous neural activity by day in vitro (DIC) 7. To induce 

periods of neuronal hyperexcitability and to model chronic seizures, we treated the cells daily 

with 100 μM of 4-aminopyridine (4AP), a potassium channel inhibitor for up to 7 days. We 

quantified burst frequency across biological replicates and observed that 4AP induces a higher 

burst frequency compared to control cells on every day of treatment (n = 3). When looking 

across 7 days of treatment, 4AP treated cells had significantly higher burst frequencies at 

baseline starting at day 3 and continuing through day 7 compared to controls. To attenuate the 

response of cultures to 4AP, we treated the cells with a combination of 4AP and 10 nm of 

tetrodotoxin (TTX) for 1 hour each day. This treatment resulted in almost no firing during the 1-

hour treatment period, and resulted in a baseline burst frequency comparable to that of controls 

(n = 3). We used this model to probe downstream mechanisms related to mTOR signaling and 

inflammation. After a single 1 hr 4AP treatment, western blot analysis showed elevated p-S6 

which is indicative of mTOR activation. Using qPCR, we identified two cytokines TNF-α and 

IL1-𝛽; whose RNA transcripts were significantly upregulated following 3 days of treatment (n = 

3). mTOR activation, TNF-α and IL1-𝛽; have all been observed following seizures in animal 

models and human epilepsy patients. Here, we propose a model of chronic neuronal 

hyperexcitability which recapitulates key downstream inflammatory findings. These results 

suggest this model’s potential to study downstream effects of chronic neuronal activation. This 

model may be used to better understand molecular implications of chronic activation and to 

probe novel drug targets to help treat seizures. 
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Abstract: Epilepsy and cognitive impairment (CI) are common manifestations in 

neurodevelopmental disorders, which collectively affect >3% of world population. GOT2, 

encoding glutamic-oxaloacetic transaminase 2, biallelic and compound heterozygous variants are 

known to cause inborn errors of metabolism with heterogeneous phenotype including epilepsy 

and CI. GOT2 has transaminase activity for mitochondrion-based glycolysis and oxidative 

phosphorylation, and thus is essential for NAD+/NADH based malate-aspartate shuttle (MAS). 

GOT2 also has role in transaminate conversion of kynurenine into kynurenic acid (KYNA) in the 

brain. Here, through whole exome sequencing (WES) approach, we identify two homozygous 

predictive pathogenic variants, p.(Leu358Val) and p.(Lys309Asn), in two unrelated Asian 

families displaying epilepsy, CI and cephalopathies. Magnetic resonance Imaging (MRI) of the 

affected individuals show abnormal white matter regions, enlarged cisterna magna and thinning 

of corpus collasum. Both variants occur in the enzymatically active Aminotranseferase classI/II 

domain and are predicted to impact the catalytic activity of protein. Further, single cell-RNA 

expression data of developing telencephalon of human brain, revealed overlapping expression 

between GOT2, and genes involved in aspartate and glutamate amino acids synthesis (MDH1, 

MDH2 and GLUD1) which are critical neurotransmitters in synapse. We also observed high 

expression of these genes in excitatory neurons, radial glia and interneurons progenitor cells 

(IPCs). Previously, compound heterozygous and bi-allelic pathogenic variants in GOT2 have 

been reported in four unrelated individuals of African origin, suffering with epilepsy and CI. 

Taken together, all affected individuals with variants in GOT2 display severe to profound 

intellectual disability, microcephaly, psychomotor disabilities, feeding difficulties, epilepsy 



along with cerebral atrophy and white matter abnormalities. In conclusion, our results increase 

the genetic and phenotypic spectrum variation associated with GOT2 based inborn errors of 

metabolism and show its impact on growth and activity of the human brain. 
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Abstract: Epilepsy is characterized by abnormal brain activity in central nervous system which 

leads to seizure or unusual behaviors. It is well known that ion channels are essential for 

maintaining neuronal membrane potential and their mutations have been associated with 

epilepsies in humans. Potassium ion channels are responsible for regulating neuronal membrane 

potential and modulating the neuronal excitability; mutations in several shaker-type (Kv1) 

potassium channels, such as KCNA1 and KCNA2, have been shown to cause early onset 

epilepsies. In this study, we identified two de novo mutations in two additional Kv1 channels, 

one in KCNA3 and the other in KCNA6, that lead to early onset epilepsies. Both wild-type and 

mutant KCNA3/6 exhibit membrane association. Electrophysiological studies using the whole-

cell patch-clamp technique detect loss-of-function effect in these variants, which could impair 

the repolarization in the membrane potential and lead to hyperexcitable neuronal activities. Our 

findings expand the list of Kv1 genes that associates with human developmental epileptic 

encephalopathy. 

Disclosures:  C. Lo: None. M. Tsai: None. Y. Wang: None. E. Hwang: None. 



Poster 

526. Epilepsy Mechanisms: Channels 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 526.02 

Topic: B.08. Epilepsy 

Support: DFG grant Le1030/16-1/2 

Fond Nationale de la Recherche INTER/DFG/17/11583046 

BMBF 01GM1907A/B/C/H 

Foundation 'no epilep' 

DFG Le1030/11-1/2 

FNR INTER/ESF/10/02/CoGIE 

Title: The KCNQ5 variant p.R359C implicated in genetic generalized epilepsies decreases 

phosphatidylinositol 4,5-bisphosphate binding and increases neuronal firing 

Authors: *J. KRÜGER1, J. SCHUBERT1, J. KEGELE1, G. SEEBOHM2, P. YAN1, M. 

KOKO1, B. J. STEINHOFF3, R. KRAUSE4, P. MAY4, H. LERCHE1;  
1Exptl. Epileptology, Univ. of Tuebingen, Tuebingen, Germany; 2Cardiovasc. Med., Univ. of 

Muenster, Muenster, Germany; 3Kehl Epilepsy Ctr., Kehl-Kork, Germany; 4Luxembourg Ctr. for 

Systems Biomedicine, Univ. of Luxembourg, Belvaux, Luxembourg 

Abstract: KCNQ5, a member of the highly conserved KCNQ gene family, encodes the α-

subunits of the M-type, voltage-gated delayed rectifier potassium channel KV7.5. These channels 

are important regulators of the neuronal M-current which is regulated not only by membrane 

voltage but also by binding of acetylcholine to muscarinic receptors. This triggers a signaling 

cascade that depletes phosphatidylinositol-4,5-bisphosphate (PIP2) from the membrane and 

forces KV7 channels to close reducing the M-current and resulting in increased neuronal firing. 

Pathogenic variants in this channel have been found in patients with developmental and epileptic 

encephalopathy (DEE) and/or intellectual disability (ID). Recently, we have described five 

additional pathogenic variants in patients with genetic generalized epilepsy (GGE). These 

patients predominantly had absence seizures and two of the variants were additionally associated 

with mild to moderate ID. Here, we set out to further investigate the effect of one of these 

variants, the p.R359C variant, on PIP2 interaction and neuronal excitability. Patch-clamp 

recordings in Chinese hamster ovarian cells showed a dominant-negative complete loss-of-

function (LOF) in current density even under KV7.3 co-expression. Western blots showed no 

difference in expression of the variant as compared to the wild-type (WT) in whole cell lysates as 

well as in membrane biotinylation assays. We therefore concluded that the complete LOF was 

not caused by decreased membrane insertion but rather by an inability to open. Hence, PIP2 

levels were enhanced by co-transfection of a phosphatidylinositol-4-phosphate-5 kinase resulting 

in slightly elevated currents, yet only approximately 10% of WT current was reached. Depletion 

of PIP2 by co-expressing a Danio rerio voltage-sensing phosphatase (Dr-VSP) resulted in an 

immediate and long-lasting current inhibition in the variant but not the WT. Furthermore, 



phospholipid-overlay assays showed a significantly reduced binding affinity of the variant to 

PIP2. Moreover, patch-clamp recordings in transfected primary hippocampal neuron cultures 

showed a significant increase in firing as compared to control neurons, while an overexpression 

of KV7.5 WT channels resulted in significantly reduced firing. The effect of the p.R359C variant 

could be reversed by intracellular application of ZnCl2. Our study identifies the p.R359 position 

as a PIP2 binding site in KV7.5 that is crucial for channel opening. Moreover, we demonstrate 

that the p.R359C variant results in increased neuronal firing, which can be reversed by ZnCl2 

application, opening new doors for treatment in patients. 
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Abstract: Potassium ion channels regulate neuronal excitability and are capable of eliciting 

intracellular signal cascade in the central nervous system. Voltage-gated potassium ion channel 

subfamily B member 1 (KCNB1) is associated with integrins (IKCs) that is important for 

converting its electrical properties into a signal transduction that results in cell proliferation. 

Mutations of KCNB1 are associated with epileptic disorders. Particularly, a substitution mutation 

for Arginine to Histidine at position 312 in the KCNB1 gene (KCNB1R312H) has been identified 

in children presenting early-onset epileptic encephalopathies. Children affected by this disorder 

present recurrent seizures and intellectual delays. To investigate this neurological condition, we 



generated a CRISPR knock-in (KI) murine model harboring the KCNB1R312H gene variant. 

Although KCNB1 is embryonically expressed, its role in neurodevelopment is unknown. 

Furthermore, since the KCNB1R312Hsubunit of the IKCs complex may affect its signal 

transduction, we hypothesize the mutant channels to elicit an aberrant effect during neuronal 

development. We analyzed the KI mouse model at different developmental stages via 

immunohistochemistry, Golgi staining, western blots, and coimmunoprecipitation to analyze its 

role in neocortex development. Immunohistochemistry showed over-migration in upper cortical 

layers; Golgi staining revealed hyper arborization and lack in middle cortical layers; western blot 

and coimmunoprecipitation suggest variations in the macromolecular IKCs complex and its 

pathway. Our results support the hypothesis that defective IKCs, formed with the mutant 

KCNB1R312H, can affect neurodevelopment. Our data reveals a previously unknown 

neurodevelopmental mechanism in which potassium channels affect the fundamental neuronal 

processes through mechanisms that do not directly depend on its current conducting properties. 
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Abstract: Due to an imbalance between excitatory and inhibitory firing of neurons, seizures 

often lead to excitotoxicity and subsequently neurodegeneration. Found in high levels in the 

dendrites of the pyramidal neurons in the hippocampus, the voltage-gated potassium channel 

Kv4.2 plays a prominent role in regulating excitability. Thus, neurons without Kv4.2 are 

expected to be hyperexcitable and more susceptible to seizures. After 20mg/kg intraperitoneal 

(i.p.) injections of kainic acid (2mg/mL in saline solution) to both male adult wild type (WT) 

mice and Kv4.2-knockout mice (Kv4.2-KO), we evaluated how Kv4.2 impacts seizure outcomes 

three days and seven days post seizure induction. We recorded seizure severity by scoring the 

seizure using a modified Racine scale every five minutes for one hour. We confirmed that 

Kv4.2-KO (n=17) mice exhibited more severe seizures and longer in duration compared to the 

WT (n=20) mice. Given the inflammatory response to seizures, we measured glial fibrillary 

acidic protein (GFAP) expression, indicative of astrocyte activation. Both WT and Kv4.2-KO 

mice were found to have significantly increased levels of GFAP compared to controls at three 

days and seven days. Kv4.2-KO mice showed a trend toward elevated GFAP expression levels 



compared to WT. Using basic Nissl staining, we counted the number of neurons presenting 

morphological changes in the pyramidal layer of CA1-CA3 regions in the hippocampus. We 

found there was no significant difference between WT and Kv4.2-KO at three or seven days 

post-seizure. These results confirm Kv4.2 contributes to severity and duration of seizures. 

Interestingly, despite their increased seizure susceptibility, initial assessment of cellular changes 

in Kv4.2-KO mice after seizure induction does not show increased inflammatory response or 

increased neurodegeneration. 
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Abstract: Approximately 30% of the epileptic patients are drug-resistant. Most of this drug-

resistant group has a well-defined, focal onset region. For these focal-onset, drug-resistant 

epilepsy patients the surgical resection might be the best therapeutic option for achieving seizure 

freedom. In many cases the pathological high-frequency oscillations (pHFO) are continuously 

present in the epileptogenic zone (EZ), however, the pHFOs do not always propagate to 

neighboring areas. The mechanism which blocks this continuously ongoing pHFOs from 

generating generalized epilepsy is not entirely known. In the present study, we compared the 

basic electrophysiological properties of GABAergic interneurons of surgically removed EZ and 

control (non-epileptic, subcortical tumor patient) cortical interneurons. Most GABAergic 

interneurons in the control cortical preparations showed prominent sag-potentials caused by h-

current. In contrast, sag-potentials were less prominent or completely missing in epileptic 

interneurons. H-current in fast-spiker interneurons have been shown previously to be involved in 

the maintenance of repeated, high-frequency bursting of interneurons. We hypothesize that the 

epileptic interneurons are unable to maintain high-frequency bursting activity for longer period, 

which contributes to the propagation and generalization of pHFOs in epilepsy.Our research was 

funded by TKP20214. The research was performed in collaboration with the Nano-Bio-Imaging 

core facility at the Szentágothai Research Centre of the University of Pécs. 
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Abstract: SCN8A encodes the NaV1.6 channel, which is highly expressed in the central nervous 

system with a major role in regulating excitatory networks in the brain. SCN8A-DEE is a rare 

and severe genetic epilepsy syndrome characterized by early onset cognitive impairment, 

developmental delay, and intractable seizures. Variants in the SCN8A gene have also been 

reported in patients with a broader phenotypic spectrum with varying degrees of severity. A 

caregiver survey, solicited by an advocacy group (The Cute Syndrome Foundation) via an online 

questionnaire, was conducted to better understand variability in the clinical presentation of 

SCN8A-DEE and SCN8A-related epilepsy. A 36-question online survey was developed to obtain 

de-identified data from caregivers of children. Patterns of association were investigated between 

SCN8A genetic variants and disease characteristics, including seizure type, frequency, and 

progression. Of 70 SCN8A reported variants, G1475R (n=6), R850Q (n=6), and R1872W (n=4) 

were the most common. These variants were significantly correlated with absence seizures and 

infantile/epileptic spasms at onset, current seizures and seizure clusters, and seizure-free periods 

(Fisher’s exact p-value <0.05). Among the 16 patients with these 3 variants, the most common 

current seizure types were generalized tonic-clonic (n=8) and absence (n=8). Among the 6 

patients with the R850Q variant, myoclonic and partial/focal seizures were also common (both, 

n=4). Seizure frequency of 1 to >10x per day was reported for R850Q (n=5) and R1862W (n=1). 

Since seizure onset, 67% (4/6) of G1475R patients worsened over time, 83% (5/6) of R850Q 

patients had variable progression (periods of worsening and improvement), and 50% (2/4) of 

R1872W patients improved over time. SCN8A-related epilepsy is a disorder in which 



phenotypes may differ across the spectrum of genotypes. Effective anti-seizure medications are 

still needed for this severely impacted patient population. 
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Abstract: Understanding the neural dynamics leading to seizures is important for disclosing 

pathological mechanisms of epilepsy and developing therapeutic approaches. This can be 

particularly important for developmental and epileptic encephalopathies (DEEs), in which 

seizures are commonly drug resistant and may worsen cognitive and behavioral outcomes. We 

have analyzed here the electrographic activity recorded during convulsive seizures in patients 

and gene targeted mouse models of Dravet syndrome (DS), an archetypical DEE in which 

hypoexcitability of GABAergic neurons is considered to be the main pathological mechanism. 

We analyzed the onset features in EEG recordings of individuals with Dravet syndrome carrying 

a SCN1A pathogenic variant, obtained from the database of the Necker-Enfants Malades Hospital 

(Paris, France). We recorded electrocorticograms with epidural electrodes, hippocampal local 



field potentials with depth electrodes and hippocampal single unit activities with tetrodes in 

Scn1a+/- knock-out and Scn1aRH/+ knock in DS mice. 

In both patients and mice, we surprisingly observed seizures with low voltage fast (LVF) onset 

for the majority of them, which has been described before in focal onset seizures and it is thought 

to be generated by increased activity of GABAergic neurons. Thus, LVF onset seizures are 

unexpected in a DEE in which activity of GABAergic neurons is reduced. By quantifying single 

unit neuronal activity and spectral features of the field potential signal, we have studied the 

conditions that lead to LVF onset seizures in Dravet syndrome mice. We observed that specific 

perturbations of the activity of putative fast-spiking interneurons in the pre-ictal period precede 

the increase of their activity, together with the entire neuronal network, at seizure onset. 

Moreover, we found early signatures of the preictal period in the spectral features of 

hippocampal and cortical field potential of DS mice and of DS patients’ EEG. 

Thus, generalized seizures in DS have features that are similar to those observed in other 

epilepsies for focal seizures triggered by hyperactivity of GABAergic neurons, but are 

characterized by reduced activity of these neurons in the preictal period. 
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Abstract: Dravet Syndrome (DS) is a severe form of epilepsy with a high rate of sudden 

unexpected death in epilepsy (SUDEP). Respiratory failure is a leading cause of SUDEP, despite 

this it is unclear how DS-associated genetic variants or seizure activity in general disrupts 

respiratory control. Most DS cases are caused by loss of function mutations in Scn1a, the gene 

that encodes a component of Nav1.1 channels that preferentially regulates activity of inhibitory 

neurons early in development. Consistent with this, we showed that conditional loss of Scn1a 

function in inhibitory neurons disrupted CO2/H+-dependent regulation of breathing (i.e., 



respiratory chemoreception) at the level of the retrotrapezoid nucleus (RTN) and caused seizures 

and premature death. However, recent evidence suggests expression of Scn1a by excitatory 

neurons also contributes to progression of DS symptoms. Therefore, the goal of this work is to 

determine whether and how respiratory function is perturbed at two developmental timepoints in 

Scn1a+/- mice. All mice are maintained on a 50:50 background of 129S1/SvlmJ::C57BL6/J. 

Breathing was measured under room air conditions and in response to high CO2 or hypoxia 

(10% O2) by whole-body plethysmography in neonatal (13 days postnatal) and weaning age (21 

days postnatal) mice. We found that neonatal Scn1a+/- mice breathe normally in room air but 

show a blunted ventilatory response to 3% CO2. At the cellular level, RTN neurons in slices 

from neonatal Scn1a+/- mice show increased baseline activity and lower sensitivity to 10% CO2 

compared to RTN neurons in slices from age matched littermate controls. At a later 

developmental time point that coincides with onset of mortality (3 weeks old), Scn1a+/- 

continued to exhibit a blunted ventilatory response to CO2. Notably, weaning age Scn1a+/- mice 

also showed a blunted ventilatory response to hypoxia and importantly this respiratory deficit 

positively correlated with mortality; mice that died by 24 days of age had a diminished hypoxic 

ventilatory response compared to Scn1a+/- that survived. These results show that loss of Scn1a 

function disrupts respiratory activity at the cellular and whole animal level, and breathing 

problems correlate with premature death in weaning age Scn1a+/- mice. It is worth noting that 

respiratory and mortality phenotype of Scn1a+/- mice are less severe compared to mice with 

Scn1a functional deficits only in inhibitory neurons, thus suggesting Scn1a in excitatory neurons 

contributes to features of DS. 
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Abstract: Epilepsy is a neurological disorder characterized by the presence of excessively 

synchronized neural activity in form of seizures and epileptiform discharge (interictal spikes; IS). 

In certain forms of epilepsy, epileptic activity increases in conjunction with core body 

temperature, such that both seizures and IS occur more frequently as an individual’s body 

becomes hotter. Additionally, because increased IS frequency can be associated with seizure 

risk, real-time detection of IS could lead to seizure prediction and interventions to prevent 

seizures or their adverse outcomes. Thus, using a mouse model of epilepsy, we examined 

whether our machine-learning (ML) based method of autonomously detecting IS found a 

relationship between ML-predicted IS frequency and core body temperature. Neural activity was 

chronically recorded in mice using two electrocorticography electrodes and one 

electromyography electrode. We used data from a mouse model of Dravet syndrome (DS; 

heterozygous Scn1a gene deletion), along with wild-type controls. EEG data were collected from 

the Kalume lab and the De La Iglesia lab. All the data were normalized to a sampling rate of 400 

Hz and min/max value of ±400 mV, and IS were manually scored in a subset of data. A total of 

96 time- and frequency-based features were extracted in epochs of 5 seconds. The ML model 

was trained on data collected in the de la Iglesia lab and were randomly under-sampled to ensure 

balanced classes and used to train a single-layer Perceptron using L1 regularization to classify 

IS. The outcome was a binary classification; IS present/absent in the given epoch. The fully 

trained ML model had a mean training accuracy of 85.94. We used data collected from the 

Kalume lab to examine the relationship between IS frequency and core body temperature. Mice 

core body temperature was initially maintained at 27°C, and was afterwards gradually increased 

in a step fashion (0.2 degrees C every 2 min) until seizures were observed. As body temperature 

increased, frequency of observed seizures increased. Additionally, there was a significant 

correlation between ML-predicted IS frequency and temperature (r = 0.32, p = 6.90e-17), 

suggesting our ML-based method captures temperature-related increase in epileptic activity 

frequency in a mouse model of epilepsy. This algorithm could be used to detect IS frequency in 

real-time, and potentially forecast potential seizure onset. 
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Abstract: The GABAA receptor (GABAAR) is a chloride (Cl−) channel receptor that primarily 

mediates neuronal inhibition, and thereby plays critical roles in maintaining excitation-inhibition 

(E/I) balance in the central nervous system (CNS). Mutations of the GABAARs have been 

reportedly led to epileptic encephalopathy and neurodevelopmental disorders. Here, we report 

the identification of a novel de novo F325L (T973C) missense variant of the GABAAR alpha1 

subunit from a pediatric patient diagnosed with focal epilepsy, global developmental delay and 

autism spectrum disorder. The F325 residue is a part of the pore-lining residues, indicating its 

important role in regulating channel pore gating. We used biochemical techniques, whole-cell 

and single channel patch-clamp recordings, and pharmacological characterizations in HEK293 

cells overexpressing the wild-type and mutated human recombinant GABAARs containing the 

α1/β2/γ2 subunits. We found that this α1F325L mutation produced a unique functional phenotype 

that is strikingly different from most of the mutational GABAAR variants previously identified 

from patients: it markedly increased the GABA-evoked whole-cell currents evoked with low 

concentrations of GABA, but decreased the maximum currents evoked with high concentrations 

of GABA. In addition, the α1F325L mutation significantly increased the tonic current revealed in 

the presence of the GABAAR antagonist bicuculline. The gain of function at the low 

concentrations of GABA appeared to be mediated by decreasing the activation and prolonging 

the deactivation and desensitization of GABAARs. Moreover, this mutation was able to markedly 

improve the loss of function caused by the previously reported α1R214C and α1A322D mutations. 

Finally, this mutation did not overtly affect GABAAR expression in the cell and on the plasma 

membrane, suggesting the functional alterations were mainly resulted from the changes in the 

channel gating properties. This is the first observation that a single mutation of GABRA1 can 

cause an agonist-concentration dependent bidirectional modification of the GABAAR channel 

gating properties, which leads to focal epilepsy, global developmental delay and autism spectrum 

disorder. 
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Title: Histopathological markers of epilepsy in the hippocampus of CACNA2D2 knockout mice 
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Abstract: The voltage-gated calcium channel subunit gene CACNA2D2 controls calcium-

dependent signaling in neurons, and loss of this subunit causes epilepsy and ataxia in both mice 

and humans. Although this gene is primarily associated with cerebellar Purkinje cell function, it 

is also expressed in the hippocampus. Homozygous CACNA2D2 mutant mice manifest 

electroencephalographic spike-wave discharges (SWDs) as well as generalized tonic-clonic 

seizures. SWDs are typically associated with aberrant thalamocortical activation, but due to the 

existence of generalized seizure events, we sought to determine whether these mice manifested 

signs of hippocampal involvement in seizure activity. We analyzed various histopathological 

correlates of epilepsy in the hippocampal dentate gyrus of juvenile (21-28 do) CACNA2D2 

wildtype (WT) and knockout (KO) mice, using immunohistochemical staining and confocal 

microscopy. CACNA2D2 mice demonstrated increased sparse expression of the activity-

dependent gene cFos within the dentate granule cell layer (GCL), as well as at the GCL-inner 

molecular layer (IML) border, consistent with the increased activation of granule cells and semi-

lunar granule cells, respectively. In one KO mouse, there was widespread activation of nearly all 

granule cells, suggesting hippocampal involvement in recent seizure activity. We are currently 

analyzing other histopathological markers of epilepsy in these mice, including markers of altered 

neurogenesis (Ki67 and doublecortin), glial activation (GFAP AND Mac-2), and mossy fiber 

sprouting (ZnT3), as well as structural changes such as granule cell layer dispersion. Finally, we 

are analyzing tissue for changes in interneuron density, including changes in parvalbumin 

expression. Although it is unclear whether alterations in hippocampal circuitry are directly 

related to CACNA2D2 dysfunction or secondary consequences of recurrent seizures, our future 

work will analyze hippocampal electrophysiology at both earlier and later stages, to probe for 

potential functional changes in hippocampal network activity. 
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Abstract: Childhood absence epilepsy (CAE), a common form of pediatric epilepsy, 

characterized by non-convulsive, generalized 3-5 Hz spike wave seizures (SWs). Loss of 

function mutations in Cacna1a that encodes P/Q calcium channels cause SWs in humans and the 

mouse model tottering. This model displays elevated thalamic T-currents prior to the onset of 

seizures. SWs are generated by the thalamocortical circuit that regulates important oscillations 

such as sleep spindles. However, abnormal activation due to elevated T-type calcium channel 

activity results in rebound bursts and SWs hundreds of times per day. The mechanism of how 

presynaptic P/Q channel deficits lead to elevated postsynaptic thalamic T-channel currents is 

poorly understood. To explore T-current remodeling in tottering mice, we performed 

transcriptional analysis of Cacna1g, the only T-channel α-subunit encoding gene expressed in 

thalamic relay nuclei. RNAscope fluorescent in situ hybridization technology (ACD Bio.) was 

utilized to target Cacna1g mRNA transcripts in sex-matched wildtype and homozygous tottering 

littermates. To compare expression levels before and after seizure onset, cohorts were taken at 

two timepoints (P14, P30). High magnification images (40x) of thalamic relay nuclei were 

quantified using HALO analysis software (Indica Labs). Expression of Cacna1g in thalamic 

relay cells of tottering mice prior to seizure onset (P14) showed a 2-fold increase in mRNA copy 

number/cell when compared to wildtype (WT= 8.6 Tg= 15.2 p-value: <0.0001). There is a 

significant difference in percentage of cells with low Cacna1g expression (WT= 27.5, Tg=15.8; 

p-value: 0.0006) and high Cacna1g expression (WT= 18.5 Tg=33.4; p-value:< 0.0001). 

Similarly, when the same regions were compared in adult (P30) tottering mice, there was a 

significant increase in mRNA copy number per cell (WT= 3.0 Tg= 5.4, p-value= 0.0005). Adult 

tottering mice continue to show a decrease in the percentage of cells with no Cacna1g 

expression (WT= 26.1, Tg=13.0; p-value: <0.0001) and increase in high Cacna1g expression 

(WT= 0.7 Tg=6.2; p-value: 0.0404) when compared to wildtype littermates. Our data are the first 

to identify transcriptional upregulation underlying elevated thalamic T-channel currents thought 

to drive absence seizures. Elevated T-type currents and transcription are present prior to the 

onset of seizures and persist in adult tottering mice, suggesting transcriptional upregulation may 

play a role in epileptogenesis. 
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Abstract: Astrocytes respond to external or inflammatory stimuli, often produced by traumatic 

injury, ischemia, or neurological disease. These responses include functional, transcriptomic, and 

morphologic changes that together comprise a reactive phenotype. While reactive astrocytes can 

be induced via multiple intrinsic and extrinsic signals, exposure to microglial-secreted cytokines 

(Il-1α, TNF- α, and C1q) is a robust approach to trigger a reactive state in vitro. However, 

several important questions remain, including which genomic processes initiate and maintain the 

reactive state, and how the temporal duration of the reactive stimuli affects astrocytes 

genomically, transcriptionally, and functionally. Additionally, it remains unclear to what degree 

astrocyte reactivity is reversible, and whether this is dependent upon the length of the initial 

stimulus. To explore these questions, we leveraged the in vitro human cortical organoid (hCO) 

system, which recapitulates the developmental trajectory of human brain cell types, including the 

formation of quiescent, mature astrocytes. To validate the reactive astrocyte response to 

microglial cytokines in hCOs, we first exposed hCOs to these cytokines for 24hrs, performed 

bulk and single-cell RNA-sequencing, and observed robust transcriptomic changes reflective of a 

reactive state. These changes also reflect our observations in fetal human astrocytes exposed to 

the same cytokines. To test the effects of varying durations of cytokine exposure, we then 

exposed hCOs to cytokines for a time course spanning from one day to three months and 

performed paired ATAC and RNA-sequencing at each timepoint. These data reveal the existence 

of at least two distinct genomic and transcriptomic stages of reactivity — an acute phase 

(induced by cytokine exposure for 1-7 days), and a chronic phase (induced by cytokine exposure 

for 1-3 months). Both stages possess unique differentially accessible transcription factor binding 

motifs, such as BACH2 (acute) and PRDM1 (chronic), coupled with distinct differential gene 

expression profiles, which suggest that the reactive responses in astrocytes are temporally plastic. 

In ongoing experiments, we are now testing whether these acute and chronic states are reversible 

after cytokine withdrawal and which genomic loci are most dynamic. These experiments will 

elucidate how astrocytes respond to chronic stimulation, as well as the plasticity of the reactive 

astrocyte state. 
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Abstract: Chronic pain following an injury is a debilitating condition associated with serious 

comorbidities and opioid dependence. Understanding the transition from initial injury to 

neuropathic pain is essential for prevention and treatment. This transition is mediated by central 

sensitization (CS), which occurs via amplification of nociceptive signaling by the central nervous 

system and involves changes to neurocircuitry pathways. CS research and therapeutics have 

focused on neuronal circuitry, whereas the role of astrocytes is poorly defined. Astrocytes that 

normally maintain and modulate neuronal synapses become reactive and exhibit aberrant Ca2+ 

signals after injury and under neuropathic pain. However, how these Ca2+ signals are generated 

and how they modulate astrocyte function in CS are unknown. Importantly, CS involves 

significant upregulation of glutamate release at nociceptive synapses, and glutamate acts on 

astrocytes via metabotropic glutamate receptors to stimulate Ca2+ release from endoplasmic 

reticulum (ER) Ca2+ stores via inositol 1,4,5-tripshosphate receptors (IP3Rs). We are testing the 

hypothesis that central sensitization requires astrocyte IP3R-mediated Ca2+ release from ER Ca2+ 

stores and activation of store-operated Ca2+ entry (SOCE) by combining powerful genetic tools 

with a robust model of CS in Drosophila melanogaster. We assay CS in flies by amputating one 

leg and monitoring the flies’ responses to subnoxious temperatures seven days following injury. 

Injured animals exhibit increased jumping behavior at the subnoxious temperature indicative of 

thermal allodynia. Using a “Ca2+ memory” indicator known as Transcriptional Reporter of 

Intracellular Calcium (TRIC), we found that astrocytes in the ventral nerve cord of injured 

animals exhibited significantly enhanced Ca2+ signaling activity 3-4 days following injury 

compared to uninjured controls. We also found that astrocyte-specific suppression of IP3R as 

well as other SOCE components attenuated nociceptive jumping behavior at one week following 

nerve injury, These results implicate IP3R and SOCE-mediated Ca2+ signaling as key 

components in regulating astrocyte activity during pain sensitization. We will combine these 

these findings with single-nucleus RNA sequencing analysis to identify differentially regulated 

signaling cascades in astrocytes that may further contribute to CS. Our results will bring new 

understanding to the role of astrocyte signaling in pain sensitization and may suggest novel 

therapeutic targets for the prevention or treatment of chronic pain. 
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Abstract: Mitochondrial reactive oxygen species (mtROS) are implicated in diverse aging-

associated neurological disorders, including Alzheimer’s disease, frontotemporal dementia, and 

Parkinson’s disease. Complex III of the respiratory chain has a high capacity for mtROS 

production and generates mtROS towards the cytosol, poising it to regulate intracellular 

signaling and disease mechanisms. However, the exact triggers, sources, and downstream effects 

of mtROS are unclear, in part because previously available tools for manipulating mtROS were 

not site-selective or disrupted mitochondrial respiration. Recently identified small molecules 

which suppress complex III site Qo electron leak (S3QELs, “sequels”) enable site-selective 

blockade of mtROS production by complex IIIQo without interfering with other mitochondrial 

processes. Here, we used S3QELs and other complementary approaches to manipulate complex 

IIIQo ROS in astrocytes, which produce abundant mtROS and contribute to neuropathological 

processes, in part via JAK-STAT3 signaling. Using biochemical and molecular assays, we found 

that disease-related factors such as oligomeric amyloid-β and interleukin-1α increased astrocytic 

ROS production and STAT3 activation and that these changes were significantly blunted by 

blockade of IIIQo ROS using structurally distinct S3QEL analogs. S3QELs also reduced the 

induction of astrocytic genes associated with neurodegeneration. In astrocytic-neuronal co-

cultures, but not in neurons cultured alone, S3QELs reduced neuronal dysfunction and cell death, 

suggesting that IIIQo ROS in astrocytes but not neurons promote neural impairments. In 

transgenic mice expressing mutant P301S human tau, oral administration of S3QEL reduced 

glial alterations and tauopathy and delayed premature mortality. Together, our findings suggest 

that IIIQo ROS promote disease-related astrocytic changes and aberrant astrocytic-neuronal 

interactions, and that S3QELs may be a novel therapeutic approach for neurodegenerative 

disorders. 
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Abstract: Stuttering, a common neurodevelopmental speech disorder, affects nearly 1% of the 

US adult population and is characterized by repeated interruptions in the smooth flow of speech, 

silent blocks, repetition, and prolongation of words. Recently it was shown that mice engineered 

to express a mild mutation in the Gnptab gene demonstrate stuttering-like vocal deficits similar 

to those observed in humans with the similar mutation. Although the underlying mechanisms 

have yet to be elucidated, it is postulated that astrocytes might have a key role in the 

development of stuttering disorder. In this study, we used Gnptab-mutant mice to study the effect 

of this mutation on structural characteristics of astrocytes. To do so, we performed 3D-semi-

automatic reconstructions of over 400 astrocytes from 14 different brain regions associated with 

vocalization and used metrics such as sholl and convex-hall analysis to quantify morphometric 

properties of astrocytes in Gnptab-mutant and control mice. Our data demonstrate that in 

Gnptab-mutant mice, the structural morphology of astrocytes residing in the vocal production 

circuits are different from those in the control animals. For instance, astrocytes in Gnptab-mutant 

mice show less complexity in primary motor cortex (194991 ± 30508 in Gnptab-mutant vs. 

540102 ± 89125 in control mice; p = 0.002), anterior cingulate cortex (55541 ± 5135 in Gnptab-

mutant vs. 553933 ± 95849 in control mice; p < 0.001) and central amygdala (99456 ± 19212 in 

Gnptab-mutant vs. 341430 ± 57754 in control mice; p < 0.001) (n = 10 astrocytes per group, 

Mann-Whitney U rank test). On the other hand, we did not find a difference in structural 

complexity of astrocytes in regions that are not involved in vocalization. Furthermore, in our 

preliminary data, we found no difference in morphology of microglia in most regions analyzed 

between Gnptab-mutant and control mice. Our data further provide evidence that astrocytes may 

have a key role in pathophysiology of stuttering disorder and suggest that astrocytes may be the 

main glial cells affected by the mutation in GNPTAB gene that is linked to the stuttering 

disorder. 



Disclosures:  A. Adeck: None. M. Millwater: None. S. Sheikhbahaei: None. 

Poster 

527. Reactive Astrocytes 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 527.05 

Topic: B.09. Glial Mechanisms 

Support: R01DK102918 

RF1AG059778 

Jackson Laboratory Startup Funds to KMSO 

Title: Effect of high-fat diet on hypothalamic astrocytes 

Authors: *T. OUELLETTE, A. KORGAN, H. SAMUEL, K. M. S. O'CONNELL;  

The Jackson Lab., Bar Harbor, ME 

Abstract: The continued rise of obesity and associated comorbidities in the United States 

highlight the critical lack of effective therapeutic interventions to maintain appropriate body 

weight. Current strategies fail to account for central nervous system (CNS) regulation of food 

intake, including diet induced hypothalamic dysregulation which affects behavior and further 

promotes the obese state. Changes to the CNS caused by poor diet and obesity may explain the 

behavioral, social, or mental difficulties of maintaining weight loss. High-fat diet (HFD) has a 

profound effect on the hypothalamus, including a loss of synaptic inhibition and loss of 

modulation by peripheral factors like leptin. This results in AgRP neurons becoming functionally 

disconnected from the systems that should regulate their activity and instead adopt an 

autonomous pattern of high output, driving food intake and sensations of hunger despite 

metabolic satiety. Aside from neuronal cell types, glia are known to influence several behaviors 

like sleep and wake cycles via modulation of synaptic signaling in the CNS; importantly, these 

functions are affected by high fat diet. In addition to synaptic regulation, this cell type influences 

blood brain barrier permeability which is a critical process for hypothalamic sensation of 

circulating peripheral signals. Astrocytes in the hypothalamus have only recently been 

investigated for their role in modulating synaptic activity during normal physiological conditions 

but the field is lacking in our understanding the role of hypothalamic astrocytes in pathologies 

like obesity. In this study, we are characterizing astrocyte recruitment, morphology, expression, 

and function in the arcuate nucleus of the hypothalamus (ARH) of mice that are fed a high fat 

diet. Here, we use genetically resilient (WSB/EiJ) and susceptible (C57Bl/6J and NZO/HtJl) 

mice to investigate astrogliosis and its role in facilitating changes in neuronal excitability, 

synaptic plasticity (and decoupling or dysregulation), and circuit connectivity of hypothalamic 

neurons following high-fat diet consumption. These changes in hypothalamic astrocyte activity 

may potentiate diet induced obesity by altering food intake behaviors and weight gain. 
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Title: Psychostimulant abuse and cART worsen HIV-induced astrocyte dysfunction in HIV+ 

human brains 
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Abstract: People living with HIV/AIDS (PLWH) have an improved life expectancy due to 

combined antiretroviral therapy (cART); but the prevalence of HIV-associated neurocognitive 

disorders (HAND) persists. The mechanism underlying HAND is unknown; but it is likely 

related to HIV- and cART-induced neurotoxicity in the brain regions regulating neurocognition. 

HIV induces neurotoxicity, causing dysregulation, injury, and in severe cases, death of neurons 

in these brain regions; which is worsened by astrocyte dysfunction. Among infected/affected 

astrocytes, HIV not only dysregulates cytokines/chemokines, but also disturbs K+ buffering 

(mediated by inwardly rectifying Kir4.1 channels), glutamate uptake (mediated by excitatory 

amino acid transporters, GluT-1), and cell-to-cell communication (mediated by connexin 43, 

Cx43, a gap-junction and hemichannel protein); all promote neurotoxicity. Further study is 

needed to reveal how and to what extent HIV actually alters astrocytes in the human brains, 

which will add to the field as previous studies focusing on assessing HIV-induced astrocyte 

dysfunction mainly used animal or cell culture models. We previously evaluated HIV-induced 

changes in the protein/mRNA levels of Kir4.1 channels, GluT-1s and Cx43 in the prefrontal 

cortex (PFC, a key but understudied regulator of cognition) and cerebellum (unaffiliated with 

cognition) from post-mortem HIV+ human brains. We found that the protein levels of Kir4.1 

channels and GluT-1s were significantly decreased (p<0.01 and p<0.05, respectively); while 

Kir4.1 channel mRNA levels were significantly increased (p<0.05), along with a trend of 

increase in GluT-1 and decrease in Cx43 mRNA, in the PFC of HIV+ human brains compared to 



HIV- controls. Meanwhile, we found no significant change in the expression of such 

proteins/mRNAs in the cerebellum of HIV+ human brains, suggesting that HIV-induced brain 

dysfunction is region-specific. Encouraged by these novel findings from human brains, we 

expanded the project to examine the consequential effects of HIV infection on neurons/astrocytes 

and their interaction in the brains of deceased individuals who were infected by HIV (HIV+), 

diagnosed with HAND, while with or without chronic cART and psychostimulant abuse (cocaine 

or methamphetamine). HIV- and drug-free healthy human brains were used as controls. We 

expect that cART and psychostimulant-induced neurotoxicity will worsen HIV-induced changes 

in neurons/astrocytes and their interaction, by jointly dysregulating the protein/mRNA 

expression of Kir4.1 channels, GluT-1s and Cx43s to a greater extent, in addition to the 

consequential effects of HIV-1. 
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Title: Astrocytic urea cycle detoxifies Aβ-derived ammonia while impairing memory in 

Alzheimers Disease 
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Abstract: Alzheimer’s disease (AD) is one of the foremost neurodegenerative diseases, 

characterized by beta-amyloid (Aβ) plaques and significant progressive memory loss. In AD, 

astrocytes are proposed to take up and clear Aβ plaques. However, how Aβ induces pathogenesis 

and memory impairment in AD remains elusive. We report that normal astrocytes show non-

cyclic urea metabolism, whereas Aβ-treated astrocytes show switched-on urea cycle with 

upregulated enzymes and accumulated entering-metabolite aspartate, starting-substrate ammonia, 



end-product urea, and side-product putrescine. Gene-silencing of astrocytic ornithine 

decarboxylase-1 (ODC1), facilitating ornithine-to-putrescine conversion, boosts urea cycle and 

eliminates aberrant putrescine and its toxic by-products ammonia, H2O2, and its end-product 

GABA to recover from reactive astrogliosis and memory impairment in AD. Our findings 

implicate that astrocytic urea cycle exerts opposing roles of beneficial Aβ detoxification and 

detrimental memory impairment in AD. We propose ODC1-inhibition as a promising therapeutic 

strategy for AD to facilitate removal of toxic molecules and prevent memory loss. 
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Abstract: The lateral hypothalamic area (LHA) regulates food intake and energy expenditure. 

Although LHA neurons innervate adipose tissues, the identity of neurons that regulate fat is 

undefined. Here we identify that GABRA5-positive neurons in LHA (GABRA5LHA) 

polysynaptically project to brown and white adipose tissues in the periphery. GABRA5LHA are a 

distinct subpopulation of GABAergic neurons and show decreased pacemaker firing in diet-

induced obesity (DIO) mouse model. Chemogenetic inhibition of GABRA5LHA suppresses 

energy expenditure and increases weight gain, whereas gene-silencing of GABRA5 in LHA 

decreases weight gain. In DIO mouse model, GABRA5LHA are tonically inhibited by nearby 

reactive astrocytes releasing GABA, which is synthesized by MAOB. Gene-silencing of 

astrocytic MAOB in LHA reduces weight gain significantly without affecting food intake, which 

is recapitulated by administration of a MAOB inhibitor, KDS2010. We propose that firing of 



GABRA5LHA facilitates energy expenditure and selective inhibition of astrocytic GABA is a 

molecular target for treating obesity.  
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Abstract: Using antisense oligonucleotides to target the neurotoxic astrocyte state 

Jordan DuGal1 Christine Hong1, Benjamin Ahn1, Holly Kordasiewicz1, Fredrik Kamme1 1Ionis 

Pharmaceuticals, Carlsbad CA 92010 

Astrocytes are known to take on different phenotypes depending on context. The role of 

neurotoxic astrocytes in neurodegenerative disease and neuroinflammation is becoming more 

evident as demonstrated throughout literature. Reverting this neurotoxic state back to a 

homeostatic state using antisense oligonucleotide (ASO) technology could be beneficial in 

disease contexts. In this study, we established an in vitro neurotoxic astrocyte model in which we 

recapitulated two gene modules associated with the neurotoxic state and showed knockdown of 

module-associated targets using ASOs. 

We optimized an in vitro neurotoxic astrocyte model by treating astrocytes in vitro with various 

cytokines and assessing expression levels of module markers using qPCR and transcriptome 

profiling. Our model recapitulated the expected upregulation of neurotoxic astrocyte marker C3, 

as well as increased expression of neurotoxicity-associated gene modules. We next evaluated 

ASO uptake by performing a Malat-1 ASO dose titration, in which we observed a dose-

responsive reduction in Malat-1 expression. Finally, we treated neurotoxic astrocytes with ASOs 

against module-associated targets. Transcriptome profiling showed ASO treatment suppressed 

the designated target gene, compared to an inert control ASO. 

Here we show that ASOs can suppress target genes in an in vitro model of neurotoxic astrocytes. 

These experiments demonstrate the potential for ASOs as a therapeutic to modulate astrocyte 

states for benefit in neurodegenerative diseases. 
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Abstract: Cocaine abuse is a significant public health concern across the United States, as the 

number of cocaine-related deaths in the United States has almost tripled since 2013. Although 

relapse rates remain high, an FDA-approved treatment for Cocaine Use Disorder is lacking. 

Hence, there is a considerable need for investigations into the mechanisms that drive relapse 

vulnerability. Recent advances indicate that cocaine-induced structural adaptations in astrocytes 

may contribute to relapse vulnerability. Astrocytes are the most abundant glial cell in the brain 

and regulate diverse critical functions, including synaptic transmission and plasticity. Research 

in the Reissner lab has revealed that astrocytes in the nucleus accumbens are extensively 

structurally impaired following long-access (LgA, 6h/day) cocaine self-administration and 

prolonged (45 d) abstinence, as there is a ~40% decrease in astrocyte volume, surface area, and 

synaptic colocalization (Kim et al., bioRxiv 2022.04.06.487393). However, the mechanisms 

driving these observations are unknown. Prior literature has shown that astrocyte-abundant 

cytoskeletal proteins contribute to maintenance of astrocyte structure and are involved in drug-

seeking behaviors. Hence, we hypothesize that cocaine-induced downregulation of astrocyte 

cytoskeletal dynamics contributes to the observed astrocyte structural decreases, decreased 

synaptic interactions, and increased drug seeking observed across abstinence. This hypothesis 

will be tested by investigating changes in astrocyte cytoskeletal dynamics following long-access 

cocaine self-administration and extended abstinence. We have validated expression of astrocyte-

specific AAV5-GfaABC1D-Rpl22-HA (Addgene #111811) in rat nucleus accumbens astrocytes, 

and confirmed isolation of astrocyte-specific mRNAs using RNASeq. We have also prepared 

mRNAs from nucleus accumbens following LgA cocaine vs. saline self-administration, at 

withdrawal days 1 and 45, for RNASeq analyses to examine differences in the astrocyte 

translatome. In addition to bioinformatic analysis of differential gene expression, we will 

specifically test the hypothesis that astrocyte cytoskeletal gene expression is decreased following 

cocaine self-administration and abstinence. These results will provide a greater understanding of 

how cocaine abuse leads to dysfunctions in astrocyte structure and function, and how these may 

contribute to relapse vulnerability. 
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Abstract: Stuttering is a neurodevelopmental disorder characterized by involuntary disruptions 

in speech fluency and is linked to white matter abnormalities or dopamine hyperactivity in the 

basal ganglia. Recently, stuttering has been shown to link to point mutations in a gene involved 

in the lysosomal enzyme-targeting pathway (i.e., GNPTAB), though it remains unclear how such 

a mutation might relate to the stuttering phenotype. In this study, we used mice engineered with a 

mutation in GNPTAB gene found in humans who stutter, and found increased iron deposition in 

the basal ganglia of these mice. Using Perl’s staining method, we stained for iron in age-matched 

Gnptab-mutant and control mice and analyzed iron deposition with ImageJ-Fiji software based 

on intensity of the chemical stain and percent area of deposition. There was an increase in iron 

deposition in the medial lateral (10.30 ± 1.785 in Gnptab-mutant vs. 1.252 ± 1.785 in control), 

dorsal lateral (10.99 ± 1.304 in Gnptab-mutant vs. 1.831 ± 1.304 in control), and central striatum 

(9.241 ± 1.569 n Gnptab-mutant vs. 3.525 ± 1.569 in control) of Gnptab-mutant mice (p = 0.002, 

p = 0.001, p = 0.011; n = 4 animals per group; Unpaired t test). Further, these iron deposits 

localized predominantly with regional astrocytes when Perl’s staining was combined with an 

astrocyte-specific marker S100ß. Astrocytes, star-shaped glial cells, were found to be less 

complex in the Gnptab-mutant mice (704539 ± 91059 in Gnptab-mutant vs. 144010 ± 91059 in 

control p < 0.0001; n = 10 astrocytes per group). There was no cellular loss noted across cell 

populations, as determined by quantification of cell bodies on ImageJ-Fiji. These findings 

support the hypothesis that iron homeostasis is altered in Gnptab-mutant mice, and that regional 

astrocytic morphology differences may have implications for the traditional circuit-modulatory 

role of these glial cells. Here we hypothesize a relationship between a missense mutation in a 

cellular housekeeping mouse Gnptab gene, iron homeostasis, astrocytes, and ultimately the 

stuttering phenotype that has long remained elusive. 
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Abstract: Astrocytes are vital support cells, partnering with neurons to ensure proper brain 

function and play a critical role in the brain’s innate immune response. In brain injury, infection, 

and disease, astrocytes reprogram into a reactive state which alters many of their most 

fundamental processes with beneficial or detrimental outcomes. In the case of acute 

inflammation, markers of reactivity that astrocytes display soon after the initial insult are no 

longer observed 1 month after inflammation was induced. A long-standing question in the field 

is whether downregulation of reactive astrocyte (RA) markers during resolution of inflammation 

is because these astrocytes revert back to a nonreactive state or die and are replaced. This 

question has proven difficult to answer mainly because existing genetic tools using traditional 

astrocyte promoters cannot distinguish between healthy vs. reactive astrocytes. Here we describe 

the generation and characterization of a novel inducible genetic tool that can be used to 

specifically target, label, and manipulate a subset of reactive astrocytes in the diseased or injured 

brain. We provide evidence for the utility of this approach to study RAs in several models of 

brain inflammation. The biggest advantage of this transgenic model is that it can be used to 

perform longitudinal analysis of reactive astrocyte morphology, function and gene expression. 

Analysis of these transgenic mouse brains during and after the resolution of acute inflammation 

revealed that RAs that are labeled soon after acute inflammation survive for at least one month. 

Furthermore, most morphological features and expression of markers associated with astrogliosis 

revert back to baseline after 1 month in the labeled cells, while one morphological hallmark of 

reactivity remains unchanged after 1 month. Our data indicate that the previously observed 

downregulation of RA markers one month after inflammation is likely due to changes in gene 

expression and not because of programmed cell death. Overall, our findings suggest that cellular 

changes associated with astrogliosis after acute inflammation can be temporary and largely 

reversible. 
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Abstract: Astrocytes are fundamental in maintaining and modulating brain function at the 

cellular level. Their activity regulates different aspects of neurotransmission, and dysfunction of 

the glial syncytium may underlie the pathophysiology of mental illness. Previous studies from 

our group showed that several aspects of the glial function are affected by Major Depressive 

Disorder (MDD), most of them related to the modulation of glutamate neurotransmission and the 

resetting of the synaptic environment after its excitatory activity, functions that are mediated by 

astrocytes. Those results showed the downregulation of genes involved in glutamate re-uptake, 

post-excitatory water and potassium siphoning, and the gap junction elements necessary to 

maintain the syncytial function of astrocytes. This study explored the effect of two other 

diagnoses, Bipolar Disorder (BP) and Schizophrenia (SZ), on the astrocyte network. We 

hypothesize that astrocyte function may also be affected in these two diseases, however, since 

the etiological theories for BP and SZ differ from those described for MDD, there could also be 

differences in the glial mechanisms associated with these disorders. Methods: Human brain 

samples from the frontopolar cortex (Brodmann area 10, BA10) were obtained through the 

University of California, Irvine (UCI)-Pritzker Brain Bank. The subjects included in the 

schizophrenia and bipolar disorder groups met diagnostic criteria from the Diagnostics and 



Statistical Manual of Mental Disorders (DSM-V). The control group showed no evidence of 

psychiatric or neurological disorders. Covariates that could affect gene expression were 

accounted for including gender, age, and postmortem interval. All subjects used in the study had 

cerebellar tissue pH above 6.5 and agonal factor scores (AFS) of zero. After performing RNA 

extraction and adequate quality control, we used TaqMan® Gene Expression Custom Array 

Cards to perform qPCR analysis of genes related to astrocyte function. The results were then 

bolstered by performing a meta-analysis of publicly released BA10 microarray data to find 

points of convergence with our qPCR results. Results: our study showed alterations of genes 

related to astrocyte function in BP and SZ compared to controls. However, the altered molecules 

did not overlap with the list of candidate genes based on previously reported findings in MDD. 

There was a strong correlation between the BP and SZ results, suggesting pathophysiological 

commonalities between the two diagnoses. 
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Abstract: Background: The cystine/glutamate antiporter system xc
- imports cystine into cells 

while exporting glutamate. It is composed of two subunits with xCT being specific to this 

antiporter. In the healthy brain, xCT is mainly expressed in astrocytes. However, upon 

inflammatory activation, it is prominently upregulated in microglia. Thus, in the context of 

neuroinflammation, release of glutamate via system xc
- might induce neuronal excitotoxicity. 

Aim: The aim of this study was to characterize the pathways that lead to upregulation of xCT 

mRNA and system xc
- activity upon inflammatory activation of astrocytes. Methods: Murine 

primary microglia-free cortical astrocytes were treated with tumor necrosis factor α (TNFα) or 



the toll-like receptor (TLR) 3 and 4 agonists bacterial lipopolysaccharide (LPS) and 

polyinosinic:polycytidylic acid (Poly I:C), respectively. System xc
- activity was measured as 

homocysteate-inhibitable 3H-glutamate uptake. For immunoblotting, astrocytic membranes were 

used for xCT, cytosolic and nuclear extracts for (phospho)p65. For luciferase reporter promoter 

assays, astrocytes were transiently transfected using constructs containing xCT promoter 

fragments of different lengths. Anti-TNFα antibodies and an interleukin 1 (Il1) receptor 

antagonist (RA) were used to block the activity of both cytokines released after stimulation with 

LPS and PolyI:C. Realtime reverse transcriptase PCR was used to quantify mRNA expression. 

Results: LPS, PolyI:C as well as TNFα increased the mRNA and protein levels of xCT as well 

as system xc
- activity. LPS and PolyI:C caused a more robust induction than TNFα. LPS and 

PolyI:C, but not TNFα, increased both TNFα as well as Il1α/β mRNA levels. Co-incubation of 

astrocytes with either TNFα- neutralising antibodies or Il1-RA reduced TLR3/4-mediated 

induction of system xc
- as did both inhibitors when added to conditioned medium from activated 

microglia. xCT promoter luciferase reporter assays showed similar patterns for all three stimuli 

although none induced classical transcripts downstream of Nrf2 or ATF4. However, all three 

inflammatory stimuli induced nuclear p65 phosphorylation. Furthermore, the IκB kinase 1/2 

inhibitor BMS-345541 blocked induction of system xc
- activity by LPS and PolyI:C as well as 

TNFα. Conclusion: Upon TLR3/4 activation, system xc
- is upregulated via induction of xCT 

mRNA via NFκB but not Nrf2 or ATF4. In addition, TLR3/4 activation induces TNFα and 

IL1α/β, which in turn amplify the effects of TLR3/4 activation via auto- and paracrine 

mechanisms. 
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Abstract: Individuals with alcohol use disorders (AUD), of which an increasing number are 

women, frequently experience cognitive deficits related to alcohol-induced structural changes in 

the brain. Astrocytes may play a role in mediating these structural changes, and in some ethanol 

administration models adopt a reactive phenotype through altered expression of intermediate 



filaments like GFAP and vimentin. In a study with male rats in a four-day binge model of AUD, 

striking increases in vimentin were found to peak in many brain regions a week following 

cessation of ethanol administration. However, temporal and regional characteristics of vimentin 

upregulation are still unknown in female rats. Therefore, adult female Sprague-Dawley rats (n=8 

per group) were administered ethanol in a four-day binge administration paradigm of alcohol 

dependence. Rats received either an ethanol diet (25% w/v in vanilla Ensure Plus) or an 

isocaloric control diet (vanilla Ensure Plus and dextrose) three times per day for four days. 

Ethanol dose was adjusted based on behavioral indicators of intoxication, scored from 1 to 5, 

which averaged 1.4 ± 0.1 (ataxia) resulting in a mean ethanol dose of 9.6 ± 1.4 g/kg/day and a 

mean blood ethanol concentration of 373.1 ± 97 mg/dl, all similar to past studies in males. 

Withdrawal behavior observations took place 18 hours following the last ethanol dose and 

averaged 1.2 ± 1.0 on a 4-point scale, with a maximum of 2.7 ± 1.0, indicating most rats 

experienced withdrawal tremors. Animals were sacrificed via transcardial perfusion 2, 7, or 14 

days after their last dose of ethanol, and brains were removed, post-fixed, and sectioned for 

immunohistochemistry. Cortical regions were quantified for vimentin immunoreactivity and 

reported as area fraction of immunoreactivity. The time course of vimentin immunoreactivity 

was similar between females and that previously reported in males, with dramatic vimentin 

expression increased at 7 days of abstinence, and little to no vimentin increase at either the 2- or 

14-day timepoints. Like reported in males, vimentin immunoreactivity was noted in the insular, 

piriform, and perirhinal/entorhinal cortices. Vimentin immunoreactivity was also found in the 

somatosensory cortex and the basolateral amygdala, two regions that had not been reported in 

males. These data suggest that while the time-course of vimentin immunoreactivity is similar in 

males and females, regional variations between sexes may exist. 
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Title: L-serine-dependent tamoxifen toxicity to cultured human retinal Müller cells 
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Abstract: Tamoxifen (TAM) given as an antiestrogen agent in breast cancer often causes 

retinopathy. Of interest, TAM retinopathy shares some morphological characteristics with 

idiopathic macular telangiectasia type 2 (MacTel2). An increasing body of evidence indicates 

that dysfunction and/or loss of Müller cells likely plays a key role in the pathogenesis of 

MacTel2. Interestingly, mutations in the gene of an L-serine synthetic enzyme (3-

Phosphoglycerate dehydrogenase; PHGDH) have been causally linked to a subset of MacTel2 

(Eade et al, Nat Metab. 2021; Gantner ML et al, NEJM, 2019; Scerri TS et al, Nat Genet. 2017). 

These findings raise a possibility that serine-dependent Müller cell dysfunction may contribute 

also to TAM retinopathy. Hence, in the present study, we examined 1) whether Müller cells in 

vitro and in vivo are more sensitive to tamoxifen toxicity than other retinal cells, and 2) whether 

TAM toxicity to Müller cells is linked to an abnormality in L-serine metabolism. Twenty-four 

hours after TAM treatment (1-10 μM), cultured Müller cells showed a significant decrease in cell 

viability (19.57 ± 2.34 %) as assessed by the MTT assay, as compared to cultured retinal 

pigment epithelial (RPE) cells (ARPE-19) or photoreceptors (661w). Concomitantly TAM 

treatment markedly reduced L-serine concentrations in Müller cells. Intriguingly, 

supplementation of L-seine (0.5 - 5 mM) blocked the TAM cytotoxicity in a concentration-

dependent manner. In C57BL/6 mice, intravitreal TAM treatment (0.1 μg/μl, 3 μl/eye) altered the 

expression of vimentin and glutamine synthesis (GS), markers of Müller cells, and increased the 

number of TUNEL positive cells in the inner nuclear layer (INL) at 5 days after the treatment. In 

serine-treated retinal tissue, however, all the above changes induced by TAM treatment were 

substantially ameliorated. Our results suggest that Müller cells may be the main target of TAM 

toxicity, which may involve aberrant L-serine metabolism as in a subset of MacTel2. Further 

studies may be needed to determine which step in the L-serine metabolism is altered with TAM 

treatment. 
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Abstract: Astrocytes undergo a ‘reactive’ transformation in acute and chronic diseases of the 

brain, leading to changes in gene expression and function. Recent advances in multimodal, 

integrative sequencing has highlighted how heterogenous these reactive transformations can be. 

Using single cell RNA-seq and spatial transcriptomics (ST) we investigated the response of 

astrocytes to acute inflammation and chronic disease mouse models. We report that astrocytes 

fall into distinct subtypes that occupy specific positions in the brain. These subtypes can undergo 

unique reactive transformations during acute inflammation induced by the endotoxin 

lipopolysaccharide (LPS) that are likely controlled by the location of the astrocyte and the type 

of initiating insult. We find an interferon-induced astrocyte super-responder that emerges early in 

this reactive transformation and occupies strategic positions in the brain, including the surface of 

the brain and the interventricular foramen. The interferon-responsive reactive subtype is present 

in a myriad of acute and chronic neurodegenerative diseases including mouse models of 

Alzheimer’s disease (AD), demyelination, and acute stab wound injury. By generating extensive 

ST on APP/PS1 brain sections we report that plaques cause a local shift in gene expression that 

is modulated by microglia, and we propose novel markers for plaque-specific reactivity. We find 

that interferon-induced astrocytes are selectively found around plaques. Employing sub-spot 

level differential gene expression and spatial ligand-receptor analyses we uncover a whole range 

of plaque-restricted putative multi-cell type interactions that suggest an extensive upregulation of 

inflammatory, phagocytic and lysosomal activity around the plaque. Ultimately, profiling region-

restricted reactive transformations of astrocytes in chronic neurodegeneration will facilitate the 

discovery of therapeutic targets to modulate the disease trajectory. 
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Abstract: Neuronal dysfunction and degeneration in Alzheimer’s disease (AD) is increasingly 

recognized as a non-cell intrinsic process. Rather, this dysfunction is accompanied by changes in 

surrounding cell types, including glial cells like astrocytes. While previous studies indicate 

astrocytes can influence neuronal dysfunction and degeneration, these potential contributions 

remain understudied. Single-cell RNA sequencing provides a powerful tool for exploring these 

contributions; however, defining transcriptional changes in astrocytes in Alzheimer’s disease has 

remained challenging due to low capture rates and high intersubject variability. To improve 

understanding of glial heterogeneity in AD, we used single-nucleus RNA sequencing (snRNA-

seq) to profile over 80,000 transcriptomes from post-mortem prefrontal cortex from AD and age-

matched non-symptomatic (NS) donors with apolipoprotein (APOE) Ɛ2/3 genotype. Using 

fluorescence-assisted nuclei sorting to isolate LHX2+/NeuN- nuclei, we achieved higher 

proportions of astrocytes than previous studies, allowing for higher-powered investigation of 

astrocyte transcriptional changes. We identified heterogeneous astrocyte subtypes in both NS and 

AD samples based on gene expression, and discovered both common and subtype-specific gene 

expression changes in AD patients compared to NS patients. GO analysis of these transcriptional 

changes indicates cluster-specific gain- and loss-of-function alterations in astrocytes in AD, 

highlighting potential pathways influencing disease progression. We further profiled these 

human astrocyte subtypes by exploring their anatomical positions using existing sequencing-

based human and mouse spatial transcriptomic datasets. By examining modules of cluster-

specific marker genes, we localize the astrocyte subtypes from our snRNA-seq data to distinct 

cortical regions, finding astrocyte gene signatures largely separate between white matter and 

gray matter. Using these spatial datasets, we also found a subset of the astrocyte transcriptional 

changes we identified in AD were also induced in a mouse model of inflammation, suggesting 

these changes are attributable to inflammation in AD. This work describes heterogeneity in 

astrocytes in AD using snRNA-seq, identifies AD-associated transcriptional changes with 



potential relevance for disease progression, and explores the putative spatial restriction of 

astrocyte subtypes using existing spatial transcriptomics datasets, providing a new resource for 

examining glial contributions to Alzheimer’s disease. 
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Abstract: Astrocytes undergo robust gene expression changes in response to a variety of 

perturbations such as infection, disease, and acute insults, including ischemic injury. How these 

changes are affected by time and sex, as well as how heterogeneous and spatially distinct various 

reactive astrocyte populations are, remain unclear. In this study, we performed single nuclei 

RNAseq of ~122,000 forebrain astrocytes isolated from Aldh1l1-EGFP/Rpl10a mice at 1, 3, and 

14 days after ischemic injury induced by Rose Bengal photothrombosis. We found that injury 

induces a widespread and temporally diverse response across many astrocyte subtypes. We also 

identified clusters unique to injury-induced reactive astrocytes, including an interferon-

responsive population that is rapidly induced at 1 day and persists up to 14 days post-injury; this 

population, in addition to expressing many interferon-response genes (e.g. Igtp, Iigp1, Ifit3, 

among others), appears to be Stat1/Stat2 dependent according to gene regulatory network 

analysis. Another unique injury-induced reactive astrocyte cluster expresses proliferative 

markers (e.g. Mki67, Top2a, Pola1, etc.) and is present only at 3 days post-injury. Spatial 

transcriptomics highlight that these reactive astrocyte populations are spatially restricted and 

reside in locations that are likely functionally important in the stabilization and resolution stages 

following injury. Together, these datasets provide a powerful resource for probing injury-

induced reactive astrocyte heterogeneity and can be used to guide functional interrogation of 



biologically meaningful reactive astrocyte substates to understand their pro- and anti-reparative 

functions following acute injuries like stroke. 
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Abstract: Fibrillar amyloid β-protein (Aβ) deposits in brain, which are primarily composed of 

Aβ40 or Aβ42 peptides, are key pathological features of Alzheimer’s disease and related 

disorders. Structural studies on mature Aβ40 fibrils formed in solution have suggested they adopt 

a two stranded (U-shaped) structure whereas studies on Aβ42 fibrils typically show a three-

stranded structure. Fibrillar amyloid deposits in brain promote activation of astrocytes and 

microglia although the underlying mechanisms are still not clear. Here, we treated primary 

astrocyte and microglia cells with Aβ40 or Aβ42 fibrils, and bulk RNA sequencing was 

performed. According to the Pearson’s correlation result, astrocytes and microglia cells undergo 

a great number of Aβ peptides-induced changes in gene expression and Aβ42 and Aβ40 peptides 

showed similar effects on glia cells compared with the control group. To elucidate the gene 

changes after Aβ peptides treatment, we conducted the differential gene expression analysis to 

compare Aβ42 and Aβ40 glia cells. The expression data were set with limits of ≥5-fold increase 

in expression and p < 0.05. A greater number of genes were differentially expressed by Aβ42 

treated glia cells (186 and 1909 genes in astrocyte and microglia, respectively) compared with 

the Aβ40 treated glia cells (129 and 238 genes in in astrocyte and microglia, respectively). 

Immunohistochemical analysis validated our RNAseq data by performing in an AD rat model 

with parenchymal fibrillar Aβ42 deposits confirming the expression of MMP9, MMP12, PAI-1 

and C1r in plaque-associated microglia and iNOS, GBP2 and C3D in plaque-associated 

astrocytes. To better understand Aβ peptides-induced gene changes in glia cells, we performed 

Ingenuity Pathway Analysis. These analyses further highlighted that Aβ42 treatment up-



regulated cellular activation pathways and immune response pathways in glia cells, including 

protein ubiquitination, sirtuin signaling and tumor microenvironment pathways in astrocyte, and 

granulocyte adhesion and diapedesis, wound healing and IL17 signaling pathways in microglia. 

Interestingly, we found that astrocytes treated with Aβ peptides up-regulated a larger number of 

A1 reactive genes compared with A2 reactive genes, and microglia treated with Aβ peptides up-

regulated more M1 state genes than M2 state genes. Together, these studies show that the distinct 

structures of Aβ40 and Aβ42 fibrils differentially stimulate the gene expression profile of glia 

cells and that Aβ42 fibrils are more potent stimulators that could provide a detailed insight in the 

pathogenesis of AD and related amyloid-depositing disorders. 
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Abstract: Exosome mediated transport is an exciting mode of transport that influences neuronal 

and glial genes via their microRNA (miRNA) cargo as a novel. This emerging role of exosome-

secreted miRNAs in the regulation of glutamate gene expression and their relevance for 

psychosis-associated conditions. Using mature miRNA profiling and quantitative PCR (qPCR) in 

the orbitofrontal cortex we uncovered that miR-223, an exosome-secreted miRNA that targets 

glutamate receptors, was increased at the mature miRNA level in the OFC of schizophrenia 

(SCZ) and bipolar disorder (BD) patients with positive history of psychosis at the time of death 

and was inversely associated with deficits in the expression of its targets glutamate ionotropic 

receptor NMDA-type subunit 2B (GRIN2B) and glutamate ionotropic receptor AMPA-type 

subunit 2 (GRIA2). Furthermore, changes in miR-223 levels in the OFC were positively and 

negatively correlated with inflammatory and GABAergic gene expression, respectively. 

Moreover, miR-223 is enriched in astrocytes and secreted via exosomes, and antipsychotics 

olanzapine and haloperidol had differential effects on the cellular and exosomal localization 



fractions. Furthermore, addition of astrocytic exosomes in neuronal cultures resulted in a 

significant increase in miR-223 expression and a notable reduction in Grin2b and Gria2 mRNA 

levels, which was strongly inversely associated with miR-223 expression. Lastly, inhibition of 

astrocytic miR-223 abrogated the exosomal-mediated reduction in neuronal Grin2b expression. 

Ongoing experiments are investigating the effects of other pharmaceutical agents in vivo. 
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Abstract: Approximately one third of the veterans who fought in the 1991 Gulf War suffer from 

Gulf War Illness (GWI), which comprises a plethora of symptoms, including cognitive deficits. 

Mounting evidence indicates that GWI was caused by exposure to subthreshold levels of 

organophosphate pesticides and nerve agents coupled with physical stressors of the battlefield. 

Seeking to overcome shortcomings of rodent models for GWI, we recently established a bank of 

human induced pluripotent stem cells from veterans suffering from GWI and from similarly 

exposed veterans who remained healthy. With the presumption that these cells reset the clock 

prior to the veterans being exposed, we treated neurons differentiated from these cells with a GW 



toxicant regimen consisting of the organophosphate diisopropyl fluorophosphate (a sarin analog) 

and cortisol (to mimic battlefield stress), which we adapted from previous work on rodent 

models. Having documented effects of the toxicant regimen on various cellular features and 

functions, we have now sought to differentiate the cells into three-dimensional multi-cellular 

organoids that mimic the structure of the human brain. For this, we established cerebral organoid 

cultures from two veterans, one with GWI and one healthy control. Treating the organoids with 

the GW toxicant regimen resulted in an increase in total tau with enhanced tau phosphorylation, 

decreased microtubule stability, enhanced astrocyte activation, and altered neurogenesis. Some 

of these alterations were more pronounced in the organoids derived from the veteran with GWI 

compared to those derived from the healthy control veteran. The observed cellular effects are 

consistent with the cognitive decline suffered by the veterans. Taken together, these results 

provide the GWI field with a powerful new model for elucidating the cellular etiology of the 

disease and for testing potential therapies. In addition, they set the stage for a personalized 

medicine approach for individualized treatment of veterans with GWI, which is important 

because different soldiers were exposed to different toxicant exposures and because each soldier 

came into the battlefield with different genetic and epigenetic dispositions for neurodegenerative 

diseases. 
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Abstract: The choroid plexus (ChP) plays an important role in brain homeostasis, but is 

relatively understudied. In particular, many pathologies of the ChP and how they vary with age 

and disease lack thorough characterization. Characterizing the pathologies of ChP can help us 

understand ChP dysfunction in aging and disease and help validate disease models using stem 

cell-derived ChP cells. Recently, deep learning (DL) technology has seen increasing use in 

biomedical research, offering new opportunities to characterize these pathologies at a speed, 



scale, and consistency not previously feasible. Using DL models, we characterized three ChP 

pathologies: Biondi bodies (BBs), lipid vesicles (LVs), and fibrosis in autopsy samples from 

over a hundred individuals and analyzed how these pathologies change with age, sex, and 

Alzheimer’s disease (AD). We developed custom DL models based on ResNet, RetinaNet, and 

UNet architectures to quantify each pathology from either thioflavin S or hematoxylin & eosin-

stained whole slides images to assess prevalence and spatial distributions. We found that DL 

model-generated data were able to replicate manual data. BBs and fibrosis were found to 

increase with age, albeit with different temporal relationships, and to appear before the earliest 

AD-related biomarkers. These pathologies were also found to have sex differences, with females 

having less pathology. Interestingly, none of the pathologies had AD-related differences. LVs 

and fibrosis were found to be decreased in the fourth ventricle vs lateral ventricle ChP. Within 

ventricular regions, all pathologies had clustered, non-random distributions. Lastly, fibrosis 

impacted other pathologies, with fibrotic regions having fewer BBs and LVs. Our results reveal 

that many ChP pathologies appear relatively early in life, possibly contributing to brain 

neurodegeneration later in life, and that ChP pathologies spatially interact with each other. 
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Abstract: Aging is influenced by both genetic and environmental factors. Genetically, brain 

aging is underpinned by changes to only a small percentage of expressed genes. Defining the 

earliest distinctions between normal brain aging and neurodegenerative disease requires an 

understanding of how age-related regulation of genes affects the brain. Utilizing a model of 

premature brain aging driven by deficiency of a naturally age-downregulated gene (klotho-

deficiency), we reported that rapid onset of memory impairment occurs alongside changes to 

neuronal structure and function. Herein, we sought to determine if stochastic changes to neurons 

might be caused by dysfunction of choroid plexus epithelial cells. Age-related changes to 

choroid plexus epithelia are sufficient to induce age-like dysfunction. We characterized the 

choroid plexus epithelia of model mice before and after the onset of memory impairment. Using 

immunohistochemistry and Western blot, we measured protein expression and localization as 



metrics of choroid plexus epithelial cell health. Analysis was grouped by choroid plexus 

functional activity either measuring proteins important in cerebrospinal fluid production or 

blood:cerebrospinal fluid barrier function (n=6+/group, males and females included, compared to 

age-matched wild-type controls). Further electron microscopic analysis considered overall 

structure of cells and extracellular matrix. Most model phenotypes are only measured after the 

onset of memory impairment (~7 weeks of age). Assessment of the choroid plexus at this age 

revealed choroid plexus-specific decreased expression of all transporter proteins measured but 

only minor changes to junction or extracellular matrix proteins. Structurally, cell number was not 

different, but volume and appearance of choroid plexus epithelial cells were more similar to 

advanced age than age-matched controls. Additionally, when we analyzed younger brains, we 

measured decreased transporter protein expression in most but not all the transporters found 

changed at the older age. Molecular phenotypes at this age, before the onset of memory 

impairment, have not previously been reported. Altogether, our data suggest that dysfunction of 

the choroid plexus occurs before any neuronal structural or functional change is measured. Age-

related changes to protein expression can drive the slow failure of supporting cells, like the 

choroid plexus epithelia. Support cell maintenance may provide a novel target to predict brain 

health and prevent neurodegenerative disease. 
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Abstract: Alzheimer’s disease (AD) is an age-related neurodegenerative disorder that causes 

memory loss and cognitive decline. Epigenetic mechanisms involving histone deacetylases 

(HDACs) play an important role in age-related neurodegeneration. Among the 11 zinc-dependent 

HDACs, HDAC9 is the most abundant isoform in the brain. However, its function in the central 

nervous system remains largely unknown. The goal of this study was to determine whether 

HDAC9 plays a role in brain aging and age-related cognitive decline. We found that HDAC9 

mRNA and protein were expressed exclusively in neurons, and expression levels of HDAC9 

decreased with aging in the hippocampus. Global HDAC9 knockout mice exhibited impaired 



spatial working memory and object recognition memory in the spontaneous alternation in Y-

maze test and novel object recognition test, respectively. In the three-chamber social test, 

HDAC9 knockout mice showed impaired social recognition memory. Furthermore, loss of 

HDAC9 resulted in impaired hippocampal long-term potentiation. Selective deletion of HDAC9 

in the hippocampal CA1 of adult HDAC9flox/flox mice was sufficient to induce cognitive 

deficits. These results suggest that age-dependent downregulation of neuronal HDAC9 underlies 

age-related cognitive decline and synaptic dysfunction. 
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Abstract: Amyloids are highly ordered cross β-sheet aggregates that are typically associated 

with disease states such as neurodegeneration and diabetes. However, growing evidence shows 

that some amyloids carry out biological roles including as structural scaffolds and signaling 

complexes and are categorized as functional amyloids. We previously demonstrated an 

extracellular amyloid matrix surrounds sperm in the normal mouse epididymal lumen and has 

proposed functions in sperm protection and maturation. The epididymal amyloid matrix is 

composed of several members of the highly amyloidogenic reproductive CRES subgroup of 

cystatin cysteine protease inhibitors suggesting it is a complex functional amyloid. In the 

mammalian brain extracellular matrix (ECM) specialized mesh-like structures called 

perineuronal nets (PNNs) surround select subsets of neurons and are important participants in 

neuron-neuron communication and plasticity which makes them key players in memory 

formation and maintenance. We hypothesize that CRES and CRES subgroup members are also 

found in the brain ECM as part of the PNN structure and are important participants in learning 

and memory processes. Preliminary RT-PCR showed CRES and other subgroup members are 

present in the hippocampus and other brain regions from adult male mice. Western blot analysis 

of sequentially extracted adult mouse hippocampus show monomer and higher molecular weight, 



possibly aggregated, forms of CRES and other subgroup members are enriched in the urea 

soluble/PNN fraction compared to other populations of the brain ECM. Furthermore cognitive-

behavioral studies between adult wild-type (WT) mice and a global CRES knockout (KO) mouse 

model highlight that male, but not female, KO mice display impairments in learning in a 2-

choice water-escape task as well as behavioral inflexibility during reversal (they perseverate on 

the previously learned escape location) when the location of the platform to escape is changed. 

These findings suggest CRES and CRES subgroup members are part of the normal mouse brain 

ECM and are necessary for memory processes in potential association with PNNs. 
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Abstract: Acetylcholine signaling in the brain is important for multiple neural processes such as 

learning, memory, sleep and wake, and stress response. Learning, memory, and sleep regulation 

decrease with aging, and its underlying mechanism is not well understood. We hypothesize that 

the aforementioned decrease in cognitive functions is due to dysfunctional cholinergic activity 

that is aging sensitive. To test this hypothesis, we examined changes in acetylcholine neurons in 

the well-studied Drosophila olfactory circuit across four different ages: 4 days (young), 2 weeks 

(middle), 4 weeks (early old), and 8 weeks (old). We measured differences in the expression of 

choline acetyltransferase (ChAT; the rate limiting enzyme for acetylcholine biosynthesis) and 

axonal and synaptic markers in the first- (olfactory sensory neurons), second- (projection 

neurons), and third-order (mushroom body neurons) neurons of the olfactory pathway. Our 

preliminary results show increased marker immunoreactivity at the axons of first order neurons 

for both males and females at the early old age. Furthermore, ChAT immunoreactivity was 

increased in males but decreased in females at the early old age. In the second order neurons, 

however, marker and ChAT immunoreactivities were increased in both males and females at the 

early old age. These results suggest that there may be a decline in cholinergic signaling with 

aging, which may trigger a compensatory mechanism, resulting in increases in ChAT and axonal 

markers. Furthermore, changes in ChAT and axonal markers occur early in the olfactory 



pathway and the changes are sexually dimorphic in Drosophila. The insight obtained from this 

study will help us better understand the changes in the cholinergic system that are responsible for 

aging-related cognitive decline and how they differ between males and females. 
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Abstract: As the brain ages, intricate mechanisms underlying memory encoding become 

challenged, often with gradual development of mild cognitive impairment (MCI) indicators. 

Much evidence points to age-related compromise of protein clearance mechanisms as disrupting 

neuronal integrity (Farizatto et al. 2017 PLoS ONE 12:e0182895; Tecalco-Cruz et al. 2022 Mol 

Cell Biochem 477:915), often including synaptic pathology which is the best correlate of 

Alzheimer’s disease (AD) and related dementias. Altered proteostasis and the corresponding 

synaptopathy are commonalities among dementia risk-enhancing brain vulnerabilities, including 

seizure-related excitotoxic neuroactivity (Karanian et al. 2007 JPET 322:1059; Caba et al. 2021 J 

Cell Mol Med 25:9011), toxin exposures (Farizatto et al. 2019 Sci Rpts 9:6532), neurotrauma, 

and military blast exposure (Almeida et al. 2021 Brain Pathol 31:e12936), all of which trigger 

events of or susceptibility to proteinopathy and cognitive dysfunction. Our comparative analyses 

also found protein accumulation pathology and synaptic decline to be associated events across a 

broad spectrum of experimental models including i) subtoxic exposure to excitotoxins, ii) 

induction of modest to mild seizures in which synaptic marker reductions correlated with seizure 

severity, and iii) exposure to glutamatergic and cholinergic neurotoxins. The resultant reductions 

in the neuropilar staining of important synaptic markers were similar to those produced by 

proteostatic stress mediated by failures of the ubiquitin-proteasome and/or autophagy-lysosomal 

systems - both systems being known for gradual compromise with age. The different 

vulnerabilities elicit the general features of a pathogenic cascade comprised of altered protein 



chemistries, intracellular formation of abnormal configurations and deposits, disrupted tubulin 

dynamics, microtubule destabilization, transport failure, and progressive synaptopathy. Our 

recent work also used a rodent model of MCI (Hwang et al. 2019 Inter J Mol Sci 20:4432), 

addressing whether promoting proteostasis reduces age-related risks to cognitive health. Young 

adult (3 months) and MCI Fischer rats (12-14 months) were assessed to confirm cognitive 

decline in the middle-aged rats. Early results indicate that a specific extract treatment that boosts 

protein clearing pathways caused a two-fold enhancement of learning behavior in a passive 

avoidance paradigm as compared to MCI rats fed the control food. To conclude, gradual collapse 

of proteostasis is the likely root of the MCI to dementia continuum that is driven by those risk 

factors contributing to AD-type synaptopathy. 
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Abstract: The failure of cellular clearance mechanisms results in the accumulation of toxic 

protein aggregates in neurodegenerative disorders. The ubiquitin-proteasome system and 

autophagy-lysosomal pathway are the two main clearance mechanisms in eukaryotic cells. 

Recently, a third mechanism, expulsion of large extrusions, called exophers, has been discovered 

in C. elegans. Exophers are large, membrane-enclosed extrusions in which damaged organelles 

and protein aggregates are removed from the cytoplasm, presumably for phagocytosis and 

degradation by immune or immune-like cells. Exophers are initially connected to the parent cell 

via a nanotube and eventually disconnect. We discovered for the first time that exophers exist in 

mammalian neurons during analysis of mouse brain sections stained for hyperphosphorylated 

tau. We also observed this phenomenon in primary neurons from tauopathy mice and human 

neuroblastoma cells. Subsequently, we discovered exophers also in human brain, demonstrating 

that this phenomenon is conserved from nematodes to humans. In line with the proposed role of 

exophers, we observed disease-related protein aggregates, e.g., Aβ42 and tau, colocalized with 



exophers in Alzheimer’s disease and other tauopathy brains and in primary neurons from 

tauopathy mouse models. The number of exophers increased as an adaptive response under 

proteostatic stress or as a response to oxidative or osmotic stress. Moreover, we found that tau-

positive exophers tend to have larger sizes than tau-negative exophers. However, we also found 

rare, innate exophers in healthy human brain and primary neurons from wild-type mice, 

suggesting that in addition to their adaptive role in removal of undesired cellular materials, under 

normal conditions exophers may be involved in sharing resources between neighboring cells. In 

line with this hypothesis, SH-SY5Y neuronal cultures showed exophers in contact with 

neighboring cells or with exophers of neighboring cells, and exophers connected by nanotubes to 

two or even three cells. Moreover, we found that exophers may contain exosomes, suggesting 

that they may participate in cell-to-cell short range communication possibly via targeted transfer 

of exosomes. In the context of neurodegenerative diseases, our data suggest that exophers may 

be a double-edge sword - contributing to the degradation of toxic aggregated proteins, but 

possibly also to their spread throughout the brain. 
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Abstract: The adaptor protein complex-4 or AP-4 is known to mediate autophagosome 

maturation through regulating sorting of transmembrane cargo such as ATG9A at the Golgi. 

There is a need to understand AP-4 function in neurons, as mutations in any of its four subunits 

cause a complex form of hereditary spastic paraplegia (HSP) with intellectual disability. While 

AP-4 has been implicated in regulating trafficking and distribution of cargo such as ATG9A and 

APP, little is known about its effect on neuronal lysosomal protein traffic, lysosome biogenesis 

and function. In this study, we demonstrate that in human iPSC-derived neurons AP-4 regulates 

lysosome composition, function and transport via regulating export of critical lysosomal 

receptors, including Sortilin 1, from the trans-Golgi network to endo-lysosomes. Additionally, 

loss of AP-4 causes endo-lysosomes to stall and build up in axonal swellings potentially through 



reduced recruitment of retrograde transport machinery to the organelle. These findings of axonal 

lysosome build-up are highly reminiscent of those observed in Alzheimer’s disease as well as in 

neurons modelling the most common form of HSP, caused by spastin mutations. Our findings 

implicate AP-4 as a critical regulator of neuronal lysosome biogenesis and altered lysosome 

function and axonal endo-lysosome transport as an underlying defect in AP-4 deficient HSP. 
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Abstract: Non-canonical base pairing between four guanines (G) within single-stranded G-rich 

sequences leads to the formation of G-quartet, and self-stacking of G-quartets results in the 

formation of a columnar four-stranded DNA structure known as G-quadruplexes (G4s or G4-

DNA). G4-DNA regulates a broad variety of DNA-dependent processes including transcription, 

replication, and telomere function. We previously showed that, in primary cultured neurons, 

small molecule G-quadruplex ligands downregulate transcription of the Brca1 gene and the 

autophagy gene Atg7. Here, we performed genome-wide gene expression analysis (RNAseq) to 

identify genes modulated by a G4-DNA ligand, pyridostatin (PDS). PDS promotes the 

stabilization of G4 structures, thus allowing us to define genes directly or indirectly responsive to 

G4 regulation. Our results demonstrate that 3,188 genes are differentially expressed in neurons 

treated with PDS out of a total of 17,140 genes with measured expression. 1573 genes are 

downregulated and 1445 genes are upregulated, which provides invaluable insights into the 

dysregulated pathways, notably involving a network of genes regulating p53 signaling, axon 

guidance, and MAPK signaling. Our data showing the high number of genes responsive to PDS 

treatment (18.6%) highlights the potential and magnitude for similar transcriptional regulation by 

endogenous G4-DNA ligands. Taken together, our analyses suggest that G4-DNA may be an 

epigenetic-like mechanism that regulates gene expression in neuronal cells. 
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Abstract: Neuropsychiatric and neurodegenerative disorders are correlated with cellular stress, 

and the process of macroautophagy (herein referred to as autophagy) may represent an important 

protective pathway to maintain cellular homeostasis and functionality. Given recent evidence 

that some novel psychiatric treatments, such as the neuroactive steroid (NAS) allopregnanolone 

(AlloP, Brexanolone), may target autophagy, we designed a stably transfected HEK cell model to 

assay NAS effects on autophagy. We used pcDNA3-GFP-LC3-RFP-LC3Δ3, a fluorescent 

ratiometric autophagy assay. GFP/RFP levels are inversely correlated with autophagic flux; 

GFP-LC3 is targeted for autophagic degradation while RFP-LC3Δ3 is a cytosolic control. During 

assay development, we discovered decreasing autophagy induction with successive experiments. 

Live-cell imaging 24 hours post treatment revealed that 500 nM Torin1, a potent autophagy 

inducer, and 1 µM AlloP, increased GFP/RFP fluorescence ratios relative to control in 3 

consecutive experiments. We hypothesized that changes associated with cell passage number 

may be responsible for diminished autophagy induction over time. To test our hypothesis, we 

compared autophagy induction in low (<P10) and high passage (P15+) HEK cells using Torin1. 

As hypothesized, pharmacological autophagy induction, measured as a GFP/RFP ratio 

percentage of control, was impaired in higher passage cells (84.3 ± 4.8%) compared with lower 

passage cells (55.1 ± 3.6%, p = 0.0007, unpaired t-test, n = 3 per condition in 2 independent 

replicates). Moreover, the impaired GFP/RFP decrease in higher passage cells was driven by 

higher GFP fluorescence (25.3 ± 3.2 Torin1 GFP units in high passage cells vs. 18.1 ± 1.4 in low 

passage cells, n = 3 per condition in 2 independent replicates), indicative of less GFP 

quenching/degradation. Levels of basal autophagy were also altered with passage number (2.2 ± 

0.1 control GFP/RFP in passage 18 vs. 1.8 ± 0.1 in passage 5, p = 0.0197, two-way ANOVA 

with Sidak’s multiple comparisons, n = 3 per condition). We conclude that passage number in 

immortalized HEK cells affects autophagy and opens possibilities of studying the 

transcriptional/epigenetic factors regulating autophagic flux, including lysosomal pH or protease 

dysfunction. Our results could be consistent with previous literature showing that autophagy is 



decreased with age; however, cellular senescence, implicated in prior work, is likely not involved 

given the immortalized nature of the HEK cell line. 
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Abstract: Cerebrovascular dysfunction contributes to both normal aging and neurodegenerative 

disease. Mural cells, including both vascular smooth muscle cells (vSMCs) and pericytes, are 

critical vasculature components that dynamically regulate blood flow. Pericytes are also 

implicated in the pathophysiology of Alzheimer's disease. Despite the links between mural cells, 

cerebrovascular dysfunction, and aging, it is unclear how mural populations across brain regions 

are impacted by aging.Here, we first asked whether normal aging was associated with reduced 

capillary pericyte population density. We utilized serial two-photon tomography (STPT) and cell 

type mapping with young (2 month) and aged (18 month) Pdgfrb-Cre;Ai14 male and female 

mice to examine capillary pericyte population density changes across all brain regions (n=10 per 

age). To investigate changes in mural cell types and the vasculature in the same brain, we 

utilized iDISCO-based whole brain clearing and immunolabeling paired with Light Sheet 

Fluorescence microscopy (LSFM) as depicted in Figure 1. This strategy enabled us to 

comprehensively and simultaneously label the whole vasculature, vSMCs, and pericytes (Fig 

1a,d), to interrogate changes associated with advanced age, by comparing young (2 month) and 



aged (24 month) C57BL/6 mice (n=5 per age).Our cell mapping results in Pdgfrb-Cre;Ai14 mice 

demonstrate that normal aging is associated with reduced capillary pericyte density in the basal 

forebrain and differential changes across isocortical layers, which was further validated in 

immunolabeling of C57BL/6 mice. Moreover, in C57BL/6 mice, normal aging is associated with 

striking structural changes in vSMCs, particularly in the arterioles of the lateral association areas 

of the isocortex (Fig 1c), and at the large arteries of the Circle of Willis. The results of this study 

suggest that mural cell populations and cerebrovasculature are heavily impacted by normal 

aging, yet the effects vary vastly across brain regions. 

 

Figure 1: Methods used to investigate changes in mural cell types and vasculature in normal 

aging. 
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Abstract: Aging-related cognitive decline and neurodegeneration are prevalent with increased 

life expectancy. It is suggested that aging-related elevation in neuroinflammation contributes to 

the impairment of synaptic circuits, leading to cognitive deficits. Previous studies have shown 

that the plasma level of oxytocin (OT) decreases with aging, whereas TGF-β signaling, which 

activates activin-like kinase 5 (Alk5), increases in the aged brain. Systemic delivery of a cocktail 

composed of OT and an Alk5 inhibitor (OTA5i) rapidly and robustly enhances hippocampal 

neurogenesis, reduces neuroinflammation, and improves cognitive performance of aged mice in 

sensory discrimination and novel object recognition. However, how OTA5i affects the structural 

dynamics of synapses, which may underlie the cognitive improvement, remains unclear. In this 

work, we used in vivo two-photon microscopy to examine the effects of OTA5i treatment on the 

turnover (i.e., formation and elimination) of dendritic spines (postsynaptic sites of most 

excitatory synapses) of layer 5 pyramidal neurons in the somatosensory cortex of adult Thy1-

YFP-H mice. We injected OTA5i or vehicle intraperitoneally for 7 days and imaged the same set 

of dendritic segments before the treatment course and one day after the last injection. We found 

that while spine elimination was unaffected by OTA5i treatment, spine formation was 

significantly elevated. We are currently extending our study to aged mice, in order to correlate 

the synaptic changes with behavioral improvements. 
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Abstract: A fine balance of excitation and inhibition is required for cognitive processing, likely 

mediated by fast-spiking parvalbumin interneurons (PV-INs) and their enveloping perineuronal 

nets (PNNs), which respectively coordinate inhibitory synchrony and regulate plasticity. There is 

evidence to suggest that these structures are altered in conditions which disrupt cognition and 

behaviour, though these changes are not thoroughly understood. In this study, we explored the 

structural responses of PNNs and PV-INs in models of neurodegeneration that physically perturb 

the neuropil, including amyloidosis and diffuse traumatic brain injury (TBI). We fluorescently 

labelled PV-INs, PNNs, and amyloid-β in coronal sections of mouse brains. Images were 



segmented using ImageSURF in FIJI to quantitate the extent of these labels in regions of cortex 

and hippocampus. Linear mixed-effects models incorporating age/timepoint, region, and sex or 

genotype were constructed to analyse each stain. In male APPswe/PSEN1dE9 (APP/PS1) and 

C57Bl/6J mice, ages 6 and 24 months (n = 2-4) we observed a main effect of age on PNN 

percentage area, with both genotypes demonstrating an overall loss from 6 to 24 months of age, p 

= 0.029, most notably in primary visual cortex. No changes in PV were noted. Next, we 

examined the gross response of PV-INs and PNNs to trauma. In 3-month-old male and female 

C57Bl/6J mice, a midline fluid percussion injury model was used to replicate a moderate TBI. 

Brains were collected at 3 hours and 1-, 3-, or 7-days post-injury and compared to naïve animals 

(n = 3 per sex and timepoint). A time × sex × region interaction was observed for the percentage 

area of PV (p = 0.003), driven by changes in the dentate gyrus (DG), where males demonstrated 

significantly more PV at days 1 and 3 post-injury. Significant time × sex, and time × region 

interactions were observed in PNN coverage, indicating that PV expression and the PNN are 

altered in the days following TBI, particularly in DG and CA1, but typically return to naïve 

levels by 7-days post-injury. Together, these results demonstrate a range of responses of PV-INs 

and PNNs in the context of physical perturbations of the cortex and hippocampus, which would 

be expected to have functional consequences for inhibition and plasticity. In the future, these 

techniques will be applied in a model of functional perturbation, exploring the effects of altered 

sleep and plasticity in APP/PS1 mice to examine how these structures might change when faced 

with both physiological and physical perturbations. 
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Abstract: There are numerous hallmarks of aging in mammals, but no unifying cause has been 

identified. In budding yeast, aging is associated with a loss of epigenetic information that occurs 

in response to genome instability, particularly DNA double-strand breaks (DSBs). Mammals also 

undergo predictable epigenetic changes with age, including alterations to DNA methylation 

patterns that serve as epigenetic "age" clocks, but what drives these changes is unknown. Using a 

transgenic mouse system called "ICE" (for inducible changes to the epigenome), we show that a 

tissue's response to non-mutagenic DSBs reorganizes the epigenome and accelerates molecular, 

physiological, and cognitive changes normally seen in older mice, including the advancement of 

the epigenetic clock. These findings implicate DSB-induced epigenetic drift as a conserved cause 

of aging from yeast to mammals. 
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Abstract: Adult hippocampal neurogenesis (AHN) is associated with aspects of learning, 

memory and cognition and its dysfunction is linked to ageing and neurodegenerative disease. 

Long-lived quiescent neural stem cells (qNSCs) are susceptible to the accumulation of damage, 

leading to stem cell dysfunction and declines in neurogenesis. Intrinsic hallmarks of ageing 

found in old qNSCs are partially responsible for this decreased capacity to activate. Progerin, a 

mutant variant of lamin A responsible for Hutchinson-Gilford Progeria Syndrome, can 

recapitulate some key features of ageing in neurons and NSC. Although small molecules have 

been demonstrated to boost neurogenesis and cognition in model organisms, it is still unclear 

whether these findings apply to humans. Therefore, we established a human hippocampal 

progenitor cell line (HPC0A07/03C) that conditionally expresses mature progerin cDNA to be 

utilised as an AHN-relevant drug screening platform. We show that progerin-expressing cells 

have a decreased rate of proliferation and lower percentage of ki67 expression as compared to 

non-expressing cells (ki67+prog+ 50.3% 5.83, ki67+prog- 60.8% 6.47, paired T-test, P < 1 x 10-4). 

Additionally, we analysed in vivo and in vitro transcriptomic data measured in young (<40 

years) and old (>60 years) human hippocampal tissue, controlling for sex, post-mortem interval 

and batch effects in statistical analyses, as well as a dataset of progerin-induced aged human 

neurons. Using connectivity mapping (CMap) to measure the degree of matching/anti-matching 

of gene pairs between gene signatures, we scored each dataset against a library of drug-induced 

gene signatures and cross-referenced the results. We uncovered 1,271 shared drug hits, which 

showed enrichment for lifespan-extending compounds reported in the longevity compound 

database, DrugAge (52/1,271, Fisher’s exact test, P < 1.2 x 10-7). There were 7 consistently high-

scoring compounds (T > 90) across the ageing datasets, of which two - AS-601245 and 

albendazole - had previously been demonstrated to be neuroprotective in rodents, validating the 

approach. Future work will seek to understand the mechanisms of deficient proliferation in 

progerin-NSCs, assessing hallmarks of ageing related to proteostasis, senescence, mitochondrial 

function and epigenetic regulation. Drugs identified from CMap will be tested for their ability to 

rescue growth impairments in progerin-NSCs and improve underlying cellular features of NSC 

ageing. Promising drugs discovered through this work will be worthy of study in more complex 

in vitro and in vivo ageing models. 
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Abstract: The discordance between cellular and chronologic aging is useful for understanding 

diseases in the brain and biology at large. One established method for analyzing the factors that 

contribute to brain aging is to train machine learning models that predict an individual’s age 

based on an MRI image of their brain. While this approach has yielded important insights, it is 

inherently constrained by the information provided by an MRI. However, age-dependent 

pathologic change has the potential to be assessed at greater detail histologically. 

Histopathological whole slide images provide more granular information regarding cellular 

structure, injury, dysfunction, and morphology. Recent technological advances in whole slide 

image digitization has paved the way for large scale analysis of histologic data via artificially 

intelligent based computer vision techniques. Here, we leveraged a large novel collection of 

uniformly processed digitized human post-mortem brain tissue sections to create a histological 

brain age estimation model. We further investigated the effect of cognitive impairment and 

exogenous stress on the model. This was accomplished by developing a context-aware attention-

based deep multiple instance learning model on 702 human brain tissues sections (age range 50-

110 yr) from the hippocampus stained with Luxol Fast Blue counterstained with hematoxylin 

and eosin (LH&E) on a brain age estimation task. This model estimated brain age within a mean 

absolute error of 5.2 years. Learned attention weights corresponded to neuroanatomical regions 

known to be vulnerable to age-related change. We found that histopathologic brain age 

acceleration had significant associations with cognitive impairment, MMSE, p-tau burden, and 

cerebrovascular disease. These associations were not found when using epigenetic-based 

measures of age acceleration. These data indicate that estimated histopathologic brain age can be 

used as a reliable pathologic correlate to identify factors that contribute to accelerated or 

decelerated brain aging. 
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Abstract: Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease. AD is 

often characterized by progressive and irreversible impairment of cognitive functions such as 

learning, memory, reasoning and perception and by the eventual loss of language and motor 

skills with gross atrophy of the brain. However, its etiology still remains poorly understood, and 

thus therapeutic interventions are limited. Our previous study revealed that wasp venom (WV, 

obtained from Vespa velutina) exerted anti-neuroinflammatory and neuroprotective effects in 

lipopolysaccharide-treated mice. Herein, we examined whether WV administration may 

ameliorate the major hallmarks of AD pathology which manifest in 5xFAD transgenic mice. The 

mice at 6 months of age were intraperitoneally treated with WV at a dose of either 250 or 400 

μg/kg BW once a week for a total of 14 weeks. We found that WV administration (i) improved 

behavioral deficits as assessed by passive avoidance, Morris water maze, and Y-maze tasks, (ii) 

decreased the inflammation-associated protein levels in the cerebral cortex, (iii) decreased the 

levels of oxidative stress markers (8-hydroxy-2'-deoxyguanosine in the serum and 

malondialdehyde in the liver and brain), and (iv) lowered the level of C-terminal fragment of Aβ 

precursor protein (an enzymatic product of β-secretase) in the hippocampal tissue. Moreover, 

histological abnormalities and Aβ plaques observed in the hippocampal area of 5xFAD mouse 

brain were considerably reduced with WV administration. Interestingly, our preliminary data 

demonstrated that the effectiveness was attributed to a tryptophan derivative, serotonin, which 

was found to be a component of the WV. Overall, these findings suggest that a long-term 

administration of WV may possibly alleviate AD symptoms and delay its progression. 
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Abstract: Objective: We quantified Doublecortin (DCX)+ neurons in the subventricular zone 

(SVZ), corpus callosum (CC), and cortex in hiT mice, a model of sporadic Alzheimer’s disease 

(AD) induced by i.v. injection of wild-type or functionally deficient CD8 T cells into nude 

(B6.Foxn1) hosts. Rationale: hiT mice develop all major hallmarks of AD with aging, including 

amyloid plaques, neurofibrillary tangles, robust neurodegeneration and cognitive decline, when 

induced by WT-CD8 T cell injection. When induced by injection of CD8 T cells deficient in 

interferon-gamma (IfnγKO-CD8), hiT mice develop more limited plaque and tangle pathology 

with aging, without neurodegeneration or cognitive decline, resembling early-stage AD. To 

examine a potential early mechanism in their neuropathology, we examined CD8 T cells and 

DCX+ neurons in C57BL/6 mouse brain, as well as in brains of aged (15 mos) hiT mice induced 

with WT-CD8 or IfnγKO-CD8 T cells. Method: Mouse brains were stained with anti-CD8 (clone 

53-6.72; 1:100) and anti-DCX antibodies (polyclonal sc-8066; 1:2000) for C57BL/6, and with 

anti-DCX in hiT mice and nude controls (PBS-injected), followed by anti-rat and/or anti-goat 

secondary and DAPI staining (Alexa Flour-488, -647; 1:200). Nude brain staining was blinded 

with respect to experimental groups. Coronal half-brain sections including left ventricles were 

imaged at 10x objective magnification (n > 8 biological replicates), and CC imaged at 5x (n > 2 

biological replicates). DCX signals were quantified by induction group after unblinding. Result: 

CD8 T cells were observed in close proximity to DCX+ neurons in the SVZ rostral migratory 

stream of C57BL/6 mice, but were dramatically decreased in SVZ and throughout coronal brain 

sections in hiT mice induced with WT-CD8 and IfnγKO-CD8 T cells (Avg+SEM: 1.15+0.16, 

0.44+0.02, and 0.37+0.10 in PBS, IfnγKO-CD8, and WT-CD8 injected groups, respectively; P < 

0.005 for T cell vs. PBS group by 2-tailed T-test). DCX signals in corpus callosum generally 

reflected these values (Avg+SEM: 0.63+0.20, 0.43+0.14, and 0.25+0.17 in PBS, IfnγKO-CD8, 

and WT-CD8 groups, respectively), but were not significant (P > 0. 05 by 2-tailed T-test). 

Conclusion: Our findings suggest that age-related CD8 T cells modulate AD-like features in the 
hiT mouse model by Ifnγ-mediated acceleration of neuropathology, as well as Ifnγ-independent 

elimination of DCX+ neurons, the latter of which may occur prior to widespread 

neurodegeneration and cognitive decline. As such, they point to inhibition of age-related T cell 

activity, as well as enhancement of neurogenesis, as potential targets for intervention in AD-like 

neurodegeneration. 
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Abstract: Alzheimer’s disease (AD) is a neurodegenerative disorder that causes cognitive 

decline and memory loss. The etiology underlying AD is complex and multi-factorial, including 

inflammation and complement activation as essential contributors. Local activation of the 

complement system by fAβ can generate C5a, that binds to its receptor C5aR1 on microglial 

cells and contributes to neuroinflammation. Previous results from our lab have shown a 

beneficial effect using either genetic ablation (C5aR1KO) or pharmacological inhibition of 

C5aR1 in AD mouse models. To further examine the effect of PMX205 (a C5aR1 antagonist) on 

microglial gene expression and gliosis in a mouse model of AD, Tg2576 mice (and WT 

littermates) were treated with PMX205 in the drinking water for 12 weeks (12-15 mo of age). 

Mice were perfused, and brains were harvested and further processed for scRNA-seq and IHC 

analysis. Confocal images as well as super-resolution images were further analyzed by Imaris, 

where 3D reconstruction analysis and quantifications were carried out to test differences in 

microglial phagocytosis and synaptic density. By using single cell RNAseq, we recovered 10 

different populations of microglial cells. Our results revealed significant changes in the 

proportions of microglial clusters when AD animals were treated with PMX205. Clusters 13 and 

16 are mainly present in the AD mice, when compared to WT littermates, and they both express 

a relevant DAM signature. Interestingly, we also identify a subpopulation of microglial cells, 

cluster 8, that is associated with synaptic pruning. Furthermore, cluster 8 is reduced in the 

hippocampus of Tg2576 mice treated with PMX205, suggesting a beneficial role of C5aR1 

antagonism. Additionally, using super-resolution microscopy we observed a significant loss of 

VGlut1 puncta in the CA3 hippocampal region in the Tg2576 mice when compared to WT 

littermates, that was rescued when PMX205 was administer to the mice. Moreover, 3D analysis 

of microglial cell synaptic engulfment showed a significant reduction of synaptic pruning when 

comparing Tg2576-PMX205 with Tg2576-vehicle, which correlates with the rescue in VGlut1 

puncta observed by super-resolution. Overall, our results demonstrate a neuroprotective and 

beneficial effect of blocking C5a-C5aR1 signaling in the Tg2576 mouse model of Alzheimer’s 



disease. Thus, modulation of C5a-C5aR1 could be a valuable therapeutic strategy for 

Alzheimer’s disease patients. 
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Abstract: Chronic alcohol intake is considered a modifiable risk factor for Alzheimer’s disease 

(AD). However, studies show that low to moderate alcohol consumption may protect against 

while high alcohol consumption may potentiate AD pathology. Herein, we studied the effects of 

mild but chronic alcohol dosing on AD pathology markers using the Tg2576 AD mice subjected 

to the National Institute on Alcohol Abuse and Alcoholism (NIAAA) alcohol feeding regimen. 

Approximately 13-month-old male and female Tg2576 (AD), or wild-type mice were fed with 

Liber-De Carli (LDC) diet with 5% ethanol or control diet for six weeks (n=11-13/group). 

Exploration (open-field test) and spatial reference memory (Y-maze test) were assessed 6-weeks 

after treatment. Terminal blood was collected to measure alcohol levels and markers of liver 

injury. Brains were harvested for β-amyloid, neuroinflammation (microglia and TNF-α), β-

amyloid synthesis and transport proteins (APP and LRP1), and neuronal health (PSD95) using 

immunoassays. Chronic alcohol feeding significantly increased (p<0.05) the mortality in the 

alcohol-fed AD mice. Blood alcohol levels were ~10-12mg/dL (0.01%) ~5h after alcohol 

feeding, which is equivalent to mild effects of alcohol observed in humans. Liver injury markers 

largely remained unaltered, indicating an absence of liver injury. Alcohol feeding increased the 

latency to the novel arm (p<0.05) and a reduced selection of the novel arm as the first arm choice 

(p<0.001) in AD mice. Alcohol feeding did not change brain human β-amyloid levels, however, 

it increased (p<0.01) endogenous mouse β-amyloid (1-42) in AD mice. Microglia-positive area 

and number were significantly reduced (p<0.05) in alcohol-fed AD male mice, suggestive of 



microglial dystrophy. No change in brain levels of APP, LRP1, TNF-α, and PSD95 was 

observed. Overall, the LDC diet with 5% ethanol reduced spatial reference memory, increased 

endogenous β-amyloid (1-42), and reduced microglia-positive area, suggesting that chronic mild 

alcohol intake results in modest but significant effects in the Tg2576 mice. 
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Abstract: The amyloid cascade hypothesis of Alzheimer’s disease (AD) posits that extracellular 

amyloid-beta (Aβ) plaques are the trigger for downstream, detrimental events, including 

intracellular tau tangles, extensive neuroinflammation, and cognitive decline. However, 

increasing evidence suggests that neuroinflammatory and synaptic alterations are events that 

precede even plaque formation. Furthermore, accumulation of Aβ intraneuronally (iAβ), 

particularly in synapses, has been observed in the brains of patients with early AD pathogenesis, 

suggesting that this aberrant accumulation may form part of the groundwork for later, more well-

known pathological events, such as plaque formation. Based on these findings, we hypothesize 

that there is an interplay between neuron- and microglia-related alterations that can be linked to 

the appearance of aggregated iAβ and contribute to pathogenesis. To study early neuron-

microglia alterations related to iAβ, we first assessed a model using the well-separated 

anatomical connection between the subiculum (SUB) and mammillary bodies (MB) in young, 

pre-plaque 5xFAD AD-model mice. Using immunohistochemistry, we observed punctate and 

wispy plaque-like aggregated iAβ in SUB and MB, respectively. Despite the presence of 

aggregated Aβ, no gross microglial morphological alterations, such as those associated with 

reactive microglia around plaques, were observed. By injecting a viral vector in SUB, we were 

able to induce GFP expression in neurons and confirm that the neurons with somatodendritic, 

punctate iAβ in SUB were related to the wispy plaque-like Aβ in MB via their axon terminals. 

Therefore, with this model, we will be able to consider differential effects of somatodendritic 



versus axonal iAβ on neuron-microglia interactions. Further work, including spatial proteomics, 

will be done to analyze markers that are associated with neuronal and microglial health and 

function. Overall, our aim is to better understand these iAβ-vulnerable environments and the role 

of neuron-microglia interactions within to shed light on AD pathogenesis. Ultimately, 

understanding the early events in AD may be key for the success of future disease-modifying 

therapeutics, which are sorely needed. 

Disclosures:  M.G. Garcia: None. T.T. Roos: None. S. Bachiller: None. G.K. Gouras: 

None. T. Deierborg: None. 

Poster 

529. Neuroinflammation: Alzheimer's and Amyloid: In Vivo Models 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 529.06 

Topic: C.02. Alzheimer’s Disease and Other Dementias 

Support: NIH Grant R01AA027097 

NIH Grant R56AG058849 

Title: Neuroinflammation alters oxygen pressure and blood flow in a mouse model of 

Alzheimer’s disease 

Authors: *C. LIU1, M. ALFADHEL1,2, A. CÁRDENAS-RIVERA1, M. A. YASEEN1;  
1Bioengineering, Northeastern Univ., Boston, MA; 2Athinoula A Martinos center for Biomed. 

Imaging, Massachusetts Gen. Hospital/Harvard Med. Sch., Boston, MA 

Abstract: Neuroinflammation alters oxygen pressure and blood flow in a mouse modelof 
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Chronic inflammation is one of the most distinctive characteristics of Alzheimer's disease (AD). 

The effect of chronic inflammation on AD brain function are debatable as different studies show 

conflicting results. Little is known about how brain hemodynamics and oxygenation are affected 

by AD inflammation. Here, we use two-photon phosphorescence lifetime imaging with an 

oxygen-sensitive dye “Oxyphor 2P” to measure the changes of brain intravascular oxygen 

pressure (pO2) before and after endotoxin-induced neuroinflammation in an awake mouse model 

of AD. Capillary red blood cell flux(RBC flux) was measured through two-photon 

phosphorescence intensity microscopy. 2-photon microscopy enables us to investigate the 

influence of AD inflammation in cerebral blood flow and oxygenation with microscale-level 

spatial resolution and provides more insight into understanding inflammation’s contribution to 

the preclinical stages of AD progression. To induce chronic inflammation, we inject 

lipopolysaccharide (LPS) intraperitoneally, daily for two weeks, in female APPswe:PS1dE9mice 

and age-matched wild-type (WT) controls (n=10 each). Intravascular pO2 and RBC flux were 



measured in the somatosensory cortex up to 500 μm depth on Day 0, 8 and 15 during LPS 

injection. Our results show significant decreases of capillary pO2 in cortical layer I to V after 1 

week of LPS injection in both cohorts. pO2 changes in AD mice are more pronounced than the 

changes in WT controls, which suggest AD mice brains are more vulnerable to chronic 

inflammation due to the presence of AD-related pathology. Two-weeks of LPS injection, 

capillary pO2s in both AD and WT mice recovered slightly, although still less than the baseline-

level, indicating that both types of mice can adapt their brain oxygen supply to persistent 

inflammation. We also found notable inflammation-induced changes of RBC flux along cortical 

layers in AD mice. Our findings suggest that inflammation further aggravates AD-related 

dysregulation of cerebral blood flow and oxygenation. 
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Abstract: Transplantation of wild-type hematopoietic stem and progenitor cells rescue 

Alzheimer disease in a mouse model and highlights the central role of microglia in disease 

pathogenesis 

Priyanka Mishra1, Alexander Silva1, Jay Sharma1, Jacqueline Nguyen1, Donald P Pizzo2, 

Debashis Sahoo1,3,4 and Stephanie Cherqui1* 
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Abstract: 

Alzheimer’s disease (AD) is the most prevalent cause of dementia but still no effective treatment 

exists. Microglia have been implicated in AD, but their role is still matter of debate. Our study 

represents direct evidence that microglia play a key role in disease progression, and that 



replacing diseased APP/PS1 microglia via single wild-type (WT) hematopoietic stem and 

progenitor cell (HSPC) transplantation rescue AD in the 5xFAD mice. Cell therapy led to 

complete rescue of the neurocognitive impairment, and significant decrease of Aβ plaque burden 

in the hippocampus and cortex of the 5xFAD mice. Proliferation and activation of microglia 

were apparent in the 5xFAD mice untreated or transplanted with APP/PS1 HSPCs, whereas 

distinct reduction in number and activation of microglia was observed in WT HSPC-transplanted 

mice. Further, transcriptomic analysis revealed significant decrease of “disease-associated 

microglia” in the cortex and “neurodegeneration associated endothelial cells” in the 

hippocampus, and T cell associated genes in both hippocampus and cortex of the WT HSPC-

transplanted 5xFAD mice compared to diseased controls. Therefore, this work strongly 

highlights the important role of immune cells in the pathogenesis of AD, and suggest that HSPC 

gene therapy to correct known familial mutations in AD could be a promising therapeutic 

approach for treating AD. 
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Abstract: Background: Depression often occurs prior to Alzheimer’s disease (AD), and 

depression and AD have been linked to immune mechanisms. A recent study identified a 

pathological role for pro-inflammatory B cells in AD, with B cell depletion reducing Aβ plaque 

accumulation, neuroinflammation, and behavioral deficits in three transgenic AD models. 

Altered B cell subsets in the periphery were identified in individuals with depression and a 

specific role for B cells in depression-associated behavior in mice was reported. We’ve identified 

a pathogenic role for CLIP+ B cells. CLIP, Major Histocompatibility Complex class II (MHCII) 

invariant peptide, is key for the transition from an innate to an adaptive immune response. Using 



a Competitive Antagonist Peptide (CAP) against CLIP, we have shown that CLIP+ B cell 

depletion has functional and neuropathological benefits. We hypothesized that depression-

associated behavior changes would precede cognitive impairment in the 5xFAD model of AD 

and these impairments will be improved by CAP. Methods: 11-week-old WT and 5xFAD mice 

underwent baseline depression testing, including social interaction and burrowing test. 3-month-

old mice were treated once with either CAP or vehicle followed by monthly depression testing 

for 5 months. At 6 months post-treatment, hippocampus-associated cognitive performance was 

assessed with pattern separation test (PST) and y-maze, followed by meningeal isolation and 

flow cytometric analysis. Results: Depression-associated changes were observed in 5xFAD mice 

as early as 11-weeks-old, persisting up to 8 months of age. CAP treatment in 5xFAD mice 

protected against age-associated decline in social interaction and PST impairments, but it did not 

rescue Y-maze ability. Meninges from 9-month 5xFAD mice had significantly more B and 

CLIP+ B cells compared to WT, and CLIP+ B cells were significantly reduced by CAP injection 

at 3 months of age. Conclusion: This study builds upon previous studies demonstrating a 

pathological role for B cells in depression and AD. We demonstrate depression-associated 

behavior changes in 5xFAD mice by 11 weeks of age that persist until at least 8 months of age. 

These changes are prior to the previously reported onset of cognitive impairment, suggesting that 

depression-associated behavior precedes cognitive impairment in this AD model. Considering 

the persistent depression, this novel phenotype in 5xFAD mice facilitates longitudinal 

assessment of mechanistic targets. The results also suggest that CLIP+ B cells increase their 

trafficking to the meninges in 5xFAD mice and reducing this B cell subset is associated with 

improved social interaction and PST performance. 
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Abstract: The overarching goals of the Target Enablement to Accelerate Therapy Development 

for Alzheimer’s disease (TREAT-AD) program is to improve, diversify and reinvigorate the AD 

drug development pipeline by accelerating the characterization and experimental validation of 

next generation therapeutic targets. To this end, a major goal in support of the Emory-Sage-

Structural Genomics Consortium (SGC) TREAT-AD Center is to develop and identify high-

quality tools to test target or mechanistic hypotheses. As commercial research antibodies become 

available and validated in commercially available knock-out cell lines, it is essential to extend 

the characterization of these antibodies in animal models. This allows not only for confirmation 

of the presence and/or changes in the protein level of target proteins but will also potentially 

serve as a reagent for future in vivo target engagement studies. Here we have used the 5xFAD 

mouse to characterize target proteins. While the 5xFAD is a well-characterized and highly 

published transgenic model that manifests Aβ plaque deposition as early as 4-6 months of age, 

we have not previously characterized the expression of new target proteins being pursued by the 

TREAT-AD center. Here we have characterized the expression of Moesin, CD44, Midkine and 

SFRP1 in the 5xFAD mouse model. YCharOS (https://ycharos.com/) is an open-science 

organization which has industrialized an antibody characterization platform formalized at the 

Montreal Neurological Institute. Together with YCharOS, we have characterized commercial 

antibodies against Moesin, CD44, Midkine and SFRP1 using corresponding human knockout 

cell lines. Here, we have used the best performing antibodies on protein extracts from cortex of 9 

month aged 5xFAD mouse brain homogenates and compared to age-matched C57BL/6J controls. 

Anti-Moesin ab52490 reacted in mouse brain homogenate with a predicted molecular weight of 

68 kD. Moesin protein expression was 1.96 times higher in 5xFAD compared to WT. Anti-CD44 

ab189524 reacted with a band at the predicted size of 82 kD. CD44 protein expression was 2.89 

times higher in 5xFAD compared to WT. Anti-Midkine AF7769 reacted with a band ~16 kD and 

a 24.7 times greater expression in 5xFAD compared to WT. Anti-SFRP1 ab267466 reacted with 

a band at 35 kD as predicted. SFRP1 protein expression was 5.96 times greater in 5xFAD 

compared to WT. Our data suggest these proteins are involved in AD-associated pathology and 

are a potential source of promising therapeutic targets and biomarkers for AD that can be directly 

interrogated for translational in vivo target engagement studies with potential novel therapeutics 

in the 5XFAD mouse model. 
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Abstract: Alzheimer’s Disease (AD) is a neurodegenerative disease that characterized by 

aberrant processing of amyloid precursor protein (APP) to form neuroinflammatory Aβ plaques 

and progressive cognitive failure. G9a (EHMT2), a histone/lysine methyltransferase, has recently 

been implicated in AD. Recent work showed that short-term enzymatic inhibition of G9a for 3 

days rescued synaptic and some cognitive functions in AD mice without an effect on Aβ plaques. 

Despite the established role of G9a in acute treatment of AD, the long-term effects of G9a 

inhibition remain unknown. Recent data from our lab implicated increased activity of G9a in 

chronically inflamed microglia during AD. We hypothesized long-term inhibition of G9a would 

significantly ameliorate microglial activation in AD and thus modulate plaque deposition and 

further improve behavior. To test this hypothesis, we utilized 5xFAD mice, an Aβ AD mouse 

model, and treated these mice with a novel brain penetrant G9a inhibitor or vehicle control for 6 

weeks. After inhibitor treatment, mice underwent behavioral testing and tissue was collected for 

both immunofluorescence and proteomic analysis. Inhibitor-treated mice displayed significantly 

altered synaptic markers, neuroinflammatory markers, plaque deposition, and behavioral 

changes. These results implicate a prominent role for G9a and its downstream effectors for 

multiple facets of AD pathogenesis. Overall, our data suggest that targeting G9a to treat AD has 

putative therapeutic value. 
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Abstract: Perineuronal nets (PNNs), an extracellular matrix structure, primarily surround 

parvalbumin (PV) inhibitory neurons. Together, PVs and PNNs are critical for proper long-term 

memory. Loss of PNNs and PV neurons has been demonstrated in both patient’s and animal 

models of Alzheimer’s Disease (AD). Furthermore, this decrease has been revealed to be 

microglial dependent in mice. The complement system, a critical component of the innate 

immune system, is activated in the context of AD pathology, and genetic ablation or 

pharmacologic inhibition of the complement receptor, C5aR1, has been shown to provide 

protection from gliosis in animal models. The objective of this study was to determine if PV 

interneurons and PV neurons surrounded by perineuronal nets (PV+ PNNs) are reduced in the 

Arctic (Arc) and Tg2576 mouse models of AD and if these reductions are rescued by inhibition 

of C5a-C5aR1 signaling. Brain sections from 10-month Arc and Arc C5aR1 knockout mice and 

15-month Tg2576 mice treated with the C5aR1 inhibitor PMX205 for 12-weeks were stained for 

PV and PNNs, imaged at 10X and quantified using IMARIS. While no change in the number of 

PV neurons was observed, Arc mice showed a significant reduction in the percentage of PNN+ 

PV neurons compared to WT mice in both the hippocampus (62.5%) and cortex (33%). Arc 

C5aR1KO animals also demonstrated a significant reduction in percentage of PNN+ PV neurons 

in both regions (70%, 35%, respectively) when compared to WT C5aR1KO. No difference was 

observed between Arc and Arc C5aR1KO mice. No significant loss of PV neurons nor the 

percentage of PNN+ PV neurons were observed in Tg2576 mice relative to WT regardless of 

PMX205 treatment. These results indicate that C5a-C5aR1 signaling does not contribute to PNN 

loss in the Arc mice model. Our results also indicate there are differences among the mouse 

models in damage to PNNs, providing opportunities to dissect pathways that lead to PNN loss. 
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Abstract: Neuroinflammation is a key target for drug development in Alzheimer’s disease (AD). 

BT-11 [methanone,1,1'-(1,4-piperazinediyl)bis(1-(6-(1H-benzimidazol-2-yl)-2-pyridinyl)-] is an 

orally active lanthionine synthetase C-like 2 (LANCL2) binding compound that has potential to 

treat AD. Clinical trials in Irritable Bowel Disease (IBD) demonstrated immunomodulatory 

properties of BT-11, including an increase in T regulatory cells in the gut. This effect is relevant 

to AD, as this disease is characterized by an imbalance in pro-inflammatory and anti-

inflammatory signaling, allowing inflammation to go unchecked. BT-11 is a drug that could be 

repurposed to treat AD based on its ability to modulate inflammation through its target 

LANCL2, as well as in silico results. Our studies utilized a unique transgenic rat model 

(TgF344-AD, Tg-AD) that exhibits progressive age- and hippocampal-dependent spatial learning 

and memory deficits, as well as AD pathology that mimics that exhibited by AD patients. BT-11 

was administered orally (8.5 mg/kg) to a cohort of WT and Tg-AD rats for 6 months, beginning 

at 5 months of age (pre-pathology) to 11 months of age (full AD-pathology). Age-matched, non-

treated WT and Tg-AD rats were included as controls. At 11 months of age, spatial learning and 

memory were evaluated with an active place avoidance task that is hippocampal-dependent. We 

did not detect any changes in the BT-11 treated and untreated WT rats. Untreated male Tg-AD 

rats showed significant spatial learning and memory deficits as well as AD pathology compared 

to male WT rats. Notably, BT-11 treatment mitigated these deficits and improved learning in Tg-

AD rats as compared to untreated Tg-AD rats. Immunohistochemical analyses showed a trend 

towards a reduction of Aβ plaques in the hippocampus of treated Tg-AD male rats compared to 

non-treated Tg-AD male controls. Our results support the notion that BT-11 is a potential drug 

candidate for AD treatment. Our goal is to define the mechanism whereby BT-11 improves 

cognition and AD pathology, whether by direct effect in the CNS or a potential peripheral effect 

on immune cells in the gut. 
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model of Alzheimer's disease 
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Abstract: Alzheimer's disease (AD) is an age-related neurodegenerative disorder affecting 

around 35 million individuals worldwide. Besides aging, various comorbidities increase the risk 

of AD, including air pollution and asthma. Epidemiological studies have reported a 2.17-fold 

higher risk of dementia in asthmatic patients. However, the molecular mechanism(s) underlying 

this asthma-associated AD exacerbation is unknown. This study was designed to explore house 

dustmite-induced asthma effects on AD-related brain changes using the AppNL-G-F transgenic 

mouse model. Male and female C57BL/6 wild type and AppNL-G-F mice (8-9 months old) were 

exposed to either saline or house dust mite (dose: 833μg/kg in saline) every alternate day for 16 

weeks. Mice were sacrificed at the end of the experiment, and bronchoalveolar lavage fluid 

(BALF), blood, and brains were collected. BALF was analyzed for immune cell markers, 

inflammatory mediators, total protein content, and LDH activity. Serum was analyzed for 

cytokine and soluble Aβ1-40/42 levels. In addition, brain sections were immunostained for Aβ, 

GFAP, CD68, and collagen 4. Finally, frozen hippocampi and cortices were used to perform Aβ 

ELISAs and cytokine arrays, respectively. As expected, dustmite exposure increased 

inflammatory cells, cytokine levels, total protein content, and LDH activity in the BALF from 

both sexes and genotypes, suggesting induction of a severe asthma-like condition. This 

correlated with increased levels of serum cytokines in all dustmite exposed groups. Serum from 

the AppNL-G-F dustmite-induced asthma group also had significantly increased soluble Aβ1-42 

levels in both sexes. In agreement with this peripheral change, hippocampi from asthma-induced 

male and female AppNL-G-F mice demonstrated elevated Aβ plaque load and increased soluble 

Aβ1-40/42 and insoluble Aβ1-40 levels. Dustmite exposure also increased astrogliosis and 

microgliosis in both sexes of AppNL-G-F mice, as indicated by GFAP and CD68 immunoreactivity. 

Additionally, dust mite exposure-induced asthma elevated cortical levels of several cytokines in 

both sexes and genotypes. Finally, dustmite exposed groups also showed a disturbed BBB 

integrity in the hippocampus of AppNL-G-F mice as indicated by the decreased collagen 4 

immunoreactivity. Dust mite exposure was responsible for a severe asthma-like condition in the 

lungs that exacerbated Aβ pathology, astrogliosis, microgliosis, and cytokine changes in the 

brains of AppNL-G-F mice. Also, dust mite exposure potentially disrupts the BBB integrity in the 

brain. Defining mechanisms of asthma effects on the brain may identify novel therapeutic targets 

for both asthma and AD. 

Disclosures:  B. Sahu: None. S. Nookala: None. A.M. Floden: None. C.K. Combs: None. 

Poster 

529. Neuroinflammation: Alzheimer's and Amyloid: In Vivo Models 

Location: SDCC Halls B-H 



Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 529.14 

Topic: C.02. Alzheimer’s Disease and Other Dementias 

Support: NIA R01AG057555 

Title: Atractylenolide III mitigates cognitive decline, inflammation, and amyloid plaque 

development in Alzheimer’s Disease 

Authors: *A. STEELE1,4, L. XIE2, M. E. FIGUEIREDO-PEREIRA3, P. ROCKWELL3, P. 

SERRANO1;  
1Dept. of Psychology, 2Dept. of Computer Sci., 3Biol. Sci., Hunter Col., New York, NY; 4CUNY 

Neurosci. Collaborative, Dept. of Biol., CUNY Grad. Ctr., New York, NY 

Abstract: Alzheimer's Disease (AD) is a debilitating neurodegenerative disease characterized by 

extracellular amyloid beta (Aβ) accumulation, hyperphosphorylated tau tangles, and 

neuroinflammation, which ultimately results in cognitive decline. AD’s prognosis is projected to 

triple to 14 million people by 2060.  Despite the prevalence of the disease, no effective 

treatments have been produced due to many treatments opting for a one-drug-one-target 

approach.  In scilico analysis of known drugs suggested atractylenolide III (ATC III) as a 

therapeutic treatment. ATC III is a compound demonstrated to reduce Aβ accumulation and 

inflammation, and improve cognition across neurodegenerative and neuroinflammatory models. 

However, the role of ATC III treatment on learning and molecular pathology in AD remains 

unknown. We hypothesize that ATC III modulates molecular pathways and the innate immune 

system to reduce Aβ plaque burden, which in turn results in improved learning. We utilized the 

TgF344 transgenic rat model of AD to investigate the effects of ATC III on cognition and 

molecular pathology. Our findings indicate that ATC III treatment improves learning in an active 

place avoidance task in 11-month transgenic male rats by significantly decreasing the percent of 

time spent in the shock zone (p<0.005). Furthermore, preliminary immunohistochemical 

analyses suggest that Aβ plaque and microglia counts decrease with ATC III treatment. Our 

results support our hypothesis that ATC III modulates immune responses to Aβ plaque pathology 

and improves learning in an AD rat model, further elucidating the molecular pathways that 

regulate neuroinflammation in AD.  
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Abstract: As the main innate immune cell in central nervous system (CNS), microglia plays an 

indispensable roles in neuroinflammation and neurodegenerative diseases, such as Alzheimer’s 

Disease (AD). Large scale population studies have identified an AD-associated rare coding 

variant in the Phospholipase C Gamma 2 (PLCG2) locus (rs72824905, P522R, P=5.38x10-10, 

odds ratio = 0.68), which potentially offers protection against AD. This variant is associated with 

lower Aβ1-42 and pTau181 levels in patients, as well as delays cognitive decline in mild cognitive 

impairment (MCI) progression. It has been reported that PLCG2 highly expresses in microglia in 

CNS and mainly involved in immune response, therefore, PLCG2 P522R variant may be a 

central player in the microglial-mediated immune pathways during AD pathogenesis. In order to 

explore the nature of PLCG2 P522R variant, we generated a PLCG2522R/R knock-in mouse model 

carrying this human variant with CRISPR-mediated gene editing, as well as PLCG2522R/R; 

5XFAD mouse model by crossing PLCG2522R/R knock-in model with the 5XFAD mice. Our data 

showed that PLCG2522R/R;5XFAD mice exhibited attenuated AD pathologies compared with 

PLCG2522P/P;5XFAD mice at 6 month age, including less burden of Aβ in cortical and 

hippocampal regions, and more Aβ-associated microglia clustering around Aβ plaques, which 

may likely link to PLCG2 P522R variant’s hypermorphic effect in immune pathways and its 

contribution to neuroinflammation in AD. The better understanding of PLCG2 P522R variant in 

neuroinflammation and AD pathogenesis can help us provide new strategies to developing 

clinical therapy in the future. 
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Abstract: Background: Ubiquitin carboxyterminal hydrolase L1 (UCHL1) is an abundantly 

expressed deubiquitinating enzyme in the brain, and a crucial component of the ubiquitin-

proteasome system (UPS) with a wide range of alternative functions, importantly required for 

normal synaptic function. We previously found that immunomodulation with glatiramer acetate 

(GA) amplified expression of osteopontin (SPP1) in macrophages infiltrating the brains of the 

APPSWE/PS1ΔE9 double-transgenic mouse models of Alzheimer’s Disease (ADtg). Surprisingly, 

we observed that UCHL1 expression was modulated by SPP1 in vitro. The effects of GA on 

cerebral UCHL1 levels in vivo in ADtg mice are unknown. Methods: The expression of UCHL1 

and synaptic density in the brains of GA-immunized ADtg mice were evaluated by 

immunohistochemistry, ELISA and proteomics analyses. Results: Proteomic analysis revealed 

that UCHL1 was the most upregulated protein by GA activation and most downregulated protein 

in SPP1-deficient macrophages. We observed that macrophages indeed express UCHL1 and its 

expression was dependent on SPP1 expression in vitro. Further, we confirmed in vivo that 

UCHL1 colocalizes within SPP1-expressing Iba1+CD45high infiltrating monocytes surrounding 

Aβ plaques in cortices of ADtg mice. Quantification of UCHL1 revealed a 30% loss of UCHL1 

expression in pyramidal neurons in the hippocampi and cortices of ADtg mice relative to WT 

mice. Outstandingly, we found that GA immunomodulation restored UCHL1 neuronal 

expression and axonal length along with reduced Aβ pathology and gliosis in ADtg mice. More 

importantly, increased UCHL1 expression levels concomitantly rescued amyloid beta-induced 

decrease in synaptic density. Conclusions: UCHL1 is expressed by macrophages in vitro as well 

as in vivo in infiltrating myelomonocytes and modulated by SPP1 regulation. Furthermore, 

immunomodulation with GA treatment restored UCHL1 expression in the hippocampus and 

cingulate cortex of ADtg mice and was associated with axonal and synaptic preservation. 
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Abstract: Many of the genes that confer altered risk for Alzheimer’s disease (AD) are 

predominantly expressed in microglia and effect innate immune responses and phagocytosis. 

Among these genes is phospholipase C gamma 2 (PLCG2). The hyperfunctional P522R variant 

of PLCG2 has been recently associated with reduced risk of AD. PLCG2 is a critical mediator of 

transmembrane signaling that acts downstream of many immune receptors on microglia. Yet, the 

contribution of PLCG2 to AD pathology remains unknown. We analyzed the transcriptional 

changes of mice with Plcg2 haploinsufficiency compared to wildtype mice. Analogous to AD 

hippocampus, the transcriptional profiles perturbed by reduced Plcg2 expression were associated 

with learning, metabolism, and synaptic functions. Reduced Plcg2 expression reduced the ability 

to induce long-term potentiation similar to the amyloidogenic 5xFAD murine model. In AD 

brains, gene expression analysis of bulk RNA-Seq data revealed several biological processes 

altered by low PLCG2 expression, including pathways associated with the inflammatory 

response, microglial activation, and phagocytosis. Therefore, we systematically investigated the 

impact of reduced Plcg2 expression on microglial response and amyloid pathology in 5xFAD 

mice. Differential pathway analysis highlights altered inflammation-related pathways in both 

humans and mice with AD. Reduction in Plcg2 expression altered the phenotype and response of 

plaque-associated microglia including suppression of cytokine concentrations. Disease 

progression was exacerbated with increased compact X34-positive plaque deposition. Our study 

highlights a role for PLCG2 in eliciting microglial responses to amyloid pathology, with reduced 

PLCG2 expression associated with exacerbation of AD pathology. 
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Abstract: The Ms4as have been identified in GWAS as conferring substantial Late onset of 

Alzheimer’s Disease (LOAD) risk, but their ability to influence AD has not yet been assessed. 

Ms4a6 genes in particular are implicated among those Ms4a genes known to be expressed in the 

immune system, but very little is known about their involvement in the immune cell regulation 

and response. In this study, we investigate the microglia and other immune cell function by 

taking advantage of Ms4a6d knock-out models crossed with subset of AD mouse model for Tau 

pathology. Our preliminary data suggested that loss of Ms4a6s have initiate cumulative changes 

in 3 different immune cells: microglia, NK cells and T cells. Moreover, tauopathy-induced 

synapse loss and cognitive impairment were rescued in Ms4a6d knock-out mice. Together, these 

results suggest a novel immune regulatory role for Ms4a6 genes, and indicate that manipulation 

of this gene family in different immune cells may help building novel complementary 

therapeutic strategies for Alzheimer’s disease. 
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Abstract: Alzheimer’s disease (AD) is a multifactorial disease for which therapeutic efficacy 

should benefit from a multi-target approach. Thus, we utilized a combination drug treatment of 

diazoxide (DZ) and dibenzoylmethane (DIB). DZ is a potassium channel activator. DIB restores 

eIF2B activity, thus reversing stress-induced translational depression. Previous studies examined 

each drug’s individual therapeutic benefits on attenuating neurodegeneration and apoptosis in 

other animal model systems. However, their combined treatment potential was not addressed. To 

test the efficacy of this combined treatment we used the Fisher transgenic 344-AD rat model of 



AD, which expresses human mutant “Swedish” amyloid-precursor protein (APPsw) and ∆ exon 

9 presenilin 1 (PS1 ∆E9). TgF-344AD (Tg) rats exhibit age-dependent progressive AD 

pathology that resembles human AD pathology more closely than other model systems. We 

assessed the cognitive performance and AD pathology in 11-month old DZ/DIB treated (for 

nine-months) transgenic (Tg) and wildtype (WT) rats compared to untreated age-matched 

littermates. We tested spatial-working memory performances using the radial 8-arm arm maze 

task (RAM). We also investigated by immunohistochemistry, the effect of the double drug 

treatment on AD pathology. Untreated Tg rats exhibit significant working memory deficits and 

AD pathology compared to untreated WT rats. We did not detect any changes in the DZ/DIB 

treated and untreated WT rats. Notably, the DZ/DIB treatment mitigated the working memory 

deficits as well as the buildup of hippocampal Aβ plaques and neurofibrillary tau tangles in Tg-

treated rats compared to untreated Tg rats. Our results strongly support that the combination 

DZ/DIB treatment is an effective strategy to mitigate AD pathology due to its multi-target 

approach that affects multiple signaling pathways. 
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Abstract: Sleep loss is known to impair neural plasticity and immune function. Immune 

impairment increases susceptibility to and reduces clearance of pathogens, and may lead to long-

term inflammation. This chronic inflammation can produce adverse effects on cognition and 

longevity. Indeed, chronic sleep loss likely plays a role in the development of chronic 

inflammatory diseases, such as Alzheimer’s disease (AD). Our laboratory has previously 

demonstrated that chronic sleep restriction (CSR) induces cognitive deficits in a hippocampus-

dependent learning task. The current study explored the effects of CSR on inflammation and 

brain-derived neurotrophic factor (BDNF) following an immune insult. Male and female mice 

were subjected to six weeks of CSR or a home cage control (HCC) condition for 10 hours every 

day. Following the last day of CSR, all mice received one intraperitoneal injection of either LPS 



or saline. Four hours post-injection, serum and hippocampal tissue were collected for BDNF and 

cytokine analysis. Results differed between male and female mice. Males that underwent CSR 

and received an LPS injection had increased levels of peripheral pro- and anti-inflammatory 

mediators, whereas central levels of these mediators were decreased compared to HCC mice that 

received LPS. Conversely, CSR female mice that received LPS had moderately lower levels of 

both peripheral and central pro- and anti-inflammatory mediators compared to HCC females. 

Further, CSR males exhibited lower levels of BDNF in the hippocampus compared to HCC 

males, whereas this difference was not observed in females. Thus, these findings suggest a 

complicated interaction between chronic sleep loss, immune function, and sex in AD 

pathogenesis. 
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Abstract: Recent genetic studies on late-onset Alzheimer’s disease (AD) have identified more 

than a dozen genetic risk variants that are involved in innate immune responses, highlighting the 

importance of immune cells in the pathogenesis of late-onset AD. Indeed, activated microglia 

play pivotal and dual roles in AD progression: either clearing Aβ deposits by phagocytosis and 

promoting neuron survival and plasticity or releasing cytotoxic chemicals, inflammatory 

cytokines, exacerbating Aβ load and neurodegeneration. Toll-like receptor 4 (TLR4) has been 

shown to be an essential component of the receptor complexes for Aβ/LPS-induced microglial 

activation, which can be modified by β-glucan-dectin-1 signaling. We found that β-1, 3-glucan 

from Euglena gracilis can reverse LPS tolerance in BV2 cells (murine microglial cell line). In 

this study, 12-month-old clec7a/dectin-1 KO TgAPP mice were used to study the role of dectin-1 

signaling in the pathogenesis of AD. In the open field, clec7a KO mice showed reduced distance 

travelled, reduced time spent moving fast and increased resting time, compared to clec7a wild-

type mice. In the elevated plus maze, clec7a KO mice had fewer enclosed arm entries than clec7a 



wild-type mice, suggesting less anxiety and safety awareness in clec7a KO mice. In the probe 

trial of the Morris water maze, clec7a KO mice spent less time in the target quadrant compare to 

clec7a wild-type mice, suggesting deficits in long-term memory. In line with the behavioral 

studies, the levels of brain Aβ load in clec7a KO mice were significantly higher than those in the 

control mice by immunohistochemistry and ELISA. In conclusion, dectin-1 signaling is involved 

in the AD progression by altering Aβ load and cognitive function. To investigate the underlying 

mechanism, we are currently performing bioinformatics based on hippocampal transcriptomic 

profiles. Funded in part by NIH AG062179, AG064811 and AG069447.Key words: Alzheimer’s 

disease, inflammation, macrophage, microglia, Dectin-1 
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Abstract: Among the three Fluoro-Jade dyes, Fluoro-Jade C (FJC) is the most sensitive 

fluorescent marker of neuronal degeneration, allowing for the localization of degenerating 

neurons, dendrites, axons, and axon-terminals. FJC also has a high binding affinity for the core 

of plaques observed in Alzheimer’s disease (AD), which mainly consists of the amyloid beta 

(Aβ) peptide. Never characterized before is FJC’s ability to bind dystrophic neurites (DNs; 

swollen neuritic processes). Here, we propose the presence of DNs may correlate with synaptic 

dysfunction in AD. Several studies have indicated the mechanism of Aβ deposition in AD; 

however, little attention has been paid to the location of DNs in AD brains. DNs in the AD brain 

are morphologically recognized by immunohistochemical staining with antibodies specific to 

amyloid precursor protein (APP) and reticulon 3 (RTN3). DNs also contain ubiquitin (UBI), β-

Site APP cleaving enzyme-1 (BACE1; enriched within a distinct subtype of DNs), 

endosome/lysosome marker lysosomal associated membrane protein 1 (LAMP-1), and/or CD68. 

In this study, we localized DNs using FJC in the APP/PS1 rat model of AD. Colocalization 

immunolabeling on FJC-stained tissues with LAMP-1, CD-68, APP, BACE1, RTN3, and UBI 

were performed. To determine whether FJC binds to microglia, colocalization with light chain 

ferritin was used. Moreover, to discriminate what location in the plaques the oligomeric form of 

Aβ and FJC colocalization occurs as well as the location of axonal degeneration, NU-1 and 

myelin basic protein (MBP) staining were also performed. Data indicate 84% or more of FJC 



colocalization with all markers occurs in the diffuse periphery (DNs) of the Aβ plaques, with less 

colocalization in the plaque core (i.e.-intense central staining). Excluding MBP (only observed in 

the periphery), of the total area occupied by the plaque cores, the majority colocalized with 

markers of DNs, microglia, and the oligomeric form of Aβ. Disregarding the distinction between 

core and peripheral plaque morphology, the intensity and area of colocalization was highest in 

ferritin and NU-1, while being lowest in CD68. In conclusion, FJC could be used to detect DNs 

and axonal swelling in the APP/PS1 rat model of AD. 
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Abstract: Cholinergic degeneration and neuroimmune system activation are hallmark features of 

many disease states, including alcohol use disorder (AUD) and Alzheimer’s disease (AD). Heavy 

alcohol use is an etiological factor associated with AD, but little is known about the interaction 

between adolescent binge alcohol exposure and AD pathology. Preclinical studies using the 

adolescent intermittent ethanol (AIE) model, which mimics weekend binge drinking behavior, 

find basal forebrain cholinergic neuron degeneration and increased neuroimmune activation in 

brain, similar to observed pathology in AD. Using the 5x Familial Alzheimer’s disease (5xFAD) 

mouse model of AD, we tested the hypothesis that AIE treatment would accelerate onset of AD-

associated pathology. We report AIE accelerated the loss of basal forebrain cholinergic neurons 

and hnRNP expression relative to age-matched 5xFAD CONs in female, but not male subjects. 

This was accompanied by accelerated accumulation of amyloid beta as well as upregulation of 

AD-related genes. In addition, AIE upregulated glial genes (e.g., Gfap and Iba1), increased 

microglial Iba-1+IR, and induced proinflammatory neuroimmune signaling genes in the basal 

forebrain, relative to 5xFAD CONs. In post-mortem human basal forebrain samples of 

individuals with AUD and an adolescent age of drinking onset, we found AUD increased 



amyloid beta expression in the basal forebrain and in ChAT+ neurons of AUD individuals, and 

decreased hnRNP expression that was negatively correlated with loss of cholinergic cell markers. 

These data reveal that adolescent binge ethanol exposure accelerates AD-associated 

neuropathology in the female adult basal forebrain and suggests that adolescent binge drinking 

may be an etiological factor contributing to AD neuropathology. 
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Abstract: Microglia are brain-resident myeloid cells and make up 8-13% of the total cell 

population in the CNS. Microglia have many different functions, both in normal brain 

development and under pathological conditions. Besides their phagocytic function, the cells are 

known to secrete cytokines, e.g. CC-chemokine ligand 2 in inflammation (CCL2, MCP-1) and 

they receive input from neuronal cells via the CX3CL1-CX3CR1 axis with an impact on 

microglial activation. Interestingly, CCL2 receptor CCR2 is not expressed in CNS and could 

contribute to the migration of peripheral immune cells, which would act supplementary to 

microglial phagocytosis. Furthermore, disturbed communication between neuronal cells and 

microglia via the CX3CL1-CX3CR1 axis dysregulates microglial responses and contributes to 

neuronal loss. The aim of our study was to analyze the influence of CX3CR1 and CCR2 

knockout, respectively, under progressing cerebral amyloidosis in the 5xFAD mouse model of 

Alzheimer’s-like pathology. We were interested in AD-like pathology and presence of peripheral 

immune cells. We compared immunohistochemically stained brain slices of male and female 

mice at the ages of six and twelve months and quantified the influence of the knock-outs on 

Abeta deposits and present immune cells with special emphasis on MHCII-positive cells in 

cortex and hippocampus. Plaque deposits decreased in cortex of 6- and in hippocampus of 12-

months-old 5xFAD x CCR2-deficient males compared to 5xFAD and in cortex of 12-month-old 

5xFAD x CX3CR1-deficient females. Furthermore, 5xFAD x CCR2-deficient mice showed 

MHCII-positive cells suggesting that these cells are either recruited from periphery by a different 

chemokine axis than CCL2-CCR2 or they comprise a subset of resident microglia cell as recently 

suggested. In summary, CCR2- and CX3CR1-knock-outs lead to aggravated AD-like pathology 

in older 5xFAD mice and to more immune cells in the brain. The presence of immune cells in the 



brain was obviously not triggered by the CCL2-CCR2 axis. Furthermore, we could show, that 

the presence of MHCII-positive myeloid cells was associated with plaque pathology. 
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Abstract: Alzheimer’s disease is characterized by neuroinflammation including activation of 

microglia, the inflammasome, the complement system and cytokine profiles. Whereas the cause 

of Alzheimer’s disease remains unclear, several risk factors have been identified including 

metabolic diseases, head trauma and genetic variations. A new hypothesis considers the 

involvement of infectious agents as risk factors leading to Alzheimer's disease. Chronic 

periodontitis became evident to be a potential contributing factor for disease development. 

Porphyromonas gingivalis (P.g.) is described as the keystone pathogen of chronic periodontitis. 

In order to study the impact of this risk factor on development of Alzheimer’s disease, we 

infected the 5xFAD mouse model of AD-like cerebral amyloidosis with P.g., which is a widely 

used transgenic mouse model for studying Alzheimer’s disease. These mice are double 

transgenic and express human amyloid precursor protein (APP) and presenilin 1 (PS1) with five 

mutations. High APP expression leads to increased formation of Aβ peptide, resulting in the 

deposition of large amounts of extracellular plaques. For establishing periodontitis in mice, in a 

first study we infected six-month-old female C57BL/6J mice orally with 10^9 CFU of P.g. 

(ATCC 33277) three times a week for 8 to 22 weeks in order to determine the best time interval 

for application of the bacteria. Chronic periodontitis was assessed by alveolar bone loss between 

the first and second molar of the mandibula using µCT. Afterwards, female 5xFAD mice were 

infected with P.g. in order to assess the impact of periodontitis on Alzheimer’s pathology Aβ 

plaque load and activation of microglia serve as read out parameters for neuropathological 

manifestation of Alzheimer’s disease. In ongoing studies, the impact of infection with P.g. on 

behavior (anxiety and cognitive behavior) of 5xFAD will be observed. Therefore, investigations 

in the elevated-plus maze and the Morris-water maze will be performed. This animal model 



could serve as a model for screening of new pharmacological therapies targeting infectious 

agents in order to modulate Alzheimer’s disease onset and progression. 
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Abstract: Neuroinflammatory response and activated microglia play an important role in the 

development of Alzheimer’s disease (AD). We recently reported that the secreted apoA-I 

binding protein (AIBP, encoded by the APOA1BP gene) is a key regulator of cellular cholesterol 

metabolism in microglia, which can inhibit neuroinflammation in a mouse model of neuropathic 

pain. The mechanism includes selective depletion of cholesterol from inflammatory but not 

homeostatic microglia via binding to TLR4 and targeting cholesterol-rich lipid rafts. In addition 

to the anti-inflammatory effects of secreted AIBP, intracellular AIBP regulates mitophagy and 

ROS generation in macrophages. We obtained Apoa1bp-/- APP/PS1 mice by crossing Apoa1bp-/- 

and the transgenic APP/PS1 mice to investigate the role AIBP plays in AD pathophysiology. 

Amyloid beta (Aβ) deposits were significantly increased in female Apoa1bp-/- APP/PS1 mice 

compared to APP/PS1. Moreover, the AIBP deficiency resulted in an exacerbated dysfunctional 

microglia phenotype, increased microgliosis and neuronal death, and the increased mortality of 

APP/PS1 mice. The AAV-mediated overexpression of a secreted form of AIBP in the brain of 

APP/PS1 mice restored the microglial homeostatic phenotype reduced Aβ deposits and increased 

the animal survival rate. Furthermore, pretreatment with recombinant AIBP protein in 

organotypic hippocampal slice culture, an ex vivo system, showed a protective effect against 

dendritic spine loss caused by Aβ overproduction. Taken together, this study is the first report of 

a protective AIBP function in a mouse model of AD, highlighting its role in controlling Aβ 

deposition, Aβ-induced microglial activation, and neuronal cell death. 
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Abstract: Title: Iron suppresses NMES1 in cultured murine microglia leading to hyperactivation 

in response to amyloid-beta stimulation 

Authors: Bre Bishop; Savannah Ewing; Elizabeth Morgan; Mariel Vargas; David Donley 

Affiliation: Department of Biology, Harding University 

Abstract: Microglial cells are brain-resident immune cells that mediate inflammation during 

injury and disease. Microglia activate in response to damage or foreign matter. During diseases 

such as Alzheimer’s disease, deposition of amyloid-beta-42 (Aβ42) causes chronic microglial 

activation. Iron accumulation is coincident with Aβ42 toxicity in microglia, however 

mechanisms that mediate a potential interaction are not well understood. We identified the 

Normal Mucosa of Esophagus-Specific Gene 1 (NMES1) as a putative intersection point of iron 

and Aβ42 using proteomic analysis of mouse immortalized microglial (IMG) cells. We found 

Aβ42 increases NMES1 expression whereas iron decreases it. Inflammatory activation is driven, 

in part, by a metabolic shift in microglia. Under conditions of inflammation NMES1 helps 

regulate metabolic activity by replacing the NDUFA4 subunit of cytochrome c oxidase. This 

mechanism is associated with decreased oxidative stress. The goal of our current study was to 

elucidate the role of NMES1 in microglial responses to disease-associated stimuli, including 

Aβ42. Using flow cytometry, we found that NMES1 and NDUFA4 expression was increased in 

response to Aβ42 stimulation but cells that were also cultured in elevated iron had decreased 

NMES1 associated with elevated reactive oxygen species. To address the role of NMES1, we 

stimulated cultured IMG cells with Aβ42 in the presence and absence of NMES1 silencing RNA. 

We found that silencing NMES1 increased CD68 expression, a marker of inflammatory 

activation, in cells stimulated with Aβ42. These results are consistent with NMES1 as an 

inflammatory braking mechanism. The NMES1 gene, C15orf48, also produces a microRNA, 



mir-147b, that is implicated in suppressing inflammation. Cells transfected with a mir-147b 

mimic demonstrate altered patterns of activation in response to Aβ42 suggesting that both mir-

147b and NMES1 contribute to the regulation of microglial-mediated inflammation. More work 

is needed to understand the complete role of mir-147b and NMES1 on Alzheimer’s-associated 

neuroinflammation. However, taken together our results suggest that elevated iron may promote 

microglial activation in response to disease-associated stimuli by suppressing regulators of 

inflammation, namely NMES1 and mir-147b. 
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Abstract: Rationale: Sex-dependent discrepancies in disease prevalence and serum 

autoantibody levels are observed in patients and animal models of Alzheimer’s disease (AD). 

Using the 3xTg-AD mouse model, we previously reported that adult males show early systemic 

autoimmunity along with lack of plaque/tangle pathology. Conversely, adult females display less 

severe autoimmunity and exhibit AD-like pathology. Objectives: The present study examines 

whether gonadal hormones play a role in sex differences in serum autoantibody levels in the 

3×Tg-AD mouse model of AD. Methods: 3×Tg-AD and wild-type (WT) mice were 

gonadectomised or sham-operated at 3 months of age. At 7 months of age, the animals were 

assessed for serum autoantibodies by indirect immunofluorescence for antinuclear antibodies 

(ANA) and by line-immunoblot assay for an additional 16 monospecific autoantibodies 

including anti-nucleosome antibodies. Results: There were significant differences between the 

genotypes in ANA levels, with the major target antigens confirmed as nucleosomes. The results 

of ANA and anti-nucleosome assays were combined for further analysis. Further analysis 

revealed: 1) the level of serum autoantibodies in male 3×Tg-AD mice was higher than in female 

3×Tg-AD animals, and this was not altered by orchiectomy; 2) 3×Tg-AD female mice displayed 

a significantly lower level of serum autoantibodies than WT females; 3) ovariectomy further 

reduced the level of serum autoantibodies in female 3×Tg-AD mice, whereas gonadectomy in 



males had no impact on serum autoantibodies. Conclusions: In 3xTg-AD mice, the major target 

of AD-associated serum autoantibodies is the nucleosome. Our results show that female gonadal 

hormones play a role in regulation of serum autoantibody levels. 
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Abstract: Alzheimer’s disease (AD) is the most common form of neurodegenerative dementia. 

While major histopathological hallmarks of AD are amyloid-β (Aβ) plaques and neurofibrillary 

tau tangles, soluble oligomeric forms of Aβ and tau (TauO) have been identified as the most 

neurotoxic species involved in synaptic degeneration. Previous studies associate alterations of 

the phosphatase calcineurin (CaN) to AβO-driven toxicity. We previously have shown that CaN 

mediates both the neurotoxic and cognitive effects of AβO and elevated CaN levels have been 

also shown in AD patients, suggesting a central role of CaN in AD onset and/or clinical 

progression. Our previous studies in mouse models demonstrated that an acute treatment with the 

CaN inhibitor FK506/Tacrolimus in Tg2576 acutely injected intracerebroventricularly with AβO 

restores memory function in these cognitively impaired animals. Moreover, we reported absence 

of AD in aging human chronically treated with KF506 following solid organ transplant. To 

deeper investigate the involvement of CaN in AD onset and progression, we used a 3xTg-AD 

mouse model presenting both Aβ and Tau aggregates. 7-month-old 3xTg-AD mice were 

chronically treated for two weeks with intraperitoneal administration of either FK506 (1mg/kg) 

or PBS. Using immunofluorescence and western blotting we analyzed the levels of CaN, total 

Tau, pTau and Aβ in hippocampal (dentate gyrus-DG, CA1 and CA3) and cortical areas (frontal 

and parietal-occipital cortex) in our experimental groups. We found significantly decreased 

levels of CaN in DG, CA1 and CA3 and cortical areas in FK506 treated 3xTg-AD mice as 

compared to 3xTg-AD mice injected with PBS. Furthermore, performing double staining for Aβ 

and total Tau, FK506 treated mice displayed significant lower levels of Aβ and Tau in all the 

considered areas as compared to PBS-treated 3xTg-AD mice. These data suggest that the 

treatment with FK506 might trigger some mechanisms involved in the elimination of Tau and 



Aβ, i.e. autophagy, as confirmed by the analyses of autophagic pathway (Beclin1, autophagy-

related proteins - ATGs, LC3, Lamp1). Our data confirm the role of CaN as a key player in AD. 

The reduced key AD pathology following CaN inhibition with FK506 suggests the use of an 

FDA approved drug as a potential treatment with rapid clinical translation to slow the 

progression of the disease. 
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Abstract: Alzheimer’s disease (AD) is a progressive neurodegenerative diseases which is the 

most common cause of dementia in the United States. Aged and gender are the major risk factors 

for AD. Women are more likely to develop a rapid progression of dementia than men with a 

greater risk of developing vascular dementia as compared to males. Cerebral blood flow 

derangements found in AD are thought to be the major cause of brain dysfunction and 

neurological deficits. AD-mediated hypoperfusion plays a vital role in vascular dementia-related 

neuroinflammation, mitochondrial dysfunction, neuronal cell death, and neurological deficits. 

Therefore, the major challenge is to alleviate the development and progression of vascular 

dementia. We previously discovered that expression of long-chain acyl-CoA synthetase 3 

(ACSL3) in brain regions were significantly decreased with the aged AD mice. Specific agonist 

of ACSL3 alleviated AD-mediated neuroinflammation and mitochondria dysfunction, with 

enhanced neuronal survival and improved functional learning/memory. Our preliminary data 

suggest that decreased ACSL3 is detrimental in an aged 3xTg-AD mouse model (enhanced β-

amyloid and tau aggregation and accumulation). Our central hypothesis is that ACSL3 is critical 

for age-related brain function to maintain the mitochondria function, prevent neuroinflammation, 

and learn/memory degradation. We propose to explore the pathophysiological role of ACSL3 in 

the aged brain. The present study can lead to novel therapies/targets against AD brain 

progression by investigating the pathophysiological role of ACSL3 in neuroprotection. 
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Abstract: Alzheimer’s disease (AD) is a progressive neurodegenerative disorder manifested by 

memory impairment and subsequent cognitive decline. Currently, there is no cure and the exact 

cellular mechanisms underlying the disease are not fully known. Aggregation of beta-amyloid 

(Aβ) peptide into insoluble Aβ-plaques is one of two prominent histopathological hallmarks of 

the disease. A series of Aβ peptides is produced through sequential enzymatic processing of the 

amyloid precursor protein (APP), with the most prominent, plaque-associated Aβ peptide being 

42 amino acids long (Aβ42). Accumulation of Aβ42 to pathological levels (μM) contributes to 

synaptic impairment and eventual synapse loss. However, at physiological concentrations (pM-

nM), we and others have shown that soluble Aβ acts as a neuromodulator enhancing synaptic 

plasticity, indicative of a hermetic action of this neuropeptide. 

We have previously reported that an endogenously cleaved N-terminal Aβ fragment (N-Aβ1-

15,16) and an essential core sequence, YEVHHQ (N-Aβ Core) within the fragment, are 

neuroprotective against Aβ42-induced oxidative stress, synaptic and behavioral impairment and 

apoptosis in in vitro and ex vivo studies. Notably, in the 5xFAD (familial AD) mouse model the 

N-Aβ Core injected bilaterally into the hippocampus reversed spatial memory deficits. We 

recently reported that the N-Aβ Core reversal of the impairment in synaptic plasticity in 

hippocampal slices in long-term potentiation (LTP) is PI3K/mTOR-dependent. However, the 

downstream molecular mechanisms for the N-Aβ Core at the synaptic level have yet to be 

uncovered, nor do we understand the relation of synaptic impairment to behavioral deficits.Here, 

we further investigated the downstream signaling engaged by the N-Aβ Core at the synapse 

within primary hippocampal cultures, organotypic slice cultures, and acute hippocampal slices. 

The sequential timing of specific signaling pathways engaged at the synapse by the N-Aβ Core 

without or with Aβ42 will be assessed before and after induction of LTP via electrical and 

chemical stimulation in acute slices as well as slice cultures and primary hippocampal neuronal 

cultures, respectively. Immunohisto/cytochemistry and immunoblots of protein lysates were 

assessed for differential expression in downstream synaptic translation proteins, focusing on 

regulators of synaptic protein translation. 

Elucidating the specific molecular mechanisms for reversal by the N-Aβ Core of synaptic 



impairment and loss may provide insights into Aβ-linked behavioral impairment, while revealing 

novel targets with therapeutic potential for AD. 
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Abstract: Capillaries represent 90% of the endothelium in human brain vasculature and are the 

major sites of the BBB, which is formed by a tightly sealed monolayer of brain microvascular 

endothelial cells (BMECs), endothelial tight junctions (TJs), and adherens junctions (AJs), 

working in concert with pericytes to maintain a homeostatic microenvironment for neuronal 

function. Breakdown of the BBB in Alzheimer’s disease (AD) has been documented by multiple 

independent postmortem human studies, revealing BMEC degeneration, TJ disruption, 

microhemorrhages, and hemosiderin deposits. Furthermore, in early-stage AD patients treated 

with amyloid-modifying therapies, amyloid related imaging abnormalities (ARIA)-vasogenic 

edema and ARIA-microhemorrhage have been identified and both are related to BBB 

dysfunction. BBB dysfunction was proposed as an early biomarker of human cognitive 

dysfunction independent of Tau- and β-amyloid. Aging is the key risk factor for AD, but the 

correlation between cellular senescence and BBB dysfunction in AD remain unclear. EVs 

transfer functional mediators to neighboring and distant recipient cells. There has been increased 

interest in studying the potential of exosomes (Exos) in AD, mainly focusing on their protein 

contents, i.e. Tau- and β-amyloid (Aβ)-containing Exos. We purified circulating Exos from 

severe AD patient (AD-Exos) and Ctl (Ctl-Exos) sera using size-exclusion chromatography 

(SEC), which avoids aggregation and decreased integrity of Exos, compared with 

ultracentrifugation. EV-specific assays validated Exo particle size (50-150 nm) and qualities, 

exclusively from synaptosome-sized particle (0.6 μm to 1.6 μm). Exo size and morphology were 

not significantly altered between groups. Exosomal particle counts were measured using our 



nanoparticle tracking analysis system, which showed that Exo counts are not statistically 

different between groups. Next, we treated human BMECs with AD-Exos vs. Ctl-Exos for 72 hrs 

prior to measuring the transendothelial electrical resistance, fluidic force microscopy-probed 

lateral binding force between living BMECs, and immunofluorescence staining of major TJ and 

AJ proteins. We found that AD-Exos induced loss of paracellular AJ VE-cad and attenuated the 

recipient BMECs barrier function. To identify the functional cargos in AD-Exos, we employed 

saponin-assisted active permeabilization to pretreat exosomal cargos with RNase. Such 

pretreatment mitigated the detrimental effects of AD-Exos on recipient BMECs barrier function. 

Conclusion: AD-Exos weaken the BBB in an exosomal RNA cargo-dependent manner. 
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Abstract: The earliest symptoms of Alzheimer’s Disease (AD) include deficits in episodic 

memory and spatial navigation, both linked to neurodegeneration in the temporal lobe that begins 

in layer II of the entorhinal cortex (EC). Toxic accumulation of soluble amyloid beta peptides 

(Aβ) is thought to contribute to the onset of neurodegeneration. In the hippocampus specifically, 

elevated Aβ can facilitate postsynaptic Ca2+ influx via NMDA glutamate receptors, and 

increased Ca2+ can lead to the phosphorylation of AMPA receptors that can promote synaptic 

excitability and contribute to excitotoxicity. Aβ-mediated excitotoxicity and the effects of Aβ on 

excitatory transmission have been studied extensively in the hippocampus, but less is known 

about the effects of Aβ on excitatory synaptic transmission in layer II of the EC. We studied the 

effects of incubating 400 μm horizontal slices of Long-Evans rat medial EC in 100 nM Aβ (1-42) 

(n=24) or a dimethyl sulfoxide control (n=25) for 45 minutes to 3 hours on excitatory synaptic 

transmission in layer II EC using field excitatory postsynaptic potentials (fEPSPs) in vitro. 

Further, we examined the effects of including the NMDA receptor blocker D-AP5 50 μM in the 

medium containing control slices (n-12) or slices exposed to Aβ (n=13). All experiments were 

blinded. The amplitude of fEPSPs increased in slices incubated in Aβ relative to control slices. 



The effect was blocked by constant bath application of D-AP5, showing the activation of NMDA 

receptors is needed for the facilitation of synaptic excitability. The facilitation of synaptic 

responses induced by Aβ likely results from activation of postsynaptic NMDA receptors that 

enhance Ca2+ influx. Increased Ca2+ within the neuron can promote the phosphorylation of 

AMPA receptors via activation of CaMKII. We therefore assessed tissue samples of the medial 

EC using Western blotting to measure the expression of CaMKII, AMPA receptors, and 

phosphorylated AMPA receptors following a one-hour incubation in either 100 nM Aβ (1-42) 

(n=6) or a dimethyl sulfoxide control (n=6). We then replicated these experiments with the 

inclusion of 50 μM of D-AP5 to both incubations (n=6 both groups respectively). Results of 

protein analysis were consistent with changes in AMPA receptors associated with exposure to 

Aβ. 
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Abstract: Background: Alzheimer’s disease (AD) is a major devastating neurological disorder. 

Lack of effective treatments for AD prompts a broad exploration of disease-related cellular 

biology and therapeutic targets. Neuronal endosome enlargement has been identified as an early 

cellular defect in AD, a significant pathology that can be regulated by oxygen & glucose along 

the endocytic pathway critically involved in brain Aβ clearance. Innovation: In our study, the 

primary innovation is the identification of a novel major regulator through decoding the 

fundamental pathways associated with oxygen & glucose and energy-demanding N-methyl-D-

aspartate receptors (NMDAR)-dependent cognition, which likely have pivotal roles in the early 

stages of AD pathogenesis. The newly discovered major regulator, NMDAR-, oxygen & 

glucose-associated regulator 1 (NOGAR1) may function as a regulatory nexus for crosstalk 

between early endosomes and fundamental pathways in familial and sporadic AD (fAD and 

sAD). Significance: Neurodegenerative processes in AD may be the consequences of NOGAR1-

regulated early endocytic stability or vulnerability to oxygen & glucose and NMDAR stress, 



either as contributory or collateral pathologies. Secondly, the human neuronal cell model we 

developed is a system that closely relates to the adult human cortex. Our hiPSC derived neural 

cells include physiological representation of functionally balanced excitatory & inhibitory 

cortical neurons and mature neuronal phenotypes, providing human neurons to study AD-related 

phenotypes using a genuine human model system. Aim: Our first aim was to examine the role of 

NOGAR1 on early endosomal phenotypes in APP and PSEN1 mutant human iPSC-neurons, and 

the second aim was to examine the impacts of NOGAR1 on the neuropathology of AD. Results: 

Our results show that NOGAR1 regulates synaptic plasticity and that Rab5 expression is 

dramatically increased in the NOGAR-KO group compared with its corresponding isogenic WT 

control. Additionally, NOGAR1 depletion leads to an increase in the soluble/insoluble ratios of 

Aβ, β-CTFs, and pTau-Thr217. Conclusion: In conclusion, NOGAR1 loss of function in APP 

and PSEN1 mutant human iPSC-neurons exaggerates their early endosome abnormalities. 

Simultaneously, NOGAR1 loss of function is linked to enhanced Aβ and pTau-induced 

pathology. Uncovering the role of OGD- and NMDAR- related common major regulator- 

NOGAR1, which regulates early endosomes, may lead to the identification of alternative 

therapeutic targets for early-stage AD. 
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Abstract: Alzheimer’s disease (AD) is associated with abnormal spine morphology and 

structural plasticity. The morphological aberrations of spines are associated with changes in the 

size and molecular composition of post-synaptic densities (PSDs). The discovery that synaptic 

nanomodules that scale in number with spine size and serve as the building blocks for pre- and 

post-synaptic macrostructures suggests the logic for the nano-organization of the synapse. Yet, it 

is unknown how synaptic nanoarchitecture is impacted before spines begin to disappear in AD. 

To determine that synaptic nanoarchitecture is altered in AD, we focused on the effects of A-beta 

oligomers on nano-organization of the major components of PSDs and active zones, PSD-95 and 

Bassoon, in dendritic spines after acute and chronic exposure to A-beta (1- 42) in vitro and in the 



familial mouse model (5xFAD). Our approach combines multi-color STimulated Emission 

Depletion (STED) nanoscopy of endogenous synaptic proteins with conventional confocal 

imaging of spine morphology, enabling correlation of spine size with changes in pre- and post-

synaptic nanoarchitecture. Acute A-beta treatment (24 and 48 hours) of DIV21 EGFP-transfected 

rat cortical neurons significantly increases the proportion of spines without PSD-95 

nanomodules, while reducing the number of spines with only one PSD-95 nanomodule. 

Remarkably, the proportion of spines with multiple PSD-95 nanomodules is not affected. 

Notably, the number of Bassoon nanomodules in small and large spines is not different between 

control and A-beta conditions. We have found similar effects on pre- and post-synaptic nano-

organization in six-month-old 5xFAD mice which exhibit high loads of A-beta. However, these 

features of spine nano-organization begin to be disrupted as early as two months of age even 

when A-beta loads are low, indicating the robust impact of A-beta toxicity on synaptic 

nanoarchitecture. Finally, we found that A-beta impacts the ability of synapses to alter their 

nano-organization in response to chronic changes in neuronal activity, suggesting these 

morphological aberrations have consequences for synaptic function. Overall, these data indicate 

that synapses in AD exhibit morphological and nanoscale abnormalities likely mediated by the 

distinct action of A-beta on small and large spines. 
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Abstract: Aim. Insulin is a metabolic hormone regulating peripheral glucose homeostasis and 

brain function. We examined in tg-APPSwe mice, an Alzheimer disease (AD) model, and their 

wild-type littermates, if basal, tonic γ-aminobutyric acid (GABA)-activated synaptic and 

extrasynaptic currents in hippocampal dentate gyrus (DG) granule cells differed and were 



modulated by insulin. Methods. GABA-activated currents were recorded in DG granule cells in 

dorsal hippocampal brain slices, from 5-6 or 10-12 (aged) months old wild-type and tg-APPSwe 

mice, in the absence or presence of insulin, by whole-cell patch-clamp electrophysiology. 

Results. Insulin receptor labelling was detected in the DG granule cell layer of the dorsal 

hippocampus. Fast and slow spontaneous inhibitory postsynaptic current (sIPSC) densities were 

similar in wild-type and tg-APPSwe mice at 5-6 months whereas the sIPSC densities were 

significantly decreased in the aged tg-APPSwe mice. Insulin (1 nM) did not modulate the sIPSCs 

density in wild-type mice but increased the fast sIPSC density in the aged tg-APPSwe mice. The 

extrasynaptic tonic current density was increased in the tg-APPSwe mice relative to the wild-

type littermates but, only in the aged tg-APPSwe mice did insulin decrease the extrasynaptic 

current density. Conclusion. In hippocampal dorsal DG granule cells of 5-12 months old wild-

type mice, the GABA signalling was stable and not altered by insulin. In contrast, in 5-12 

months tg-APPSwe mice, extrasynatic GABA signalling was increased. In the aged tg-APPSwe 

mice, the synaptic GABA signalling was, in addition, decreased. Importantly, insulin normalized 

the current densities to wild-type values in the aged tg-APPSwe mice. 
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Abstract: Introduction: Alzheimer’s disease is associated with increased accumulation of 

soluble amyloid-β oligomers (AβOs). AβOs are known to initiate toxic cascades that disrupt the 

function of glutamatergic synapses. In this regard, we now show that pannexin-1 (Panx1) 

channels, that are known to be activated downstream of NMDA receptors (NMDARs), are 



implicated in AβO-mediated toxicity. Further, we found that NMDAR-initiated Panx1 activation 

is regulated by physical interaction between Panx1 and endoplasmic reticulum resident stromal 

interacting molecules (STIMs). In AβO treated neurons, we show that disrupting Panx1-STIM 

interaction using an interfering peptide of our own design had a protective effect on synapse 

function. Methods: Electrophysiology experiments with minimum 3 independent experimental 

replicates were conducted to study Panx1 activity in hippocampal neurons cultured from 

wildtype (WT) or Panx1 knockout (KO) mice. HEK 293T cells were used to map the domain of 

Panx1-STIM interaction. Results: Panx1 current downstream of NMDAR stimulation was 

increased in neurons treated with AβOs. This was coupled with reduced frequency of excitatory 

synaptic events in WT neurons. Interestingly, Panx1 KO neurons were protected from the toxic 

effects of AβOs. Moreover, upon knockdown of STIMs, NMDAR-initiated Panx1 currents were 

abrogated. Thus, we reasoned that identifying the Panx1-STIM interaction interface can serve as 

a direction to develop novel therapeutics able to prevent the toxic effects of AβOs. Using a series 

of deletions within Panx1 N- or C-terminal domains, we identified that the Panx1-STIM 

interaction interface resided within the Panx1 N-term. Notably, our identified region regulates 

Panx1 activation downstream of NMDAR stimulation in neurons. Thus, we generated a cell 

permeable peptide that interferes with the Panx1-STIM interaction (Tat-Panx1). Confirming the 

importance of the Panx1 N-term in regulating NMDAR initiated STIM-dependent Panx1 

activation, neurons treated with Tat-Panx1 peptide but not with Tat alone (negative control 

peptide) showed inhibition of Panx1 currents. Importantly, neurons treated with Tat-Panx1 were 

protected from the toxic effects of AβOs. Thus, preventing Panx1 activation in AβO treated 

neurons is neuroprotective. Conclusion: We showed that inhibiting Panx1-STIM interaction is a 

candidate therapeutic strategy to prevent synaptotoxicity mediated by AβOs. Using Tat-Panx1 

peptide, we can uncover the physiological and pathological functions mediated by NMDAR-

STIM-Panx1 signaling. 
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Abstract: Accumulation of amyloid-beta (Aβ) and hyperphosphorylated tau are hallmarks of 

Alzheimer’s disease (AD). Recent studies show that Aβ promotes tau phosphorylation causing 

migration of tau from axons to dendritic spines and synapses, resulting in synaptic impairment. 

Disruption of leptin production and signalling has been observed in AD patients. Various studies 

have identified neuroprotective properties of leptin in models of Aβ-related toxicity. However, 

the effects of leptin on tau-related synaptic dysfunction are unclear. Here, we show that Aβ1-42 

treatment (1µM, 1hr) to primary hippocampal neurons causes a significant increase in dendritic 

p-tau compared to control (167 ± 9%, p<0.001, n=36 dendrites), and a significant increase in % 

colocalisation of p-tau and PSD-95 (synaptic marker) from 43 ± 1.4% to 57 ± 1.4% (p<0.001, 

n=36 dendrites). Leptin (10nM) prevents this aberrant targeting of p-tau to dendrites and 

synapses as dendritic p-tau levels and % colocalisation are not significantly different from 

control in leptin+Aβ1-42 treated neurons (p>0.05, n=36 dendrites). PI 3 kinase activation was 

identified as the likely signalling mechanism underlying the protective effects of leptin. 

Wortmannin treatment (PI3K inhibitor, 50nM, 1hr) ablated the protective effects of leptin, 

resulting in a significant increase in dendritic p-tau in wortmannin+Aβ1-42+leptin treated neurons 

(150 ± 6% of control, p<0.001, n=36). GluA1-containg AMPA receptors (AMPARs) are key 

receptors involved in synaptic transmission. Here, we show that Aβ1-42 treatment (1µM) induces 

internalisation of GluA1-containing AMPARs from synapses, as indicated by a significant 

decrease in % colocalisation of surface GluA1 and PSD-95 following 20 (control = 55 ± 0.9%, 

Aβ1-42 = 42 ± 1.4%, p<0.001, n=36;), and 60 minute incubation with Aβ1-42 (control = 53 ± 1.0%, 

Aβ1-42 = 46 ± 0.8%, p<0.001, n=60). Leptin prevents Aβ1-42-induced GluA1 internalisation at 

both timepoints as % colocalisation of surface GluA1 and PSD-95 are not significantly different 

from control in leptin+Aβ1-42-treated neurons (p>0.05). PI3K activation was again identified as 

the likely signalling mechanism underlying the protective effects of leptin. Wortmannin 

treatment (50nM) ablated the protective effects of leptin, resulting in a significant decrease in % 

colocalisation of surface GluA1 and PSD-95 in wortmannin+Aβ1-42+leptin treated neurons 

following 20 (control = 55 ± 0.9%, WM+A+L = 43 ± 1.2%, p<0.001, n=36) and 60 minute Aβ1-

42 treatment (control = 53 ± 1.0%, WM+A+L = 46 ± 1.0%, p<0.001, n=60). Together, these data 

further validate the leptin system as a therapeutic target in AD. 
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Abstract: Amyloid β oligomers (AβOs) are one of the primary pathogenic factors in 

Alzheimer’s Disease and have been shown to induce excitotoxicity in the hippocampus in both 

acute and chronic models. While many studies have elucidated AβOs’ pathological effects on 

glutamatergic signaling, limited studies focus on the impacts of AβOs on GABAergic inhibitory 

signaling and its possible role in pathogenesis. Our group and others have established G protein-

coupled inwardly-rectifying potassium (GIRK) channels as critical mediators of GABA(B) 

receptor-dependent signaling, impacting neuronal excitability, synaptic plasticity, and cognitive 

function. AβOs are shown to downregulate GIRK channel mRNA and protein expression in the 

rodent hippocampus, but no mechanistic studies have been done to verify the link between GIRK 

channel downregulation and AβO-induced synaptic and cognitive deficits. To study whether 

GIRK channels are one of AβOs’ early targets whose changes contribute to the downstream 

pathology, we investigate the effects of synthetic AβOs on cultured mouse hippocampal neurons. 

Data were analyzed using Welch’s t-test or one-way ANOVA with Tukey’s multiple 

comparisons test (n = 16-18), as appropriate. We found that both GABA(B)-evoked 

somatodendritic whole-cell currents (100 µM baclofen) and directly-activated GIRK channel-

mediated currents (10 µM ML297) were significantly suppressed following AβO incubation (0.5 

µM) in neurons (baclofen: p = 0.0391, ML297: p = 0.0412). The effect was seen after only 3 

hours of incubation. The suppression observed was successfully blocked by co-incubating with a 

metabotropic glutamate receptor 5 (mGlu5R) antagonist (10 µM MTEP, baclofen: p > 0.9999), 

suggesting that the suppression of GABA(B)R-GIRK currents is likely through AβO-induced 

mGlu5R activation. In addition, incorporating phosphatidylinositol 4,5-bisphosphate (PIP2) in 

the pipette solution rescued the current suppression evoked by AβOs (30 µM diC8PIP2, 

baclofen: p > 0.9999), indicating that a possible reduction in PIP2 (essential for GIRK activation) 

in the plasma membrane is involved in the early effects of AβOs on GIRK-dependent signaling, 

and is likely the consequence of mGlu5R activation. It is the first time that a possible mechanism 

(AβO-mGlu5R-PIP2) for the action of AβOs on GIRK-dependent signaling is investigated, 

ongoing behavioral tests are estimating the contribution of GIRK channel adaptation to the AβO-

induced cognitive deficits. 
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Title: Regulating sortilin proteolytic cleavage through a novel molecular switch with relevance 

to Alzheimer’s disease 

Authors: *M. OVERBY1, J. A. LORENTSEN2, N. A. BERGLUND2, B. SCHIØTT2, J. P. 

WEICK3, H. K. MÜLLER1;  
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Abstract: Deposits of extracellular amyloid plaques characterize Alzheimer’s disease. Recent 

studies have shown that these amyloid plaques contain C-terminal fragments of a sorting 

receptor protein known as sortilin. The levels of sortilin C-terminal fragments are dramatically 

elevated in cortical lysates from Alzheimer’s disease patients, indicating abnormal proteolytic 

cleavage of sortilin. Here we study how proteolytic cleavage of sortilin can be regulated through 

specific protein-protein interactions. Using yeast two-hybrid screening and complementary 

immunoprecipitation approaches, we identified two novel protein binding partners of sortilin, 

namely neuronal-specific gene 1 (NSG1) and neuronal-specific gene 2 (NSG2) A cell surface 

biotinylation assay on HEK-293-MSR cells transiently co-expressing sortilin and NSG1 or 

sortilin and NSG2 showed that NSG1 decreases cell surface expression to 55% (p<0.01), while 

NSG2 increases the cell surface expression up to 200% (p<0.0001). Co-immunoprecipitation 

studies on HEK-293-MSR lysate from the cell surface biotinylation assay showed that this was 

facilitated through an increase in the interaction between NSG1 (p<0.05) or NSG2 (p<0.01) to 

sortilin. Quantitative western blotting on lysate and media from cells co-expressing sortilin and 

NSG1 or sortilin and NSG2 showed that NSG1 increases sortilin proteolytic cleavage (p<000.1), 

while NSG2 decreases sortilin proteolytic cleavage (p<0.01). This was further investigated with 

an endocytosis-resistant sortilin mutant and a cleavage-resistant (the suspected cleavage area was 

deleted) sortilin mutant co-expressed with NSG1, which showed that proteolytic cleavage of 

sortilin was increased with the endocytosis-resistant mutant (p<0.05) while the cleavage-resistant 

sortilin mutant had no significant effect on the cleavage of sortilin. This proteolytic cleavage 

regulation by NSG1 and NSG2 was tested to see if it influenced neurotrophic signaling. HEK-

293-MSR cells transiently co-expressing sortilin and NSG1 or sortilin and NSG2 were added 

media that included progranulin to see how this affected progranulin uptake through sortilin. 

NSG1 decreased progranulin uptake by 50% (p<0.01), while NSG2 had no significant effect. 

These data show that NSG1 and NSG2 can act as molecular switches to regulate the proteolytic 

cleavage of sortilin. NSG1 renders sortilin more susceptible to proteolytic cleavage while NSG2 

protects sortilin from proteolytic cleavage. 
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Abstract: Trisomy 21 (T21) causes Down syndrome and an early-onset form of Alzheimer’s 

disease (EOAD). Other forms of EOAD are caused by dominantly inherited mutations in APP or 

PSEN1 or 2. However, the majority of Alzheimer’s disease (AD) is caused by sporadic forms of 

late-onset AD (LOAD) which are not associated with specific mutations. Here, we identify 

common pathways altered in familial Alzheimer’s disease (fAD), LOAD, and T21 neurons to 

investigate potential phenotypes related to convergent disease-relevant pathways. To this end, we 

performed proteomic profiling using TMT-MS (Tandem Mass Tag Mass Spectrometry) 

comparing: 1) T21 to T21-reverted iPSC-derived neurons (iNs), 2) fAD to fAD-corrected iNs, 

and 3) LOAD to not cognitively impaired (NCI) iNs. Proteomic profiles of LOAD iNs shared 

many protein-level changes with fAD and T21 iNs despite having diverse genetic causes driving 

dementia in the humans from which they were derived. Analyses of differentially expressed 

proteins in these models of AD revealed alterations in axonal transport and synaptic vesicle 

cycling. To investigate potential functional consequences related to these convergent pathways, 

we performed assays of axonal trafficking and synaptic vesicle release using our iN experimental 

system. Both fAD and T21 iNs showed defects in axonal trafficking. In contrast, T21 neurons 

displayed enhanced synaptic vesicle release while fAD did not. However, iNs derived from a 

subset of individuals with LOAD also displayed enhanced synaptic vesicle release compared to 

NCI individuals. Taken together, our findings provide insights into the initial molecular 

alterations within human neurons that ultimately lead to synaptic loss and axonal degeneration in 

Down syndrome and AD. 
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Abstract: Alzheimer’s Disease (AD) is a common, incurable neurodegenerative disease 

characterized by progressive memory deficits, behavioral aberrancies, and death. While its 

underlying mechanisms remain unclear, previous studies have highlighted roles for protein 

aggregation (ex. Amyloid beta, phospho-Tau) and synaptic dysfunction in AD pathophysiology. 

Further, a growing body of research shows viral contribution to disease progression, particularly 

among human herpesviruses (HHVs). Human Cytomegalovirus (HCMV, HHV5) has been 

shown to have associations with various AD phenotypes, including altered calcium signaling, 

increased amyloid beta (Aß) accumulation, and downregulation of synaptic proteins. Therefore, 

we hypothesized that HCMV infection potentiates AD-like phenotypes in neuronal populations. 

Here, we used iPSCs derived from healthy and AD-affected individuals to generate a forebrain-

specific 2D neuronal culture system and 3D cerebral organoids to directly assess any impacts of 

HCMV infection on AD pathology in human neurons. We first performed RNA sequencing on 

control and AD organoids with and without HCMV infection (HCMV clinical variant TB40/e-

eGFP) and found an HCMV-dependent reduction in synaptic transcripts (ex. NMDAR and 

SNARE subunits) in both control and AD organoids; synaptic loss is an early AD-associated 

phenotype. We then used the 2D culture system to assess HCMV’s effects on neuronal function 

and aberrant protein accumulation. To evaluate function, calcium imaging and multielectrode 

arrays (MEAs) were employed to observe changes to calcium signaling and neuronal spiking, 

respectively. After a minimum of 50 days of neuronal differentiation, cells were either infected 

with HCMV or mock-treated. Calcium imaging at 7 days post-infection (7DPI) revealed HCMV-

dependent reductions in both baseline calcium and potassium response in both control and AD 

lines. Complimenting this, MEA studies highlighted an HCMV-contingent reduction in evoked 

and spontaneous action potentials. Interestingly, these viral effects diverge from AD functional 

phenotypes, wherein both calcium influx and neuronal firing are typically increased. Finally, 

preliminary data from HCMV-infected control neurons exhibit a slight increase in both 

intracellular Aß1-42 and p-Tau, whereas ELISAs conducted on neuron-conditioned media 

revealed HCMV-dependent reductions in extracellular Aß42/40 ratios. Taken together, these 

results highlight a potentially complex relationship between HCMV infection and AD pathology 

such that HCMV infection may both induce and suppress AD-relevant phenotypes regardless of 

genetic background. 
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Abstract: Soluble oligomeric forms of amyloid beta peptide(s) [Aβ] suppress activation of 

several nicotinic acetylcholine receptors (nAChRs). This may contribute to Alzheimer’s Disease 

(AD) neuropathology. The alpha 7 (α7) nAChR plays an important role in learning and memory 

and is situated in neuronal circuits that regulate activity of the hippocampus and cortex. 

Inhibition of α7 nAChRs (α7 Rs) by high Aβ concentrations [nanomolar (nM) to micromolar 

(µM)] has been proposed to contribute to the synaptic dysfunction and calcium dyshomeostasis 

associated with synapse loss and neurodegeneration observed in later stages of AD. Thus, α7 Rs 

may be important targets for attenuating Aβ-induced cognitive declines associated with AD. In 

contrast to the neurotoxic effects of high Aβ concentration in AD brains, recent studies suggest 

that picomolar (pM) Aβ concentrations present in healthy non-AD brains are required for normal 

learning and memory. Moreover, this is dependent on expression of α7 Rs, suggesting that pM 

Aβ exerts its beneficial influence on cognition through α7 R, possibly as a direct agonist or 

positive allosteric modulator (PAM) at α7 Rs. The nature of this interaction, however, has not yet 

been carefully characterized. The present study demonstrated that low Aβ concentrations likely 

facilitate α7 Rs through interaction as a PAM rather than as a direct agonist. Specifically, we 

found that 100 pM Aβ produced a ~ 1.7- to 2.6-fold facilitation of ACh-elicited α7 currents but 

did not elicit α7 currents directly. Moreover, when applied alongside the type II PAM PNU 

120596, 100 pM Aβ occluded the facilitation of the peak current produced by PNU 120596, 

suggesting that Aβ and PNU 120596 facilitate α7 Rs through the same or overlapping allosteric 

site(s). This was further supported by analysis of a mutant α7 R construct containing a missense 

mutation in a critical amino acid for potentiation (M276L in TM 2) by PAMs. Peak current 

facilitation by 100 pM Aβ was completely abolished for the mutant α7 R construct. Surprisingly, 

this mutant also abolished the inhibitory effects of high (nM) Aβ concentrations. This suggests 

that inhibitory (nM to µM) and facilitatory (pM) Aβ concentrations exert their opposing effects 

on α7 R activity via the same or overlapping sites, rather than at distinct allosteric sites. 
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Abstract: The pancreatic protein Amylin has biophysical properties similar to amyloid-beta 

(Aβ), the main pathological hallmark of Alzheimer’s disease. Interestingly, while data support 

the potential pathogenic role of amylin in AD, others have shown that the administration of 

amylin or an amylin analog (pramlintide) improves function and pathology in murine models of 

AD. The amylin receptor is a widely expressed G-protein coupled receptor expressed in the 

cerebral vasculature, glia, and neurons, however, the study of amylin signaling is complicated by 

the fact that it signals through three different receptor subtypes which are also differentially 

expressed. Therefore, the goal of this work was to identify how these different receptor subtypes 

respond to both agonism and antagonism, as well as in the presence of binding at physiologically 

relevant levels (Aβ). Furthermore, given that amylin has been shown to reduce glucose uptake in 

muscle cells, we also sought to evaluate how these receptor subtypes regulated glucose uptake in 

normal and high glucose conditions (glucose resistance). We used SH-SY5Y cells as an in vitro 

model, with overexpression of AMY1 and AMY3, treated with 4 different concentrations of 

Amylin (PRAM between 10-5-10-11M), with AB (10-5-10-11M), and AC187 (10-5-10-7M). Cell 

viability was determined by LDH assay. By western blot, the differential activity of GSK3/AKT 

or PKA and ERK is detected. To observe a breakdown of the β-arrestin complex to the receptor, 

we performed co-immunoprecipitation with AKT. We also determined the level of glucose 

resistance by 2DG fluorescence in animals treated under the above conditions. Preliminary 

results support the differential effects of these receptor subtypes on the evaluated cascades. This 

will allow us to clarify amylin receptor signaling mechanisms as well as the current conflicting 

data on its involvement in AD pathogenesis or neuroprotection. 
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Abstract: Hypoxia is a life-threatening condition often associated with medical emergencies like 

stroke. Lack of oxygen and glucose during stroke leads to acute neuronal death and long-lasting 

damage to affected brain regions. Having a stroke will increase an individual’s chances of 

developing a neurodegenerative disorder such as Alzheimer’s Disease. When cells experience 

hypoxia, the actin cytoskeleton is impacted first, through aggregation of actin and cofilin, 

formation of actin stress fibers, and neurofilament destabilization. RNA-binding proteins (RBPs) 

then begin to accumulate in the cytoplasm, causing insoluble aggregates like those formed in 

neurodegenerative disorders. However, the molecular link between hypoxia-induced cellular 

changes and neurodegeneration is not well understood. Our previous research has established a 

link between actin homeostasis and the functional stability of the nuclear pore complex (NPC). 

Thus, we hypothesize that rearrangement of the actin cytoskeleton after hypoxia may have long-

term impacts on the NPC, leading to the mislocalization and aggregation of RBPs in the 

cytoplasm and neuronal degeneration. To test this hypothesis, we exposed cortical neurons 

derived from iPSCs to acute oxygen and glucose deprivation (OGD) followed by a recovery 

period under normoxic conditions. We then examined the structural changes to the NPC and 

actin cytoskeleton, as well as subsequent functional changes occurring after hypoxia that may 

lead to widespread cellular dysfunction. Our results show that OGD induced long-lasting 

changes in NPC stability and function, leading to protein mislocalization. Collectively, our 

research will give novel insight into the cellular and molecular mechanisms of degeneration 

following hypoxia, potentially contributing to our understanding of the impact of environmental 

stress on neuronal physiology and survival. 
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Abstract: Enormous resources have been spent on mass spectrometry (MS)-based studies 

utilizing postmortem human brain tissue samples to yield robust assessments of the aging and 

Alzheimer’s disease (AD) proteomes. Yet, rarely do these large ‘omics studies validate 

functional consequences of protein abundance changes. Here, we present a network that 

integrates dendritic spine density and morphology, phospho-tau measurements, and synaptosome 

proteomics from postmortem human entorhinal cortex samples. Module-trait correlations were 

used to guide selection of proteins for functional validation using CRISPR-dCas9 activation in 

experimental model systems. We show that TWF2, a module hub protein that correlates with thin 

dendritic spine length in humans, regulates thin spine length in rodent hippocampal neurons. Our 

network-validation framework also uncovers a putative role for PPP1R7 in the regulation of tau 

phosphorylation state at the synapse. Overall, we demonstrate that incorporating orthogonal 

cellular and molecular measurements into a proteomic network enables unbiased identification of 

proteins functionally involved in regulating those traits. Beyond elucidating synaptic processes in 

AD, this pipeline offers a blueprint to better contextualize omics-based targets with relevant 

biological mechanisms. 
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Abstract: Amyloid-β (Aβ) plaques and neurofibrillary tangles (NFTs) of the microtubule-

associated protein tau are the pathological hallmarks of Alzheimer’s disease (AD). In AD 

patients, the extent of NFT spread throughout the brain correlates with the severity of cognitive 

impairment. NFT burden is inversely correlated with dendritic spine loss, suggesting that tau 

contributes to synapse loss in AD. Additionally, transgenic mouse models of tauopathy 

demonstrate that tau is associated with dysfunctional neuronal activation. In this study, we 

investigated dendritic spine density and morphology as well as synaptic function in an in vitro 

model of tau accumulation. Human AD brain-derived tau paired helical filaments (AD-tau) were 

used to seed aggregation of endogenous rat tau in primary neuronal cultures. AD-tau was 

purified using differential centrifugation of sarkosyl-insoluble fractions. To begin understanding 

synaptic alterations, primary cortical rat neurons were seeded with AD-tau on multielectrode 

arrays (MEA) to measure local field potentials generated by spontaneous firing of neurons. MEA 

recordings were evaluated over a 23-day time course which assessed longitudinal changes in 

mean neuronal firing rate. To evaluate dendritic spine alterations, individual dendrites were 

imaged using wide-field microscopy. Neurolucida 360 was employed for three-dimensional 

dendritic reconstructions and spine morphometric analysis. Our findings provide evidence that 

AD-tau induces endogenous tau accumulation, causing robust synaptic dysfunction and 

alterations in spine density and morphology. 
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Abstract: The molecular pathways enabling certain individuals to remain cognitively normal 

despite high levels of Alzheimer’s disease (AD) pathology remain incompletely understood. To 

address these gaps, we implemented an integrative systems-level analysis of multi-region 



postmortem human brain proteomics derived from the Religious Order Study and Rush Memory 

and Aging Projects (ROSMAP; n=218 total samples) to identify proteins and pathways 

significantly altered in resilient cases. Multiplex tandem mass tag mass spectrometry (TMT-

MS)-based proteomic data (n=7,787 proteins) was implemented for a correlation network 

analysis and identified protein communities (modules) significantly correlated to AD 

neuropathology and cognitive capacity. Data from an independent brain proteome wide 

association study (PWAS; n=>8,000 proteins) of cognitive trajectory was then integrated with 

the brain network to robustly and unbiasedly nominate modules associated with cognitive 

resilience. This revealed proteins linked to synaptic biology and cellular energetics. Neuritin 

(NRN1), a neurotrophic factor previously characterized for roles in synaptic maturation and 

stability, was prioritized as a hub that co-expressed with a community of proteins highly 

correlated to cognitive stability in life. To further validate our systems-level analysis and 

characterize NRN1 neurobiological mechanisms, rat primary neurons were treated with 

recombinant NRN1 protein followed by TMT-MS (n=8,238 proteins). Differential expression of 

neurons treated with NRN1 demonstrated a strong bias in increased expression of proteins 

associated with broad synaptic functions (445 proteins p<0.05). In addition, pathways 

significantly decreased following NRN1 treatment were related to metabolism and cellular 

energetics (400 proteins p<0.05), systems often dysregulated and increased in AD, implicating 

NRN1 as a dual-action molecular effector able to increase proteins typically vulnerable to or lost 

in AD and to decrease proteins aberrantly increased in disease. Furthermore, re-integration of 

NRN1-driven differential expression into the human brain network revealed significant overlap 

with human modules of resilience. These findings indicate that NRN1 target engagement is 

highly relevant to human resilience mechanisms identified by unbiased systems-level analyses 

and further support NRN1 as a potentially valuable effector of resilience in AD. 
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Abstract: Amyloid-β (Aβ) plaques and neurofibrillary tangles (NFTs) of the microtubule-

associated protein tau are the pathological hallmarks of Alzheimer’s disease (AD); however, 

synapse or dendritic spine loss correlates more strongly with cognitive impairment than Aβ 

plaques or NFTs. Approximately one-third of individuals that come to autopsy in their eighties 

have Aβ plaques and tau NFTs, yet did not experience dementia in life. These cognitively normal 

individuals with AD pathology were likely in preclinical stages of AD. Unlike individuals with 

AD dementia, CAD cases do not exhibit dendritic spine loss in the prefrontal cortex. In this 

study, we asked whether the entorhinal cortex (EC), one of the earliest regions to exhibit tau 

pathology, shows alterations in dendritic spine density and morphology in AD. Postmortem 

human Brodmann Area (BA) 28 EC samples from 20 cognitively normal pathology-free controls 

(control), 8 cognitively normal individuals with AD pathology (CAD), and 24 symptomatic AD 

cases were obtained from the Emory University Alzheimer’s Disease Research Center Brain 

Bank. AD cases exhibited a significant reduction in dendritic spine density in the EC, compared 

to controls and CAD cases. Controls and CAD cases exhibited comparable spine density in the 

EC, supporting the hypothesis that maintenance and preservation of dendritic spines is critical for 

retaining cognitive function in the presence of AD pathology. Next, spine density was assessed 

by determining whether loss of spines within certain morphological subclasses occurred in the 

EC. We observed a loss of thin, stubby, and mushroom spines in AD cases compared to controls, 

indicating a global reduction of spines, rather than loss of a specific spine type. Finally, we 

examined dendritic spine length and head diameter. No differences in dendritic spine length or 

head diameter were detected among control, CAD, and AD cases. Similar findings on length and 

head diameter were observed for each spine subclass. Dendritic spine density and morphology 

measurements were then correlated with case demographic and pathology data. We observed a 

significant inverse correlation of spine density with age, which was also observed for thin and 

stubby spine subclasses. Additionally, density of thin spines exhibited a significant positive 

correlation with MMSE scores. Sex was not associated with any dendritic spine measurements, 

while NFT burden, reported as Braak stage, displayed a significant inverse correlation with spine 

density. 
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Abstract: Alzheimer’s disease (AD) is an irreversible neurodegenerative disease defined by its 

pathological hallmarks, amyloid-β (Aβ) and tau neurofibrillary tangles (NFTs). There is 

increasing recognition of a subpopulation of “cognitively resilient” individuals that live to 

advanced age with intact cognitive function despite the presence of plaque and tangle pathology. 

Dendritic spine plasticity is hypothesized to be a mechanism of cognitive resilience that protects 

older individuals with moderate to severe AD neuropathology from developing dementia. It is 

therefore important to identify genes and proteins that mediate cognitive resilience in order to 

understand the relationship between dendritic spine loss and cognitive impairment in AD. 

Towards this goal, Neuritin (NRN1) was recently identified as the most significant protein 

associated with cognitive resilience in a proteome-wide association study conducted in the 

Religious Orders Study and the Rush Memory and Aging Project longitudinal cohorts 

(ROSMAP, n = 391), in which higher levels of cortical NRN1 at autopsy correlated with a 

slower rate of cognitive decline in life. To validate and explore the potential neuroprotective 

mechanisms of NRN1 against AD neuropathology, we treated rat primary neuronal cultures with 

recombinant NRN1 protein and/or toxic Amyloid-beta 1-42 (Aβ42) oligomers. Dendrites were 

imaged using wide-field microscopy. Neurolucida 360 was employed for three-dimensional 

dendrite reconstruction and dendritic spine morphometric analysis. Dendritic protrusions were 

classified as dendritic filopodium, thin, stubby, or mushroom spines. Spine density was 

calculated as the number of spines per 10µm of dendrite length. In parallel, multi-electrode array 

(MEA) analyses of rat primary neuronal cultures were performed. Single neuron 

electrophysiological activity was recorded and mean action potential frequency (Hz) was 

calculated as the ratio of the total number of spikes recorded and the duration of recording in 

seconds. Morphometric analysis revealed treatment of neuronal cultures with recombinant NRN1 

rescued Aβ42-induced hippocampal dendritic spine loss and morphologic aberrations. MEA 

analyses revealed that Aβ42 increased mean action potential frequency, however neuronal hyper-

excitability was not observed after simultaneous exposure to Aβ42 and NRN1. Our findings 

provide evidence that NRN1 can protect against Aβ42-induced dendritic spine degeneration and 

neuronal hyper-excitability in cultured neurons. We hypothesize that therapeutic targeting of 

NRN1 may provide dendritic spine resilience to Aβ42 and that may promote maintenance of 

cognition in old age. 
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Abstract: Synaptic dysfunction often underscored by altered interaction of key synaptic protein, 

plays an important role in the pathophysiology of many neurological disorders, including 

Alzheimer’s disease (AD), Parkinson’s disease (PD), and schizophrenia. Because of the 

limitations associated with employing fresh brain tissue samples from human subjects, there is a 

need to develop methods to study human synapses isolated from frozen tissue. From 

cryopreserved human brain tissues, it is possible to isolate synaptosomes which are detached-

and-resealed synaptic terminals metabolically and enzymatically active. Synaptosomes have 

become important model systems for studying human synaptic functions, since they are more 

accessible than ex vivo brain slices or primary neuronal cultures. Many technical approaches 

have been used to study synaptosomes such as immunostaining, flow cytometry, and 

immunoprecipitation. Here for the first time, we apply flow cytometry coupled to Proximity 

Ligation assay (PLA) to synaptosomes to study protein-protein interaction at the synapses. PLA 

technology detects the interaction between proteins as well as post-translational modifications 

within the same protein. Two primary antibodies raised in different species are labelled with 

oligonucleotides which form a circular DNA when the two proteins of interest are present within 

40 nm of distance. The amplification of this DNA generates a specific fluorescent signal after the 

addition of labeled probes, which can be visualized by flow cytometry. This technique has many 

advantages over immunoprecipitation since it requires less starting material and primary 

antibody and can be performed in few hours. Most important, PLA reduce general problem of 

cross-reactivity during IP, by ensuring that only interacting proteins result in a signal. To 

demonstrate the feasibility of PLA on synaptosomes we investigated the known synaptic 

interaction between PSD95 and NMDARs (NMDAR2a and NMDAR2B). We first established 

optimal conditions for synaptosome fixation and permeabilization, as well as concentration for 

each primary antibody by performing flow cytometry staining on human synaptosomes from 

frontal cortex (FC), hippocampus (HP), and cerebellum (CB). Then, we used commercially 

available PLA kits (Millipore-Sigma and Navinci) to perform PLA on HP and FC synaptosomes 

to evaluate PSD95-NMDAR2A PSD95-NMDAR2B interactions, respectively. Our data 

encourage the possibility to use PLA as an important tool to identify synaptic interactors that can 

be useful for the study of AD and other neurodegenerative diseases characterized by synaptic 

dysfunction 
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Abstract: Elucidating the Protein Substrates for Amyloid Beta and Tau Oligomer 

Interactions in Alzheimer’s Disease using Proximity Ligation AssaysAuthorsD. JAMISON1, 

M. MARCATTI2, G. TAGLIALATELA2; 1Pharmacology and Toxicology, University of Texas 

Medical Branch, Galveston, TX, 2Neurology, University of Texas Medical Branch, Galveston, 

TX 

AbstractAlzheimer’s Disease (AD) is the most prevalent form of neurodegeneration and 

represents a health crisis for the United States. In 2020, nearly six million Americans were 

afflicted with AD, and the number will continue to increase as the aging population grows. AD’s 

pathological hallmarks include amyloid beta plaques and neurofibrillary tangles. Recently, the 

field has recognized the role amyloid beta (AβO) and tau (tauO) oligomers play in the 

progression of the disease, concluding that these oligomers are the true toxic species. Previously, 

we have shown that tauO can outcompete AβO from human synaptosomes in a concentration-

dependent manner, but this phenomenon was lost in synaptosomes devoid of superficial protein. 

Therefore, we hypothesized that the ability of tauO to outcompete AβO from human synapses 

occurs on a protein substrate. Determining what proteins are involved in this interplay could 

provide pharmacological targets and the potential to develop new therapeutic approaches for AD. 

Here, we used proximity ligation assays (PLAs) combined with flow cytometry to investigate 

this phenomenon on synaptosomes isolated from control human hippocampus challenged with 

exogenous AβO and tauO. Results from the flow cytometric PLAs demonstrated that exogenous 

AβO at 2.5 μM and 5 μM concentrations interact with both NMDAR 2A and 2B receptors, with 

more interaction observed at the 2A subunit. Here, we observed, consistent with our previous 

data, a decrease in AβO synaptic binding in presence of tauO. Altogether, this would suggest that 

NMDAR 2A and 2B are shared protein substrates for both tauO and AβO with more affinity for 

tauO when their levels are high, such as during the late stage of AD. Pharmacological blocking 

of these substrates could represent a novel treatment to lessen or prevent the deleterious effects 

oligomers have on the synapse, thus slowing the progression of AD. 
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Abstract: Mutations in the Presenilin (PSEN) genes are the major cause of familial Alzheimer’s 

disease (AD), highlighting the importance of Presenilin (PS) in AD pathogenesis. Previous 

studies of PS function in the hippocampus demonstrated that loss of PS results in the impairment 

of neurotransmitter release, short- and long-term synaptic plasticity at hippocampal mossy fiber 

(MF) synapses as well as Schaffer collateral (SC) synapses. Cortical input to the hippocampus 

through the lateral perforant pathway (LPP) and the medial perforant pathway (MPP) is critical 

for normal cognitive functions and is particularly vulnerable during aging and early stages of 

AD. Whether PS regulates synaptic function in the perforant pathways remained unknown. In the 

current study, we investigate PS function in LPP and MPP by performing whole-cell and field-

potential electrophysiological recordings using acute hippocampal slices from postnatal 

forebrain-restricted excitatory neuron-specific Presenilin conditional double knockout (PS 

cDKO) mice at 2 months of age. We found that paired-pulse ratio (PPR) and synaptic responses 

induced by tetanic stimulations are impaired in both LPP and MPP of PS cDKO mice. Moreover, 

the efficacy of excitatory neurotransmission as assessed with synaptic input/output relations for 

evoked excitatory postsynaptic currents (EPSCs) is markedly lowered in LPP and MPP of PS 

cDKO mice, while both the frequency and the amplitude of spontaneous EPSCs (sEPSCs) are 

similar between PS cDKO and control neurons. Furthermore, we found that long-term 

potentiation (LTP) is impaired in LPP and MPP of PS cDKO mice. Consistent with the LTP 

deficit, PS cDKO mice display reduced evoked NMDA receptor-mediated responses. 

Interestingly, depletion of intracellular Ca2+ stores by inhibition of sarcoendoplasmic reticulum 

Ca2+ ATPase results in a reduction of EPSC amplitude in control hippocampal neurons but not in 

PS cDKO neurons, suggesting that impaired intracellular calcium homeostasis in the absence of 

PS may contribute to the deficits in synaptic transmission. These findings show the importance 

of PS in the regulation of synaptic plasticity and intracellular calcium homeostasis in the 

hippocampal perforant pathways. 
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Abstract: Accumulating evidence suggests that systemic metabolic deficits attributable to 

hypothalamic dysfunction can occur before the cognitive decline in Alzheimer’s disease (AD) 

(Cell Metab, 2015, 22, 761). We previously found in young 3 months old (3M) Tg2576 mice 

overexpressing the Swedish mutation of the amyloid precursor protein that Aβ pathology can 

cause dysfunction in hypothalamic arcuate (ARC) neuropeptide Y/agouti-related peptide 

(NPY/AgRP)-expressing neurons, which was associated with early systemic metabolic deficits 

prior to memory deficits and plaque formation (J Neurosci, 2014, 34, 9096). Furthermore, the 

ARC NPY dysfunction was caused by dysregulation of voltage-gated L-type Ca2+ currents 

(LTCC) by Aβ (J Neurosci, 2019, 39, 8816). However, the mechanisms by which Aβ42 leads to 

dysregulation of LTCC or disruption of intracellular Ca2+ homeostasis remain elusive. Here we 

examined which of the two major isoforms of LTCC in the brain, Cav1.2 or Cav1.3, is targeted 

by Aβ42 in ARC NPY neurons. We used the Cre-lox system to selectively knock-out Cav1.2 or 

Cav1.3 in ARC NPY/AgRP neurons (Cav1.2 cKO, Cav1.3 cKO) in wild-type (WT) mice. All 

mice were crossed to NPY-GFP reporter mice. LTCC in ARC NPY neurons from 3M mice were 

recorded by whole-cell voltage-clamp. Cytoplasmic Ca2+ levels [Ca2+]i were measured 

ratiometrically by loading Fura-2 AM in dissociated ARC NPY neurons from 3M mice. First, we 

tested the effects of Aβ42 in ARC NPY neurons from the Cre-negative (Cre-/-) WT mice as 

controls. Similar to our previous data, we found that in the presence of 100 nM Aβ42 the peak 

current of LTCC I-V curves in Cav1.3 Cre-/- ARC NPY neurons were shifted from a high 

voltage-threshold in the control to a low voltage-threshold, an effect reversed by the LTCC 

blocker nimodipine (NMD, 2 μM) (SP=-30 mV: Veh -172.4±114.9 pA, Aβ42 -615.7±138.8 pA, 

NMD -153± 196.5 pA, n=4-5, p<0.05). Aβ42 (100 nM) also increased [Ca2+]i in Cav1.3 Cre-/- 

ARC NPY neurons (Veh 0.145± 0.018, Aβ42 0.162±0.019, n=16, p<0.01). In ARC NPY neurons 

from Cav1.2 cKO mice, Aβ42 had similar effects on the I-V curves (SP=-30 mV: Veh -165±51.7 



pA, Aβ42 -300.8± 56.4 pA, NMD -72.3±34.9 pA, n=6, p<0.05) and [Ca2+]i (Veh 0.109±0.01, 

Aβ42 0.134± 0.01, n=26, p<0.01). Interestingly, in ARC NPY neurons from Cav1.3 cKO mice, 

Aβ42 (100 nM) had no effect on the I-V curves (SP=-30 mV: Veh -221.9±73.7 pA, Aβ42 -236.9 

±33.8 pA, n=4, p>0.05) or [Ca2+]i (Veh 0.18±0.017, Aβ42 0.178±0.016, n=21, p>0.05). These 

data support that Cav1.3 but not Cav1.2 is required for the pathological effects of Aβ42 on ARC 

NPY neurons. Future studies will be important in further elucidating the pathological role and 

therapeutic potential of modulating Cav1.3 in AD. 
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Abstract: Aggregation of amyloid β (Aβ) begins with the processing of APP by β- and γ-

secretases in Alzheimer’s disease (AD) (amyloid hypothesis). Several reports have shown that 

the crosstalk between mitochondria and the ER at the mitochondria-ER contact sites or MAMs 

(Mitochondria-associated ER Membranes) are altered in Alzheimer’s disease and AD-related 

models supporting the hypothesis that MAMs play a role in AD pathogenesis (MAM hypothesis). 

MAMs are cholesterol-rich lipid raft-like microdomains in the ER where APP, BACE1, and 

components of γ-secretase are found [Schon, E.A. and E. Area-Gomez (2013)]. BACE1 (β-

secretase)-cleaved C-terminal fragments of APP (β-CTF) is also found in the MAMs suggesting 

MAMs as a critical microdomains for Aβ-generation. Earlier, we showed that APP undergoes 

palmitoylation, and palmitoylated APP (palAPP) is recruited to lipid rafts resulting in increased 

BACE1-mediated β-cleavage and Aβ generation in vitro [Bhattacharyya, R. (2013, 2016)]. We 

have now used a newly developed cellular model of AD (human neural progenitor stem cells 



overexpressing APP containing FAD mutations; FAD-hNPCs) to demonstrated that the majority 

(>70%) of palAPP resides in MAMs, primarily in axons and in neuronal processes 

[Bhattacharyya, R. et al. (2021)]. Here, we report that activation of the MAM-resident sigma 1 

receptor (S1R) by its agonist (PRE-084) or inactivation by its antagonist (NE-100) exclusively 

altered MAMs in the axons, without affecting somal MAMs. Most importantly, employing a 

novel microfluidic device that can separate somal and axonal environments [Lotlikar, M.S. et al. 

(2021)], we have found that modulation of axonal MAMs via S1R altered axonal Aβ generation 

[Bhattacharyya, R. et al. (2021)]. It is not clear how axonal Aβ contributes to Aβ deposition 

surrounding dystrophic neurons in later stages of the disease, but nearly 40% of neuronal Aβ is 

generated in neuronal processes and axons. We found that S1R mediated axonal MAM-

modulation regulated the stability of newly synthesized palAPP and promoted its cell-surface 

association [Bhattacharyya, R. et al. (2021)], thus supporting a novel hypothesis that axonal 

MAMs promote cell surface trafficking of MAM-stabilized newly synthesized palmitoylated 

APP for Aβ generation in AD. 
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Abstract: Recent evidence has implicated amyloid precursor protein (APP)-derived peptides, 

including amyloid-beta, in abnormal brain activation that precedes cognitive impairment in 

Alzheimer’s Disease (AD). However, despite the importance of the APP protein family to AD 

pathophysiology and therapy, how these contribute to normal brain circuit function remains 

unclear. Here, we sought to interrogate how the APP family regulates neuronal cell function and 

long-range neural circuit dynamics.APPflox/flox/APLP2flox/flox/APLP1-/- mice were crossed with 

NexCre mice expressing Cre prenatally from ~E12.5 in postmitotic neuronal precursor cells of 



the cortex and hippocampus, producing a conditional triple knockout model (cTKO) of the APP 

family in excitatory forebrain neurons that is associated with pronounced behavioral deficits 

(Steubler et al., 2021, EMBO Journal). Neuronal function at the single cell/unit and circuit-level 

was characterised in all mouse lines using in-vivo two-photon and mesoscopic calcium imaging, 

and bilateral Neuropixel recordings in awake and anesthetised animals. Cortical neuronal activity 

in cTKO mice was profoundly suppressed relative to controls, with a marked loss of cross-

hemispheric coherence of oscillatory activity (including sleep-dependent slow waves). cTKO 

animals also displayed behavioural abnormalities in open field tests relative to controls. These 

cellular and circuit-level impairments and behavioral deficits were tightly correlated and were 

partially rescued by NMDA receptor agonism. These findings indicate that the APP family plays 

a critical, but previously unknown, role in modulating neuronal excitability and long-range 

circuit connectivity. Our research provides novel mechanistic insights into the physiological 

function of the APP family and their potential role in AD pathogenesis, with important 

implications for current and future AD therapeutic approaches. 
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Abstract: APP internalization via clathrin-/dynamin-mediated endocytosis (CME) mediated by 

its YENPTY motif into β-secretase-containing endosomes is proposed to be critical for amyloid-

beta (Aβ) production. Aβ production and secretion is activity-dependent, but the underlying 

mechanisms remain poorly understood. Here we show that somatodendritic APP internalization 

in primary rodent neurons is not blocked by inhibiting dynamin or mutating the YENPTY motif, 

in contrast to human and rodent non-neuronal cell lines. These phenomena in neurons were 



observed under basal conditions and during chemical long-term depression stimulus. However, 

both dynamin inhibition and the YENPTY mutant significantly decreased secreted Aβ in primary 

neuronal culture. Thus, somatodendritic APP internalization and downstream Aβ secretion can 

be decoupled, and internalized somatodendritic APP may not be a major source of secreted Aβ. 

Indeed, internalized somatodendritic APP puncta overlapped poorly with APP/β-secretase 

proximity-ligation-assay puncta. Interestingly, somatodendritic low-density-lipoprotein receptor 

(LDLR) internalization does not require its CME motif, suggesting that this novel sorting 

behavior is not unique to APP. These results point to intriguing differences in endocytic 

mechanisms that exist in different neuronal compartments and refine our understanding of Aβ 

production and secretion in neurons. 
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Abstract: Secreted APPα (sAPPα), a 612-residue protein derived from amyloid precursor 

protein, has neurotrophic and neuroprotective properties and enhances hippocampal long term 

potentiation (LTP) in vivo and in vitro. In addition, overexpression of sAPPα can prevent deficits 

in spatial memory seen in the APP/PS1 mouse model of Alzheimer’s Disease. A tripeptide 

sequence —arginine-glutamate-arginine (RER)—within the central APP domain (E2) of sAPPα 

has been proposed as an active region of the protein that enhances memory in a passive-

avoidance task in chicks. In previous work (Morrissey et al., 2019), we have observed that 

congeners of sAPPα’s RER motif, in an acylated and diastereomeric form (Ac-rER), can mimic 

the LTP-enhancing effects of full-length sAPPα in rat or mouse hippocampus. In particular, Ac-

rER can produce LTP induced by an otherwise sub-threshold theta burst stimulation (TBS). 

Hippocampal slices were prepared from adult male C57Bl/6N mice and allowed to recover for at 

least 2 h. Baseline EPSPs were evoked in area CA1 by electrical stimulation of the Schaffer 

collateral pathway, and recorded in stratum radiatum. Application of a sub-threshold theta-burst 

stimulation (TBS, 5 trains (5 Hz) of 5 pulses (100 Hz)) induced post-tetanic potentiation (PTP), 

but not LTP, in untreated slices. In contrast, when applied 25 min before, during and following 

the mild TBS, Ac-rER (10 nM) facilitated both PTP and LTP compared to controls. The ability 



of sAPPα to enhance LTP by this mild TBS protocol depends on CaMKII activation. Similarly, 

the Ac-rER-mediated LTP was blocked by the CaMKII inhibitor KN62 (10 uM). Neither KN62 

nor Ac-rER affect paired-pulse facilitation, suggesting that Ac-rER is facilitating LTP through 

CaMKII in a post-synaptic manner. A potential substrate of CaMKII in hippocampal neurons, in 

addition to glutamate receptors, is the collapsin response mediator protein-2 (CRMP2), which 

has been shown to be required for the memory-enhancing actions of Ac-rER in chicks. An 

inhibitor of CRMP2, lacosamide, does not inhibit conventional LTP induced by a strong TBS; 

however, the co-application of lacosamide and Ac-rER results in significant reduction of Ac-

rER’s LTP-inducing effects. Taken together, and considering previous work, these data suggest 

that Ac-rER enhances synaptic plasticity by activating CaMKII, CRMP2, and protein synthesis, 

and by promoting intracellular trafficking of critical proteins to the hippocampal pyramidal cell 

surface. Given the similarity of these mechanisms to those of sAPPα, and the ability of Ac-rER 

to enhance memory in other vertebrates, this tripeptide may have notable therapeutic benefits. 
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Abstract: Alzheimer’s disease (AD) pathology is characterized by amyloid plaques and 

dysfunctional autophagy. In particular, the core autophagy protein ATG9 was increased in the 

brains of amyloid precursor protein (App) knock-in AD mice. The amyloid plaques consist of 

amyloid beta-peptides, which are generated by the sequential proteolytic cleavage of APP. The 

site of intracellular APP processing is highly debated and might include autophagosomes. We 

aim to investigate the autophagy involvement in intracellular APP transport and cleavage, by 

applying the “retention using selective hooks” (RUSH) system. RUSH allows studying the 

transport of fluorescently labeled APP in a systematic way. HeLa cells expressing the RUSH-

APP system were investigated by live-cell imaging and Western blot. Under baseline conditions, 

full-length APP is retained in the endoplasmic reticulum (ER). After releasing APP from the 



hook, APP starts accumulating in the Golgi within 20 min. Autophagy-deficient ATG9 KO cells 

showed a significant delay in ER-to-Golgi transport of APP and more APP remained in the ER 

and Golgi over time. Our study highlights that dysfunctional autophagy is interfering with 

physiological APP transport potentially leading to the intracellular accumulation of cytotoxic 

amyloid-beta and contributing to Alzheimer’s disease. 
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Abstract: While the expression of APP is up-regulated during neuronal differentiation and 

growth, little is still known on the effect of neuronal differentiation on APP processing. A 

common strategy to induce neuronal differentiation is to treat precursor cells with retinoic acid. 
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Experimental evidence has shown that many genes associated with Alzheimer's disease are 

affected by the action of retinoic acid. Some studies have demonstrated that retinoic acid 

increases the expression and activity of ADAM 10 in cell models. On the other hand, in mouse 

models that express APP, it has been found that retinoic acid can inhibit the proteolytic 

processing of this protein. To complicate further the picture, APP itself has also a role in 

neurogenesis and neuronal differentiation. Here, we tested the effects of human neuroblastoma 

SH-SY5Y cells differentiation on APP processing in cells stably transfected with a previously 

developed fluorescent construct. The chimeric construct (mBFP-APP-mGFP ) is composed by 

APP695 and two different fluorescent proteins fused at the N-terminal and C-terminal ends. The 

value of the ratio between the intensities of the two fluorescent proteins, determined by means of 

imaging or flow cytometry, is correlated with alterations in the proteolytic processing of APP. 

Live cell imaging and flow cytometry results demonstrate a decrease of APP cleavage and a 

higher presence of its full-length form in SH-SY5Y cells differentiated with retinoic acid. Co-

labeling with LysoTracker showed a higher accumulation of C-term APP-mGFP fragments in 

lysosomes in differentiated with respect to undifferentiated cells. An increased number of 

lysosomes was found in differentiated cells. Finally, we used Fura Red AM coupled to flow 

cytometer analysis to investigate any variations of intracellular Ca2+ concentration in SH-SY5Y 

cells treated with retinoic acid, or untreated, and in the presence, or absence, of APP 

overexpression. In agreement with previous literature, we noticed a dramatic decrease (~7 fold 

reduction) in Ca2+ levels in cells treated with retinoic acid that were not transfected. However, in 

cells overexpressing APP the effect of retinoic acid on calcium levels was only mild (~1 fold 

reduction). It is important to note that APP overexpression in undifferentiated cells did not lead 

to any significant increase in calcium levels. Our data underline that retinoic acid could 

contribute to the prevention of the development of Alzheimer's disease through the general 

inhibition of APP processing, and also highlight a higher sensitivity, in terms of changes in 

calcium levels, of differentiated cells to APP overexpression, with respect to undifferentiated 

cells. 
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Abstract: Neuroinflammation is a major component of Alzheimer’s Disease (AD), and 

understanding the mechanisms involved in this response is critical to the development of new 

therapeutic approaches. Chronic neuroinflammation in AD is attributed in part to the responses 

of glial cells to accumulation of the amyloid-beta (Aβ) peptide. Aβ is derived from the Amyloid 

Precursor Protein (APP), which undergoes proteolytic processing to generate multiple products 

including secreted APP (sAPP). sAPP has protective effects on neurons that oppose the toxic 

effects of Aβ, but whether a similar pattern is present in glia is yet to be uncovered. We recently 

identified sAPP as a ligand for the GABAB Receptor (GABABR) to regulate synaptic activity in 

neurons. To explore the role this interaction plays in astrocytes and microglia, we used mouse 

primary microglia and astrocyte cultures, as well as organotypic brain slice cultures. We 

confirmed the expression of GABABR subunits and isoforms in astrocytes and microglia using 

RT-qPCR and Western Blotting. We found that treatment with Baclofen, a GABABR agonist, 

reduced pro-inflammatory cytokine release. These results offer insight into the involvement of 

GABABR signaling in the inflammatory response of glial cells and represent the first step in 

uncovering the role of the GABABR-sAPP interaction in neuroinflammation and its potential as a 

target for therapeutics. 
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Abstract: Amyloid Precursor Protein (APP) is the source of beta-amyloid (Aβ) peptides that 

accumulate in Alzheimer’s disease (AD). In addition, APP is upregulated in the developing and 

injured nervous system, where it can function as a guidance receptor that regulates multiple 

aspects of neuronal motility. However, the mechanisms by which APP signaling affects these 



responses remain poorly understood. Early studies showed that APP interacted with the 

heterotrimeric G protein Goα to control neuronal responses, while misregulation of this pathway 

could provoke neurodegenerative responses. However, subsequent studies produced 

contradictory results, and proof that APP acts as an authentic Go-coupled receptor in vivo 

remained lacking. Defining the normal functions of APP has been complicated by two orthologs 

in mammals (APLP1 and APLP2) with overlapping activities. As an alternative, we adapted a 

well-characterized assay of neuronal migration in the moth Manduca, which expresses a single 

APP ortholog (APP-like; APPL) that also interacts with Goα in neurons. Inhibiting APPL-Go 

signaling in cultured embryos resulted in ectopic neuronal migration and outgrowth, analogous 

to the aberrant migration caused by deleting all APP family members in mice. Using genetic 

manipulations and split-GFP assays in Drosophila, we showed that APPL directly binds Goα via 

a conserved Go-binding motif, and that this interaction is regulated by Go activation. Using 

affinity screening methods, we then found that Manduca Contactin functions as an authentic 

ligand for APPL, paralleling evidence that mammalian Contactins also bind APP family proteins. 

These results demonstrate that Manduca provides a useful discovery system for defining the 

mechanisms that underlie this evolutionarily conserved pathway. Using our protocols for 

manipulating APPL in cultured embryos, we have now investigated candidate Goα effectors that 

may regulate different aspects of APPL-Goα signaling. All experiments were repeated at least 3 

times (N>10) using males and females, and results were analyzed blind to treatment conditions. 

Our recent studies indicate that APPL-Go signaling in the developing nervous system restricts 

ectopic neuronal migration via RhoGEF2, an ortholog of mammalian PDZ-RhoGEFs that 

activate the small GTPase RhoA (a regulator of actin remodeling). In addition, APPL-Go 

signaling can also induce APPL cleavage by the α-secretase ADAM10/Kuzbanian, providing a 

novel mechanism for terminating APPL activation. Understanding the normal mechanisms of 

APP-Go signaling may help identify new targets for treating diseases in which APP activity is 

misregulated. 
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Abstract: APP (the amyloid precursor protein) is the parent protein of the Aβ peptide - the main 

constituent of the amyloid plaques found in the Alzheimer's disease brain. The generation of Aβ 

from APP is well studied, but the normal function of the full-length APP protein remains largely 

unexplored. Its structure is that of a Type I transmembrane protein that resembles a cell surface 

receptor or cell adhesion molecule. It is an evolutionarily ancient protein that is synthesized by 

most cells in the body beginning very early in development. Diagrams of its location in the brain 

tend to emphasize its presence in neurons, yet several studies, including single nuclear RNA-seq 

analyses, have shown its levels are just as high in oligodendrocytes. We have verified this 

location and begun to assess its significance. In vitro, the velate processes of mature 

oligodendrocytes are positive for APP immunostaining. In vivo, APP colocalizes with myelin 

markers such as myelin basic protein (MBP), confirming its presence in mature myelin. For 

axons sectioned longitudinally APP immunostaining appears as “railroad tracks” surrounding a 

central core of neurofilament light chain immunoreactivity. Axons cut transversely show 

“donuts” of staining that co-localize with MBP. Not unexpectedly, co-staining with MAP2 

reveals the presence of APP in neuronal dendrites. In this location, however, it is interspersed 

with MAP2 and does not appear in the “railroad track” pattern seen surrounding neuronal axons. 

In Alzheimer's disease, APP levels are increased, independently of the presence of amyloid 

plaques. This increase is seen in oligodendrocytes as well. In R1.40 Alzheimer's disease model 

mice, the levels of APP staining that colocalize with MBP increase markedly indicating 

increased enhanced expression in myelin. Using MAP2 as a marker of neuronal dendrites, we 

find that APP levels are comparably increased in neurons. The presence of APP in both neurons 

and oligodendrocytes led us to ask about its presence in the node of Ranvier (NOR). As reported 

previously in optic nerve, APP is found in <10% of NOR of the neocortex in wild type mice. In 

Alzheimer's disease, the number of immunopositive NOR nearly triples. The NOR structure also 

changes. The node itself doubles in length, but the surrounding paranodes shrink leaving the 

length of the total NOR largely unchanged. These changes will reduce the energy efficiency of 

the axon and affect action potential velocity. All of these changes are found in both human and 

mouse and suggest that a full understanding of the biology of Alzheimer's disease is not possible 

without including oligodendrocytes and myelin in the analysis. 
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Abstract: Cancer survivors often experience cancer-related cognitive impairment (CRCI), which 

is characterized by problems of attention, working memory, and executive function following 

chemotherapy. APOE4, the strongest genetic risk factor for Alzheimer’s Disease (AD), is also a 

risk factor for CRCI. We examined here whether the effects of APOE in CRCI were associated 

with an increase in AD pathological processes. We used a mouse model of amyloid, which 

expresses five familial AD mutations (5XFAD) along with the E3 or E4 alleles of human APOE 

(E3FAD and E4FAD). We treated these mice with doxorubicin, a chemotherapeutic drug 

commonly used for breast cancer treatment. Six-month-old female E3FAD mice (control n=5, 

treated n=5) and E4FAD (control n=6, treated n=6) were treated with either doxorubicin (10 

mg/kg) or DMSO vehicle. After six weeks, mice were euthanized, and brains were perfused and 

collected; one hemisphere was fixed for immunohistochemistry and the other was dissected into 

cortex, hippocampus, and cerebellum for biochemical assays. Immunostaining with 6E10, an 

antibody for APP and amyloid, showed no differences in plaque accumulation across cortical and 

hippocampal brain regions after doxorubicin treatment in either APOE genotype. Consistent with 

other studies, we observed greater levels of plaques in regions of the untreated E4FAD mouse 

brains compared to the untreated E3FAD mouse brains. Sequential protein extraction with Tris-

buffered saline (TBS), TBS with 1% Triton-X (TBSX), and formic acid (FA) was performed for 

measurements of Aβ42 and Aβ40 in the hippocampus. No effects of doxorubicin treatment were 

seen for Aβ42 nor Aβ40 levels in any fractions. AT8 levels, measured with western blots, 

indicated there were no effects of chemotherapy on phosphotau levels. We assessed glial 

reactivity to the presence of Aβ accumulation in the isocortex by co-staining with Moab2 for the 

detection of Aβ plaques and with either GFAP, an astrocytic marker, or Iba1, a microglia marker. 

While E4FAD controls showed increased microglia reactivity to diffuse plaques when compared 

to E3FAD controls, no effects of chemotherapy were found in microglial activation. 

Chemotherapy was also not generally associated with astrocytic responses: only reactivity to 

dense core plaques was increased in treated E3FADs when compared to control E3FADs. These 

data show no effects of doxorubicin on important aspects of AD pathogenesis, suggesting the 

effects of APOE on risk of CRCI are related to other aspects of cognitive dysfunction. 
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Abstract: Amyloid β (Aβ) plaques are one of the main hallmarks of Alzheimer's disease (AD). 

We have previously reported that astrocytic cytosolic resting calcium (Ca2+) is globally elevated 

in a transgenic mouse model of cerebral β-amyloidosis (APPswe/PS1dE9) using in vivo 

multiphoton microscopy. However, this phenomenon is independent of the proximity of 

astrocytes to Aβ plaques. In addition, soluble Aβ oligomers (Aβo) are thought to mediate 

neuronal toxicity by increasing neuronal calcium and causing synapse loss. For those reasons, we 

aimed to investigate how Aβo, rather than Aβ plaques, contribute to the Ca2+ insult in astroglial 

cytosol and mitochondria in vivo. To test this hypothesis, we topically applied naturally secreted 

soluble Aβo (conditioned medium from cultured transgenic primary neurons) onto the brain 

surface of 4-6-mo-old wild-type mice. We investigated changes on astrocyte and mitochondrial 

Ca2+ levels relative to baseline via intravital multiphoton imaging, by using a ratiometric 

genetically-encoded FRET-based Ca2+ indicator (Yellow Cameleon 3.6) targeted to astroglial 

cytosol or mitochondria, respectively. We observed that Ca2+ levels dramatically increased upon 

topical soluble Aβo application, in all cytosolic astrocyte compartments (soma, branches and end 

feet), but also in astrocyte mitochondria, which in excess could be harmful to the cells. Aβ-

immunodepleted transgenic conditioned media and wild-type conditioned media did not alter 

astrocyte cytosolic or mitochondrial Ca2+, supporting the specificity of the observed effects. 

Furthermore, we previously reported that upon blocking the mitochondrial calcium uniporter 

(MCU) with Ru360, calcium levels in neuronal mitochondria were restored. However, there was 

still an increase of mitochondrial calcium in astrocytes in presence of soluble Aβo and Ru360 in 

vivo. Thus, soluble Aβo is disrupting calcium levels in astrocytes through a different mechanism. 

Ultimately, these results together support a detrimental role of Aβo which leads to astrocyte Ca2+ 

dyshomeostasis in vivo, implying that Aβo are involved in the astrocytic dysfunction observed in 

AD. Future studies will continue addressing the source of soluble Aβo-induced Ca2+ increase, 

including intracellular Ca2+ stores and channels involved, which could have therapeutic value. 
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Abstract: Motivation: The retromer complex plays an essential role in intracellular endosomal 

sorting. Deficits retromer complex function are linked to enhanced Aβ production. The levels of 

the components of the retromer complex are reported to be downregulated in Alzheimer’s 

disease (AD). Down syndrome shares many neuropathological features with AD. Recent 

evidence also points to dysregulation of the retromer complex in DS, but in an AD-independent 

manner. Importantly, the mechanisms underlying retromer deficits in DS and AD are poorly 

understood. Methods: We measured the levels of retromer components in the frontal cortex of 

cases of AD-DS (AD in DS) as well as DS; the frontal cortex of a person partially trisomic for 

HSA21 (PT-DS), whose genome had only the normal two copies of the APP gene, was also 

examined. To explore the biological basis for changes in retromers we also analyzed these 

proteins in the Dp16 mouse model of DS. To further explore the molecular mechanism for 

changes in the retromer complex, we treated Dp16 mice with a γ-secretase modulator (GSM) 

(UCSD 776890), a treatment that reduces the levels of Aβ42 and Aβ40. Results: We found 

VPS26A and VPS29, but not VPS35, were significantly reduced in both DS and AD-DS, but not 

in PT-DS. Downregulation of VPS26A and VPS29 was recapitulated in the brains of only old 

Dp16 mice (at 20 months of age). Significantly, GSM treatment for 4 months beginning at age 

16 months completely prevented reductions of the retromer complex. Conclusions: Together, our 

studies inform the mechanism underlying the deficits in the retromer complex in DS by pointing 

to a necessary role of increased APP gene dose. Additionally, studies in the mouse model give 

evidence for a causal role for Aβ species in reducing protein components of the retromer 

complex. They raise the possibility that Aβ species are not only increased by retromer complex 

deficiency but also induce them. 
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Abstract: The nuclear pore complex (NPC) is a vital component of the nuclear membrane that 

regulates multiple processes such as protein movement across the nuclear membrane, 

chromosome organisation, and transcriptional regulation. While there is a gradual loss of NPCs 

in neurons during normal ageing, further NPC dysfunction has been reported in 

neurodegenerative disorders such as frontotemporal dementia, Huntington’s disease, and 

Amyotrophic lateral sclerosis. There are few reports on the state of NPCs in Alzheimer’s disease 

(AD), and fewer still that link amyloid-beta (Aβ) with nuclear pore dysfunction. Here, we show 

evidence that AD-associated Aβ expression accelerates the loss of select nucleoporins, NUP98 

and NUP107, and a reduction in overall number and distribution of NPCs on the nuclear 

envelope of hippocampal neurons. The increase in intracellular Aβ concentration correlates with 

the severity of the NPC loss in a time- and age-dependent manner. This loss of NPCs degrades 

the nuclear permeability barrier which leads to defective subcellular compartmentalization of 

nucleocytoplasmic proteins, and an impairment of the active import of proteins via the classical 

nuclear import pathway. As a result of this nuclear pore dysfunction, AD neurons become more 

vulnerable to inflammation-induced necroptosis - a programmed cell death pathway where the 

core components are activated via phosphorylation through nucleocytoplasmic shutting. 

Collectively, our results suggests that an Aβ-driven mechanism is responsible for enhancing age-

dependent nuclear pore damage, with potential consequences for neuronal loss in AD. 
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Abstract: Beta-amyloid peptide (Aβ) forms pore-like structures in cell membranes; our group 

we have shown that ATP leaks through this pore, activating purinergic P2X receptors (P2XR). 

The P2XRs represent a family of 7 distinct subunits with high Ca2+ conductance. In our hands, 

exposure to Aβ was found to induce a specific increase in P2X2 receptor (P2X2R) levels. 

Increases in [Ca2+]i is able to activate cytosolic proteases called calpains. Two types of calpains 

are present in the brain: calpain-1 and calpain-2, and it has been described that the overactivation 

of these proteases produces an increase in the APP amyloidogenic pathway, which leads to an 

increase in the Aβ peptide formation. Briefly, when calpains are activated by an increase in 

[Ca2+]i, they produce a p35 protein cleavage, generating the p25 fragment, which acts as a 

neuronal activator of cyclin-dependent kinase 5 (Cdk5). Once activated, Cdk5 phosphorylates to 

the STAT3 transcription factor, and p-STAT3 goes to the nucleus to upregulate BACE1 

transcription. The increase in the expression of the enzyme BACE1 is associated with a greater 

proteolysis of APP by the amyloidogenic pathway and an increase in the Aβ peptide generation. 

In this work, we study the activity of calpains after P2X2 purinergic receptors activation to 

determine its impact on the amyloidogenic pathway and Aβ formation, in cell models that 

overexpress P2X2R. In PC-12 cells overexpressing P2X2R, 100 µM ATP produced an increase 

in calpain-1 protein levels at 30 and 60 min (36±4% and 46±6%, respectively), while calpain-2 

levels were not altered. The endogenous calpain inhibitor: calpastatin, did not present variations 

in its expression at the different times of ATP exposure. Furthermore, we observed that spectrin; 

calpain-specific substrate, its 240/150 kDa ratio decreased about 30 and 60 min of incubation 

with 100 µM ATP. (38±5% and 36±5%, respectively) On the other hand, PC-12 cells that 

overexpress P2X2R showed an increase in the p25/35 ratio at 60 min of incubation with 100 µM 

ATP (23±4%), while co-incubation with the calpain inhibitor MDL28170 maintained the p25/35 

ratio with values close to the control. In addition, in PC-12 cells that overexpress P2X2R, an 

increase in the levels of the enzyme BACE1 and a decrease in the expression of the β-

carboxyterminal fragment of APP (C99) were observed, which correlated with an increase in the 

levels of the Aβ peptide and increased cell toxicity. Our results suggest that the P2X2R-calpain1 

axis is involved in the reinforced beta-amyloid generation, and this could represent a novel, 

unexplored pathway in Alzheimer's disease, opening a new space to develop pharmacological 

strategies to treat AD. 
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Abstract: Alzheimer’s disease (AD) is a neurodegenerative disease characterized by neuronal 

cell death and memory impairment. Corticosterone (CORT) is a glucocorticoid hormone 

produced by the hypothalamic-pituitary-adrenal axis in response to a stressful condition. In this 

study, the effects of low dose CORT on Aβ-induced neurotoxicity in SH-SY5Y cells and 

underlying molecular mechanisms have been investigated. Cytotoxicity caused by Aβ was 

significantly inhibited by the low dose of CORT treatment in the cells. Furthermore, CORT 

pretreatment significantly reduced Aβ-mediated pro-apoptotic signals, such as increased 

Bim/Bcl-2 ratio and caspase-3 cleavage. Moreover, low dose of CORT treatment inhibited the 

Aβ-induced cyclooxygenase-2 and pro-inflammatory cytokine expressions, including tumor 

necrosis factor-α and interleukin-1β. Aβ resulted in intracellular accumulation of reactive oxygen 

species and lipid peroxidation, which were effectively reduced by the low dose of CORT. As a 

molecular mechanism, low dose of CORT activated the NF-E2-related factor 2, a redox-sensitive 

transcription factor mediating cellular defense and upregulating the expression of antioxidant 

enzymes, such as NAD(P)H:quinone oxidoreductase, glutamylcysteine synthetase, and 

manganese superoxide dismutase. These findings suggest that low dose of CORT exerts 

protective actions against Aβ-induced neurotoxicity and might be used to treat and/or prevent 

AD. 
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Abstract: Human angiogenin (ANG) belongs to the major gene superfamily, which exclusively 

expresses secreted ribonuclease (RNase) in vertebrates, mainly located in the nucleus. Besides its 

function in neovascularization, ANG also plays a crucial role in stress response and protecting 

cells. As a result of stress, ANG translocates from the nucleus to the cytoplasm resulting in the 

cleavage of cytoplasmic tRNAs into stress-induced ANG-mediated tRNA halves (tiRNAs), 

resulting in the inhibition of the pro-apoptotic signal pathway and caspase 3 activity which leads 

to a protective effect on cells. First publications reveal different ANG variants in amyotrophic 

lateral sclerosis and Parkinson's disease, thus linking ANG and neurodegenerative diseases for 

the first time. Using Western Blot, we examined the expression of ANG in different aging and 

Alzheimer's Disease (AD) cell, animal, and human post-mortem models. Our group determined 

an age, gender, and AD-dependent dysregulation of ANG in animal and human post-mortem 

cortical brain samples. We also analyzed RNAseq data from the human Aging, Dementia and 

TBI study and confirmed the data obtained. These age-specific results suggest that ANG is a 

critical factor in the further development of AD, as aging per se is the greatest risk factor for 

developing neurodegenerative disease. In addition to that, tRNA modifications play a crucial role 

in RNA function and stability. So far, 150 different RNA modifications have been discovered, 

but the role of tRNA modifications in pathological aging and AD is still unknown. Therefore, we 

used Liquid Chromatography with tandem coupled mass spectrometry (LC-MS/MS) to 

determine whether specific tRNA modifications in cell and animal models contribute to 

mitochondrial defects following the dynamic changes in tRNA modifications pathological 

process of AD. The tRNA modification 5-methylcytosine (m5C) located in the anticodon and 

variable loop region at positions 34/38/48/49/50 plays a crucial role in the stress-induced ANG-

mediated tRNA cleavage. First results of LC-MS/MS revealed various changes in tRNA 

modifications in pathological aging and AD, especially for m5C. This line of research could be a 

new road to defining early biomarkers for AD and represent an important step toward developing 

new therapeutic strategies to improve the symptoms of AD patients. 
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Abstract: Clusterin, also known as apolipoprotein J, is increasingly recognized as an important 

contributor to many pathological conditions including systemic and localized amyloidosis. In 

Alzheimer’s disease (AD), the most common form of dementia, clusterin genetic variants and 

plasma levels were identified as risk factors for the disorder while investigations into the 

potential pathways modulated by the apolipoprotein demonstrated its ability to bind soluble Aβ 

in biological fluids, facilitate its brain clearance, and prevent its aggregation. To investigate 

whether clusterin exerted a more general role in the pathophysiology of cerebral amyloidoses, we 

turned to two unrelated hereditary conditions, familial British and Danish dementias (FBD and 

FDD), which share striking neuropathological similarities with AD, including neurofibrillary 

degeneration in limbic areas as well as parenchymal and vascular amyloid deposition. Two 

different 4 kDa molecules - ABri in FBD and ADan in FDD - totally unrelated to the 4 kDa 

Alzheimer’s Aβ, are the main constituents of the amyloid deposits in these forms of cerebral 

amyloidoses. Using brightfield and a combination of single and double immunofluorescence 

microscopy the current work demonstrated clusterin co-localization with brain parenchymal and 

cerebrovascular amyloid deposits in both disorders, mirroring findings in AD. Clusterin was 

identified as the major ABri- and ADan-binding plasma protein using ligand affinity 

chromatography with downstream Western blot and amino acid sequence analyses. Further 

analysis using solid-phase enzyme-linked immunosorbent assays highlighted a specific saturable 

binding of clusterin to ABri and ADan and demonstrated Kd values within the same low 

nanomolar range as those identified for the clusterin-Aβ interaction. Consistent with its reported 

chaperone activity, clusterin showed a modulatory effect on ABri, ADan, and Aβ 

aggregation/fibrillization properties evaluated by thioflavin T binding assays, suggesting the 

potential participation of the apolipoprotein in common protective molecular pathways. Our 

findings, together with the known multifunctional activity of clusterin and its modulatory activity 

on the complex cellular pathways leading to oxidative stress, mitochondrial dysfunction, and the 

induction of cell death mechanisms - all known pathogenic features of protein folding disorders, 

including AD, FBD, and FDD - suggests the likelihood of a more complex role and a 

translational potential of clusterin in the amelioration/prevention of these pathogenic 

mechanisms. 
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Abstract: In amyotrophic lateral sclerosis (ALS) and fronto-temporal dementia (FTD), selective 

population of neurons appears to be more vulnerable to neurodegeneration and mutation in 

TarDNA-binding protein-43 (TDP-43)has been shown as one potential candidate playing role in 

underlying pathology. In the current study, we aimed to investigate the number of neurons in 

different layers of the motor cortex following overexpression of TDP-43 in the central nervous 

system with the use of a stable, constitutive and ubiquitous promoter for gene expression. 

Sprague-Dawley male rats (n=10) was injected with Adeno-Associated Virus serotype 9 at the 

dose of 6.4X1012 gc/ml, containing the native TDP-43 with GFP under CMV promoter (AAV9-

pCMV-TDP43-GFP). Control groups were received IV injections of either saline (SF) or vectors 

encoding only GFP (AAV9-pCMV-GFP) at postnatal day 30. Phenotypic characterisation of 

animals was determined by using motor behavioural tests including the rota-rod, horizontal 

ladder and novel object recognition tests. Following transduction, TDP-43 delivery to the central 

nervous system produced a rapid and highly consistent motor deficit especially in the hindlimbs 

of animals. Four weeks later they were sacrificed by intracardiac perfusion under ketamine and 

xylazine anaesthesia. Immunohistochemically stained frozen sections with NeuN antibody 

selected from the motor cortex region were analysed by using systematic randomised sampling 

method. Statistical analyses showed that the number of NeuN (+) neurons per unit area in the 

layer 5 of the motor cortex was decreased significantly (p<0.05) after transduction with TDP-43 

compared to the control groups. On the other hand, density of neurons in the layer 2/3 displayed 

no significant differences. Our data show that AAV9-based TDP-43 overexpression caused 

alterations in the motor cortex specifically in deep layers containing the corticospinal motor 

neurons while sparing the callosal projection neurons. This relatively low-cost and rapidly 



induced animal model might be used to investigate TDP-43 mediated disease mechanisms and to 

test novel therapeutic approaches. 
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Abstract: AD/ADRD diseases currently impact more than 6 million people in the United States. 

Rare forms of AD/ADRD are caused directly and unambiguously by genetic mutations. 

However, most AD/ADRD burden is complex in etiology and thought to result from an interplay 

among multiple incompletely understood genetic, biological, lifestyle, environmental and 

psychosocial risk factors. Moreover, these risk factors interact with other health factors to impact 

AD/ADRD outcomes. For example, while the most common dementia diagnosis is AD, research 

over the past decade revealed that most people with a diagnosis of AD have multiple brain 

pathologies, other comorbidities, and many people diagnosed with clinical AD do not have AD 

pathology at all. This new knowledge highlights the importance of better understanding dementia 

syndromes, and the relationships among them, to increase chances of developing effective 

interventions. The National Institute of Neurological Disorders and Stroke (NINDS) partners 

with the National Institute on Aging, the National Institutes of Health (NIH) lead for AD/ADRD, 

in the NIH response to the National Plan. NINDS leads ADRD including frontotemporal 

dementia (FTD), Lewy body dementias (LBD), vascular contributions to cognitive impairment 

and dementia (VCID) and multiple etiology dementias (MED). This project aims to evaluate 

NIH and the ADRD field’s responsiveness to ADRD research milestones from triennial NINDS 

ADRD Summits by mapping NIH-funded research activities to ADRD milestones. The approach 

used text-based analysis/mining of grant titles, abstracts, and specific aims to map awards and 

activities to specific ADRD milestones. Mapping was followed by expert vetting and 

concurrence, including for funding opportunity announcements. The study includes all new or 

competitively renewed NIH ADRD awards out of total $1.15 Billion toward NIH funded ADRD 

research from fiscal years 2017-2019. Findings will help NIH to better understand the state of the 

field, identify research gaps and opportunities for future efforts, and enable public 

communication of research activities with an accurate, accessible, compact, and updatable data 



visualizations. Results indicate the approach is feasible, and importantly the field and NIH have 

largely been responsive to the ADRD milestones in the National Plan to Address AD. The 

analysis points to several cross-cutting ADRD research areas that may benefit from increased 

attention going forward, including health equity, the multiple etiology hypothesis of common 

dementias, emerging risk factors for common dementias (e.g. COVID-19, traumatic brain injury, 

and TDP-43 proteinopathy), and clinical trials. 
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Abstract: Normal pressure hydrocephalus (NPH) is a chronic form of communicating 

hydrocephalus in older adults, in which the cerebral ventricles expand, yet the intracranial 

pressure is not raised above normal levels. NPH produces a triad of progressive symptoms: gait 

impairment, urinary incontinence, and cognitive dysfunction. Shunt insertion can treat NPH 

symptoms, but often does not completely eliminate them, with gait improving more often than 

cognition and micturition. Additionally, the brain pathophysiology underlying the symptoms 

remains unknown, preventing more targeted treatments. Kaolin (aluminum silicate) has been 

used to produce mammalian models of hydrocephalus for decades, but its use in rodents has been 

limited to a small number of studies with typically severe, fatal hydrocephalus. We developed a 

chronic, survivable model of communicating hydrocephalus with symptoms similar to human 

NPH. We inject 5 µL of a 10-15% kaolin suspension into the cisterna magna of adult mice, 

which produces gradually progressive enlargement of the cerebral ventricles. We use brain MR 

imaging to measure ventricular volume at different points before and after kaolin injection. We 

also perform weekly tests of bladder function (Micturition Video Thermography), gait and 

balance, and a variety of behavioral testing 10 weeks after kaolin injection. Hydrocephalic mice, 

but not saline-injected controls, develop impairments in gait and balance as well as urinary 

frequency with incontinent features. Intracranial pressure is not elevated at any time points we 



have measured (1-3 & 10 weeks). Inserting a shunt into the right lateral ventricle at different 

time points following kaolin injection affects ventricular volume and behavior. Ventricular 

enlargement is correlated with weight loss in the two weeks following kaolin injection. Brain 

tissue from hydrocephalic mice shows several periventricular abnormalities that may help 

account for differential symptoms. This model allows us to investigate the pathophysiology of 

chronic hydrocephalus, and can be combined with other neuroscience techniques to test 

additional, non-shunt treatments for NPH. 
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Abstract: Chorea acanthocytosis (ChAc) is an autosomal-recessive neurodegenerative disorder 

caused by mutations in the gene encoding vacuolar protein sorting factor 13A (VPS13A). The 

yeast orthologue, VPS13, aids in the transport of lipids between organelles, and the N-terminal 

region shows strong sequence homology to the evolutionarily conserved autophagy-related genes 

(Atg) protein family. Although these studies suggest a function for VPS13 proteins in lipid 

transfer and autophagy, the physiological function and regulation of VPS13A in mammalians 

cells remains unknown. 

Here I utilized HEK293T cells in which the native VPS13A has been labeled with mNeonGreen, 

to identify VPS13A interactors by mass spectroscopy and unbiased proteomics. I also used 

VPS13A-KO HEK293T cells to determine how functional loss of VPS13A affects critical 

pathways relevant to ChAc. These studies, as well as published work on yeast VPS13, led me to 

investigate specialized branches of autophagy that may be regulated by VPS13A. Loss of 

VPS13A affects the level of receptors involved in mitochondria-specific autophagy (mitophagy) 

and endoplasmic reticulum-limited autophagy (ER-phagy). These findings highlight a central 

function for VPS13A in ER-phagy and mitophagy, a hypothesis I am now exploring through 

dynamic studies of ER-phagy and mitophagy in HEK293T cells. 

Future studies will examine the contribution of VPS13A to protein clearance and cellular 

survival, in human neurons differentiated from induced pluripotent stem cells donated by 



individuals with ChAc. Collectively, these investigations will help define a function for VPS13A 

in neurons, outline disease mechanisms, and highlight pathways that may be targeted to prevent 

neuron loss in this disorder. 
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Abstract: Alzheimer's disease (AD) neuropathological hallmarks include senile plaques with 

aggregated amyloid beta as a major component, neurofibrillary tangles (NFT) containing 

truncated and hyperphosphorylated Tau, a large amount of neuronal cell loss, and chronic neuro-

inflammation. The recent research studies supported that the gut/brain axis is bidirectional, and 

the gut microbiome trigger neurodegenerative disord ers including Alzheimer's disease (AD). 

However, the gut/brain axis related molecular mechanism that dominates the pathogenesis of AD 

is not yet clear. Here we show that the NTN4/Tau molecular signaling spatiotemporally mediates 

chronic inflammation with hyperphosphorylated or aggregated Tau in the gut enteric neurons. 

We orally administered the 0.5% DSS during for 3 months to generate the gut chronic 

inflammation in young MAPT mice (3 months) and age-matched non-transgenic mice. We 

observed the 0.5% DSS treated MAPT mice involved Tau aggregation, NTN4 reduction and 

cytokines activations in the enteric neurons but not in the control group. Moreover, we 

investigated the NTN4 mRNA levels on Gene Expression Omnibus (GEO) database in AD VS 

age-matched CTL groups brain samples. Strikingly, we observed the NTN4 deprivation in AD 

patient brain samples not in healthy control brain samples. Our findings suggest the hypothesis 

that NTN4/Tau molecular mechanism is activated by gut inflammation, implicated in AD 

pathogenesis in the gut. 
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Abstract: The paraneoplastic Ma antigen (PNMA) genes are associated with paraneoplastic 

syndromes that present with neurological symptoms. Why these particular genes, which encode 

intracellular proteins, cause a severe autoimmune response is unclear. PNMA2 is conserved in 

mammals and highly expressed in the brain, but not normally expressed outside the CNS. 

Intriguingly, PNMA2 and other family members are homologous to the retroviral Gag protein. 

We recently discovered that another brain gene, Arc, has similar homology and retains retroviral 

properties such as capsid formation. We purified mouse and human PNMA2 protein from E.coli. 

Negative-staining electron microscopy (EM) showed that purified PNMA2 protein forms virus-

like capsids. Cryo-EM further showed mouse PNMA2 forms T1 capsids. To test whether 

PNMA2 is released by neurons, we collected media from mouse primary cortical neuronal 

culture and used size-exclusion chromatography to purify particles. PNMA2 was found in 

particle fractions of neuronal media, similar to extracellular vesicles (EVs). However, when we 

performed a Proteinase K protection assay, PNMA2 protein was degraded by Proteinase K 

without detergent present to disrupt membranes. This suggests that PNMA2 is not released in 

EVs. To further isolate PNMA2 particles, we conducted iodixanol gradient ultracentrifugation, 

and found that PNMA2 protein was in higher density fractions than EVs. We isolated the 

PNMA2 fraction on an EM grid and observed PNMA2 capsids. Based on these findings, we 

hypothesize that tumor cells release naked PNMA2 capsids that activate the immune system to 

generate autoantibodies. To test the immunogenicity of PNMA2 capsids, we injected mice (P42-

56, 4 mice/group) with mouse PNMA2 capsids or vehicle. Compared with vehicle-injected mice, 

ELISA showed PNMA2 injected mice produce a significant high titer of PNMA2 antibodies 

three weeks after injection. As the control, purified endophilin did not induce endophilin 

antibodies. These PNMA2 antibodies bind mouse PNMA2 capsids, as shown by immunogold 

labeling. Similarly, PNMA2 autoantibodies in paraneoplastic patient CSF also bind human 

PNMA2 capsids. These data support the hypothesis that naked PNMA2 capsids trigger the 

production of autoantibodies in paraneoplastic patients. Taken together, we found that another 



brain gene can form virus-like capsids, but unlike Arc, PNMA2 capsids are not released in EVs. 

This suggests a novel secretory pathway in neurons. The ability to form capsids also provides a 

mechanism for immunogenicity, when abnormally expressed in peripheral tumors. Further work 

will determine the normal function of PNMA2 intercellular signaling in the brain. 
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Abstract: In recent decades, research in dementia has proceeded outward from basic pathology 

to the clinical manifestations of disease. This has led to revolutionary advancements in our 

understanding of the molecular and cellular mechanisms of neurodegeneration. However, actual 

patients are often diagnosed much later, when symptoms affect their daily function. Early 

detection and treatment may hold the key to more effective therapies for this chronic, terminal 

illness. In frontotemporal dementia (FTD), the disease is often marked by earlier onset and 

behavioral changes such as compulsions and apathy that precede more typical symptoms of 

dementia, such as memory loss. There are stronger genetic ties in the pathophysiology of FTD, 

with about half of cases being characterized by tau aggregation. Traditionally, behavior has been 

difficult to study because close description by trained humans is time-intensive and prone to 

subjectivity. In the past few years, applications of machine learning to animal behavior have led 

neuroscientists to new insights and higher throughput studies. I hypothesized that automated 

behavioral observation is an effective way to identify the earliest changes. Using MoSeq (Motion 

Sequencing), an unsupervised machine learning program pioneered by Robert Datta’s lab, I 

examined hTau.P301S (Goedert) mice between 4 and 6 months of age. A depth camera was used 

to track free exploration behavior of single animals in an open cylindrical chamber over at least 5 

20-minute sessions. Mouse kinematic data was automatically extracted, allowing principal 

components undergirding movements to be established. From these, several dozen discrete 

behavioral syllables could be defined. Both the distribution and sequence relationship of the 

syllables differed significantly between heterozygote animals and littermate controls, allowing 

for phenotypic discrimination at an earlier age than previously reported in the literature. (These 

differences were abolished when the behavioral data was re-analyzed after genetic identity was 



randomly reassigned.) Earlier detection and characterization of subtle behavioral differences in 

animal models could allow for more precise understanding of the neural basis of such behaviors, 

as well as earlier interventions to slow neurodegenerative decline. 
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Abstract: Background: Type-2 diabetes is a metabolic disorder that increases the risk for 

cerebrovascular diseases and dementia. We and others reported previously that this risk is 

associated with elevated blood levels of amylin (an amyloidogenic hormone synthesized and co-

secreted with insulin), which promotes amylin amyloid deposition in the brain microvasculature 

(cerebral amylin vasculopathy). We have shown that inducing amylin dyshomeostasis in rats by 

pancreatic-specific overexpression of human amylin (HIP rats) leads to cerebral amylin 

vasculopathy and neurological deficits. Here we tested the hypothesis that neuroinflammation 

caused by cerebral amylin vasculopathy leads to a dysregulated immune response in the brain. 

Methods: We conducted brain RNAseq analysis in 16-month-old male HIP rats and normal rats 

expressing wild-type (WT) rat amylin (n =10/group). Library and construction, and sequencing 

were performed using commercial services (Omega Bioservices). Isolated brain homogenates 

from WT and HIP (n =7/group) rats were used for western blot analysis for proteins in the brain 

that are important for immune cell migration into the brain. Immunohistochemistry (IHC) was 

conducted on WT and HIP (n=10/group) rats to determine the activation of resident immune 

cells. We finally conducted flow cytometry in the blood, spleen, and brains of WT and HIP rats 

(n = 5-7/group) to determine immune cell migration during cerebral amylin vasculopathy. 

Results: In the brains of HIP rats, RNAseq analysis shows significantly altered pathways 

important for neuroinflammation signaling, T cell signaling, and B cell signaling compared to 

WT littermates. We also saw significant changes in proteins such as VCAM-1 and ICAM-1 by 

western blot. In IHC, we see an increased activation of microglia shown by increases in IBA-1 

and CD68. Finally, we see an overall decreased number of immune cells in the blood, spleen, 

and brain compared to WT rats. Conclusion: Increased amylin levels in the circulation cause 



significant alterations in genes in the brain involved in neuroinflammation and immune cell 

signaling, proteins involved in immune cell migration, activation of resident immune cells in the 

brain, and decreased immune cell migration. These data suggest that cerebral amylin 

vasculopathy contributes to diabetes-related neuroimmune signaling through altering genes, 

altering immune cell migration, and altering proteins important for immune cell migration and 

activation. 
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Abstract: Background: Frontotemporal dementia (FTD) refers to a group of neurodegenerative 

disorders characterized by pathology predominantly localized to the frontal and temporal lobes. 

Approximately 40% of FTD cases are familial, and 25% of these are caused by heterozygous 

loss of function mutations in the gene encoding for progranulin, GRN. Research has attempted to 

explain the mechanisms for how loss of progranulin leads to FTD, but an entire picture remains 

unclear. Recent findings suggest mutations in MAPT - another leading cause of familial FTD - 

greatly alters astrocyte gene expression which leads to subsequent non-cell autonomous effects 

on neurons. In this study, we aimed to determine how GRN mutant astrocytes affect neurons in 

human-derived neural tissue models.Methods: To model GRN FTD we utilized human induced 

pluripotent stem cell derived neural tissue carrying homozygous GRN R493X-/- knock-in 

mutation and corresponding wildtype control tissue. Differentiated neuronal cells were co-

cultured with wildtype or R493X-/- astrocytes and excitatory electrical development was 

investigated using microelectrode array analysis. Immunocytochemistry was used to examine 

synaptic expression of GABAergic and glutaminergic synaptic markers. Results: We 

demonstrated that GRN R493X-/- astrocytes impact neuron maturation by significantly delaying 

excitatory electrical development. Histologically, neurons during the delay showed a decrease in 

GABAergic synaptic markers while also showing an increase in glutaminergic synaptic markers. 



We also demonstrate that this effect is due in-part due to soluble factors.Conclusions: Overall, 

this work represents the first study investigating astrocyte-induced neuronal pathology in GRN 

mutant hiPSCs and supports the hypothesis of astrocyte involvement in the progression of FTD. 
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Abstract: Loss of function mutations in progranulin (GRN) are a major cause of dominantly-

inherited frontotemporal dementia (FTD), most commonly causing behavior changes such as 

apathy, disinhibition, compulsivity, and social withdrawal. Most pathogenic mutations in GRN 

result in haploinsufficiency, which likely drives the development of FTD. GRN mutations cause 

FTD with TDP-43 pathology, characterized by TDP-43 inclusions in the nucleus and cytoplasm, 

as well as TDP-43 mislocalization to the cytoplasm. Grn+/- mice provide a model of progranulin 

insufficiency and demonstrate age-dependent behavioral abnormalities. However, Grn+/- mice 

fail to develop TDP-43 pathology. Homozygous Grn-/- mice develop TDP-43 aggregates in the 

thalamus and pons at advanced ages, but model the complete progranulin deficiency that causes 

Neuronal Ceroid Lipofuscinosis in humans. To investigate TDP-43 in the context of progranulin 

insufficiency, we crossed Grn+/- mice with a mild TDP-43 transgenic line (Jackson Lab 

#012836). This TDP-43 transgenic line expresses moderate levels of human wild type TDP-43 

via the Thy-1 promoter. Hemizygous TDP-43 transgenic mice develop mild motor deficits and 

gliosis, but do not develop TDP-43 pathology. Tests for motor function revealed mild TDP-

related motor defects in wire hang and pole tests that were not worsened by Grn genotype. 

However, no motor abnormalities were observed in rotarod or open field. Grn+/- mice develop 

deficits in sociability and social dominance, however these deficits were more severe and had an 

earlier onset in the Grn+/-:hTDP+ mice. Interestingly, Grn+/+:hTDP+ mice exhibited no social 

abnormalities in these tests. Grn+/-:hTDP+ mice show elevated levels of RIPA-insoluble TDP-43 

in the frontal cortex, a region important for sociability and social dominance behaviors. 



However, TDP overexpression did not worsen lysosomal abnormalities or induce lipofuscinosis 

or gliosis in the Grn+/- mice. Our data shows that progranulin insufficiency interacts with TDP-

43 overexpression to worsen behavioral phenotypes in mice. Ongoing studies are investigating if 

progranulin insufficiency induces TDP-43 mislocalization or aggregation. 
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Abstract: Progranulin is a key regulator of lysosomal function. Loss of one copy of GRN (the 

gene which encodes progranulin) leads to frontotemporal dementia while loss of both copies 

leads to the lysosomal storage disorder neuronal ceroid lipofuscinosis 11. How progranulin alters 

lysosomal function and composition is still unknown. In this study, we analyzed Grn+/+, Grn+/-, 

and Grn-/- endo-lysosomal proteomes using a novel technique called Lyso-IP followed by liquid 

chromatography/mass spectroscopy. We found several downregulated proteins in both Grn+/- and 

Grn-/- endo-lysosomes that are associated with key lysosomal functions such as autophagy, 

lysosomal trafficking, and catabolism. Proteins mutated in various lysosomal storage disorders 

are also downregulated in both Grn+/- and Grn-/- endo-lysosomes. These changes to the endo-

lysosomal proteome were not reflected in either the Grn mutant transcriptome or whole-cell 

proteome, suggesting that progranulin functions on a post-transcriptional level to regulate 

lysosomal protein content. Finally, we used this robust proteomic phenotype to test the efficacy 

of the progranulin boosting histone deacetylase (HDAC) vorinostat (a.k.a. SAHA). We found 

SAHA administration improved several of the dysregulated lysosomal proteins in Grn+/- endo-

lysosomes, demonstrating both the potential of this assay to test FTD-GRN therapies as well as 

the potential of progranulin boosting small molecules to treat FTD-GRN. 
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Abstract: NAD Biosynthetic Enzymes are Recruited as Chaperones to Combat Polyglutamine-

induced proteotoxic Stress 

Age-associated neurodegenerative proteinopathies, such as Huntington’s disease, involve the 

misfolding and aggregation of disease-specific proteins in the brain. The exploration for a 

treatment identified nicotinamide/nicotinic acid salvage NAD+ biosynthetic pathway enzyme 

NMNAT (nicotinamide mononucleotide (NMN) adenylyltransferase) as an effective suppressor 

of proteotoxicity. Although there has been some controversy regarding whether the 

neuroprotective effect of NMNAT is mediated by increased NAD+ levels or a non-catalytic 

chaperone role of NMNAT, it is now accepted that both may contribute. Screens in yeast models 

of HD and PD in our lab have allowed us to identify not only the NMNAT homologs Nma1/2 

but three additional enzymes of the NAD+ salvage pathway that achieve similar protection 

against extended polyglutamine-induced proteotoxic stress: Npt1, Pnc1, and Qns1. Under 

proteotoxic stress, the four proteins are recruited to promote the clearance of misfolded and 

oligomerized proteins. We have shown that the suppression mechanism by NAD+ proteins is 

independent of their catalytic activity with in vitro and in vivo studies indicating that these 

proteins have the ability to act as molecular chaperones. Our data suggest that they perform 

holdase and foldase chaperone activities to contribute to the reduction of misfolded toxic 

proteins, while promoting their refolding. In the case of Nma1, structure-function relationship 

studies have shown that the C-terminus of the protein is essential for its chaperone activity. We 

have now corroborated these data in neuronal models of HD. Preliminary data have shown that 

the human homologs NMNAT1-3, NADSynthetase, NAMPT, NAPRT, and PNP1 have 

chaperone activity. Fluorescence microscopy and cell viability assays have shown that these 

proteins prevent mutant huntingtin protein misfolding and protect against mutant huntingtin-

induced cell death. Our data illustrates the existence of an evolutionarily conserved strategy of 

repurposing housekeeping enzymes under proteotoxic stress conditions in the yeast and human 

models. 

Disclosures:  M. Pinkerton: None. A. Barrientos: None. 

Poster 



532. Alzheimer's Disease and Other Dementia 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 532.15 

Topic: C.02. Alzheimer’s Disease and Other Dementias 

Support: Swiss National Science Foundation. Grant Number: 310030_192650 

Association of Frontotemporal Dementia 

Stiftung Synapsis - Alzheimer Forschung Schweiz AFS (Stiftung Synapsis - 

AFS). Grant Numbers: 2020-CDA02 

Stiftung Synapsis - Alzheimer Forschung Schweiz AFS (Stiftung Synapsis - 

AFS). Grant Numbers: 2019-CDA01 

Title: Template dependent amplification of pathological TDP-43 and roles of phosphorylation 

Authors: *P. DE ROSSI1, A. J. LEWIS2, J. FURRER1, L. DE VOS1, T. DEMETER1, W. 

ZHONG1, A. ZBINDEN1, V. I. WIERSMA1, C. SCIALO1, T. LASHLEY3, H. STAHLBERG2, 

M. POLYMENIDOU1;  
1Dept. of Quantitative Biomedicine, Univ. of Zurich, Zurich, Switzerland; 2Lab. of Biol. Electron 

Microscopy, EPFL, Lausanne, Switzerland; 3Dept. of Neurodegenerative Dis., UCL Inst. of 

Neurol., London, United Kingdom 

Abstract: TDP-43 is an RNA binding protein found aggregated in several neurodegenerative 

diseases such as frontotemporal lobar degeneration (FTLD), amyotrophic lateral sclerosis (ALS) 

and Limbic-predominant age-related TDP-43 encephalopathy (LATE). The pathological 

hallmarks of these diseases are characterized by the presence of hyperphosphorylated TDP-43 

within these pathological aggregates. It is assumed that TDP-43 proteinopathies follow the prion-

like cascade, but the molecular mechanisms remained unknown. In our study, we demonstrated 

that isolated pathological seeds from post mortem tissue of patient with FTLD-TDP could trigger 

de novo aggregation in cells in a template-dependent manner. Our results also suggested that 

phosphorylation of these neoaggregates was sequential, N- to C-terminal, with subtype-specific 

timelines and aggregation profiles. We are currently investigating the role of TDP-43 

phosphorylation in neuronal function, as well as disease pathogenesis and progression. 
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Abstract: Low concentrations of hydrogen peroxide induce axonal degeneration prior to 

neuronal cell death, depending on concentration- and time-dependent manner. The phenomenon 

of neurite degeneration has also been found in the early stage of human Alzheimer’s disease 

(AD) brain and other neurodegenerative disorders. However, the detailed mechanisms of the 

onset of neurite degeneration have not been fully elucidated. One possible mechanism is a 

decrease in intracellular calcium homeostasis. Here we attempted to clarify the relationship 

between mitochondrial and endoplasmic reticulum (ER) dysfunction in reactive oxygen species 

(ROS) and calcium ionophore, ionomycin-induced neurite degeneration. N1E-115 cells with 

elongated neurites were used to elucidate the mechanism of neurite degeneration in hydrogen 

peroxide or ionomycin. Treatment with both reagents induced neurite degeneration, including 

beading formation. The fluorescent emissions of Fluoo-4AM and Mito-SOX were dramatically 

increased in both materials-treated samples compared to the controls. Especially, membrane 

oxidation was induced after treatment with hydrogen peroxide. On electron microscopic analysis, 

mitochondria and ER were in the area of neurite degeneration, and the mitochondrial appeared to 

be swollen. Mitochondria and ER are famous calcium stores in the cells, co-treatment with 

calcium channel inhibitor significantly was decrease Fluo-4 AM emission. These results indicate 

that ROS- and calcium ionophore-induced neurite degeneration may relate to the collapse of 

mitochondria- and ER-related calcium homeostasis. 
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Abstract: Neuronal intranuclear inclusion disease (NIID) is a neurodegenerative disorder, 

characterized by the presence of eosinophilic inclusions (NIIs) within nuclei of central and 

peripheral nervous system cells. This study aims to identify the components of NIIs, which have 

been difficult to analyze directly due to their insolubility. In order to establish a method to 

directly identify the components of NIIs, we first analyzed the huntingtin inclusion-rich fraction 

obtained from the brains of Huntington disease model mice. Although the sequence with 

expanded polyglutamine could not be identified by liquid-chromatography mass spectrometry, 

amino acid analysis revealed that glutamine of the huntingtin inclusion-rich fraction increased 

significantly. This is compatible with the calculated amino acid content of the transgene product. 

Therefore, we applied this method to analyze the NIIs of diseased human brains, which may 

have proteins with compositionally biased regions, and identified a serine-rich protein called 

hornerin. Since the analyzed NII-rich fraction was also serine-rich, we suggested hornerin as a 

major component of the NIIs (Fig. 1 and Fig. 2). A specific distribution of hornerin in NIID was 

also investigated by Matrix-assisted laser desorption/ionization imaging mass spectrometry (Fig. 

3) and immunofluorescence. Finally, we confirmed a variant of hornerin by whole-exome 

sequencing and DNA sequencing. This study suggests that hornerin may be related to the 

pathological process of this NIID, and the direct analysis of NIIs, especially by amino acid 

analysis using the NII-rich fractions, would contribute to a deeper understanding of the disease 

pathogenesis. 
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Abstract: Neurodegenerative diseases (NDDs) are a spectrum of disorders characterized by the 

the progressive dysfunction and eventual loss of neurons, and are histologically hallmarked by 

the accretion of misfolded proteins into stacked β-sheets to form insoluble structures called 

amyloid fibrils. Alzheimer’s disease (AD) is the most common form of age-related NDD and the 

most common cause of dementia. Parkinson’s disease (PD) is the second most common NDD, 

and the most prevalent movement disorder. Despite initially being considered separate and 

distinct clinicopathologies, it is now understood that features of AD and PD overlap. The overlap 

of clinical presentation can make an accurate diagnosis difficult to discern, with some symptoms 

having a wide range of potential underlying pathologies. This complicates treatment strategies 

and jeopardizes disease-specific therapeutic research as currently, confirmed diagnosis of the 

disease can only be established upon autopsy. Therefore, it is critical that the underlying 

distinctions of pathophysiology between these disorders are further elucidated and correlated 

with clinical presentation. This will allow for increased accuracy in diagnostics and improved 

precision in future biomarkers. We have previously generated a novel mouse model by crossing 

APPswe/PS1dE9 (L85) mice, which develop amyloid β (Aβ) deposition by 4-6 months of age, 

with mice expressing WT human αSyn (M20), which develop extensive α-synuclein (αSyn) 

pathology following intracerebral injection of αSyn preformed fibrils (PFFs) and found that Aβ 

deposition dramatically potentiates αSyn pathological spread and exponentially accelerates glial 

interactivity throughout the neuroaxis. In this work, we further probe the consequences of co-

pathology by examining the conformational variety of αSyn in order to elucidate potential 

mechanisms for the observed potentiated spread. Using antibodies targeted for C-terminally 

truncated αSyn, we have found a stark variation between mice with co-deposition of Aβ and 

αSyn compared to mice with αSyn inclusion pathology alone. Overall, our work provides 

mechanistic insight into αSyn processing in the presence of Aβ pathology and provides clues for 

how one protein may lead to the further dysfunction of another. 
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Abstract: Introduction: We examined mitophagy in frontotemporal dementia (FTD) caused by 

heterozygous GRN mutations, which result in haploinsufficiency of the progranulin protein. 

Impairments in mitophagy, the selective autophagy of damaged mitochondria, have been 

identified in a number of neurodegenerative diseases, with a number of FTD genes known to 

play a role in mitophagy (e.g, TBK1 and OPTN). Reduced xenophagy, the selective clearance of 

non-host pathogens, has been identified in GRN-/- mice and is reliant on some proteins involved 

in mitophagy (TBK1 and Parkin). We therefore hypothesised that progranulin might affect 

mitophagy. 

Methodology: We examined PINK1/Parkin mitophagy in neuroblastoma Parkin overexpressing 

SHSY5Y cells (POE-5Ys) and neuroglioma H4 cells +/- GRN siRNA. We also investigated 

induced pluripotent stem cells (iPSCs) differentiated to cortical neurons, astrocytes and microglia 

from 4 controls, 3 GRN FTD patient and an isogenic R493X GRN mutation CRISPR series 

(control, heterozygous and homozygous) from the human iPSC Neurodegenerative Disease 

Initiative (iNDI). Mitophagy was induced using oligomycin and antimycin A (O/A). PINK1 

accumulation, levels of S65 phosphorylated ubiquitin (pUb) and other proteins involved in 

PINK1/Parkin mitophagy were examined using western blotting and immunofluorescence (ICC). 

Results: Lower levels of pUb were detected in POE-5Ys following GRN knockdown and O/A 

treatment in a high throughput imaging screen. We also detected a significant reduction in 

mitophagy in GRN siRNA treated H4 cells by ICC and western blotting of mitophagy markers. 

There was no significant difference in mitophagy between control and patient iPSC-derived 

neurons, but there was variability in mitophagy and progranulin levels between inductions. We 

found a significant reduction in mitophagy in the homozygous R493X mutation neurons. There 

was no significant difference in mitophagy in the heterozygous line, potentially due to 

compensatory upregulation of progranulin protein levels from the wild type allele. CDC37, 

which traffics PINK1 to the mitochondria and affects its stability at the mitochondria, was 

significantly reduced in both H4 cells treated with GRN siRNA and homozygous R493X 



mutation neurons. 

Conclusions: We have shown that loss of progranulin leads to impairments in PINK1/Parkin 

mitophagy. Current work aims to further understand the mechanisms of this process. Work is 

also ongoing in iPSC derived astrocytes and microglia to dissect cell-type specific contributions 

of progranulin to mitophagy. 
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Abstract: TDP43 (TAR DNA/RNA binding protein, 43 kDa) is a critical nuclear RNA binding 

protein involved in several aspects of RNA metabolism. In nearly all individuals with 

amyotrophic lateral sclerosis (ALS), and most of those with frontotemporal dementia (FTD), 

TDP43 is mislocalized to the cytoplasm, abnormally phosphorylated and ubiquitinated. Even so, 

we understand little about the underlying reasons for TDP43 mislocalization, or the impact of 

TDP43 cytoplasmic deposition and/or loss of nuclear TDP43 on neuronal survival. Our previous 

studies suggested that TDP43 mislocalization may be due to the production of alternatively 

spliced and truncated TDP43 isoforms that are prone to aggregation and actively exported from 

the nucleus. These ‘short’ (s)TDP43 isoforms are evolutionarily conserved, but their regulation 

and function remain fundamentally unclear. Here, we show that sTDP43 is produced by the same 

negative feedback loop that regulates TDP43 levels in all cells, wherein TDP43 binds to its own 

RNA, resulting in alternatively spliced transcripts that are destabilized by nonsense mediated 

RNA decay (NMD). We found that the alternatively spliced transcripts generated in the process 

of TDP43 autoregulation are those that encode sTDP43. Consistent with this, TDP43 

overexpression and NMD inhibition both increase sTDP43 production. To validate these results 

and also identify additional splicing factors involved in the generation of sTDP43, we created an 



sTDP43-specific splicing reporter which we are adapting for use in high-throughput and 

unbiased screens in human neurons. In primary rodent neurons, sTDP43 overexpression 

recapitulates nuclear TDP43 exclusion and cytoplasmic TDP43 aggregation, together with 

cellular toxicity. sTDP43-dependent toxicity requires functional RNA binding domains as well 

as residues that interact with endogenous TDP43, implying both gain-of-function and loss-of-

function mechanisms contributing to neurodegeneration in ALS and FTD. In ongoing studies, we 

are testing approaches capable of selectively reducing or eliminating sTDP43, while leaving full-

length TDP43 unaffected. Together, these investigations may prove essential for elucidating the 

function of sTDP43, as well as the consequences of sTDP43 accumulation in ALS and FTD. 
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Abstract: Hedysarum species have a variety of uses in traditional medicine, including the 

treatment of individuals suffering from brain injury or dementia. Hedysarum alpinum L is 

believed to support the immune system and the peripheral nervous system. However, the 

biological activities of Hedysarum alpinum L are not well studied. In current work, we conducted 

phytochemical screenings and investigated the protective effects of an extract of Hedysarum 

alpinum L.Material and methods: The Aerial part of Hedysarum alpinum L was collected from 

Bulgan Aimagk in western Mongolia. An extract of the specimens preserved in 70% ethanol was 

filtered and dried under vacuum for use in the study. Established conventional methods were 

used for quantitative determination of total phenols and flavonoid content. Hydroxyl radicals and 

lipid radicals were detected using spin trapping agents with ESR spectroscopy. The protective 

effects of the extract were assessed using an in vitro insult assay, i.e. mitochondrial dysfunction 

induced by malondialdehyde (MDA 100µM).Results: Phytochemical screening for the ethanolic 

extract of Hedysarum alpinum L detected polyphenols including quercetin (0.61%), rutin 



(0.93%), gallic acid (0,89%). Hedysarum aplinum L extract exhibited dose dependent 

scavenging effects on hydroxyl radicals and lipid radicals. The half maximal inhibitory 

concentration (IC50) of the extract was 6.72 mg/ml and 8.37 mg/ml for hydroxyl and lipid 

radicals respectively. These results demonstrate that the extract of Hedysarum alpinum L 

effectively inhibited free radicals. We found that the ethanolic extract of Hedysarum alpinum L 

provided significant protection against malondialdehyde-induced oxidative damage by 

improving the activity of mitochondrial respiratory transport chains (complex I and complex II) 

at a concentration 32 mg/ml in isolated brain mitochondria exhibiting MDA oxidative damage. 

Conclusion: These results provide an insight into a possible mechanism by which the extract of 

Hedysarum alpinum L could protect against oxidative damage in cells. 
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Abstract: Insulin is a well-known critical factor in brain development and the control of 

neurogenesis, in-cluding in the hippocampus. The alteration of insulin signaling in the 

brain can induce brain aging and regulate brain plasticity and could promote 

neurodegeneration in the late stage of Alzheimer’s disease (AD). The precise molecular 

mechanism of the relationship between insulin resistance and AD remains unclear. The 

development of phosphoproteomics has advanced our knowledge of phosphorylation-

mediated signaling networks and could elucidate the molecular mechanisms of certain 

conditions. Here, we applied a reliable phosphoproteomic approach to Neuro-2a (N2a) cells 

to identify their molecular features under two different clinically reliable insulin-resistant 

conditions: inflammation and dyslipidemia. We found different informatic characteristics 

between the two insulin-resistant phosphoproteomes by comparative informatics analysis. 

We also found commonly changed molecular signatures, including phosphoproteins, in the 



integrin and adenosine monophosphate-activated protein kinase pathways under insulin 

resistance and verified these targets by subsequent biochemical experiments. Among the 

commonly changed molecular signatures, the phosphorylation of acetyl-CoA carboxylase 

and Src was also found to be altered in the brains of 5xFAD mice. This study provides new 

molecular signatures for insulin resistance in N2a cells and possible links between the 

molecular features of insulin resistance and AD. 
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Abstract: Lysosome dysfunction is associated with the pathogenesis of a variety of 

neurodegenerative disorders. Thus, mechanisms that link lysosome dysfunction to disruption of 

neuronal homeostasis offer opportunities to understand the molecular underpinnings of 

neurodegeneration and to potentially identify novel therapeutic targets. A key mechanism 

through which lysosomes communicate and receive instruction is via transfer of cholesterol at 

ER-lysosome MCS. At these contacts, the Niemann Pick C1 cholesterol transporter (NPC1) 

facilitates the efflux of cholesterol out of the lysosome before it is transferred to the ER for 

distribution to other cellular membranes. Underscoring its importance, loss of function mutations 

in NPC1 lead to the progressive neurodegenerative disorder, NPC disease. This fatal condition 

has no cure and is characterized by the progressive neurodegeneration of several brain regions 

and a host of devastating symptoms including seizures, psychiatric problems, and dementia. 

Despite a general calcium handling defect being reported, the molecular mechanism(s) linking 

loss of NPC1 function to NPC disease associated neuropathology are unknown. Given the 

pathophysiological importance of regulated lysosomal cholesterol transport at ER-lysosome 

MCS, we wanted to understand if the molecular contents of other ER MCS are altered and 

contribute to neuron toxicity in NPC disease. In neurons, a prominent ER-PM contact site 

forming protein is the KV2.1 ion channel, whose interactions with the ER-localized VAP proteins 

generate contact sites to tune lipid and calcium nanodomains. Using a combination of super-



resolution TIRF nanoscopy, high-speed fluorescence imaging, biochemistry, and animal models 

of NPC disease, we determined that loss of NPC1 function increases the area, density, and 

number of PM KV2.1 channels. Furthermore, interactions between KV2.1 and CaV1 voltage-gated 

Ca2+ channels are elevated and result in significantly increased CaV1 clustering and activity, 

leading to elevated Ca2+ entry into neurons. A major consequence of increased KV2.1-supported 

CaV1 Ca2+ entry is elevated mitochondrial calcium concentrations which promotes neurotoxicity. 

Importantly, disrupting KV2.1-CaV1 interactions using a synthetic peptide or reducing KV2.1 

phosphorylation with a Cyclin-dependent kinase 5 inhibitor rescues the enhanced CaV1 

clustering, mitochondrial Ca2+, and neurotoxicity seen in NPC neurons. Collectively, these data 

demonstrate that NPC is a nanostructural ion channel clustering disease with altered ion channel 

distribution/activity at ER-PM contacts contributing to neurodegeneration. 
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Abstract: Frontotemporal dementia (FTD) is the most common cause of pre-senile dementia, 

and the granulin (GRN) gene is one of several genes whose dysfunction can lead to a hereditary 

form of FTD. There is no approved treatment to delay onset, slow progression, or cure FTD, and 

the mechanisms involved in GRN induced FTD are not well understood. We chose to use high-

throughput screening (HTS) to discover novel compounds which can induce progranulin 

(PGRN) protein production in vitro and in vivo. The goal of our small molecule study is to use 

these small molecules to elucidate the mechanisms underlying GRN triggered FTD and create a 

safe, long-term treatment for FTD related to GRN haploinsufficiency. A GRN luciferase reporter 

cell line was used to assess the effects of 200,000 small molecules on GRN activation. Following 

HTS and in vitro evaluation of top HTS hits, several compounds were dosed via continuous 



intracerebroventricular infusion in C57BL/6J mice. Three compounds (C40, C41 and C127) 

rescued brain PGRN protein levels in Grn+/- mice back to Grn+/+ levels. Due to in vitro 

pharmacokinetic analysis, C41 was eliminated before in vivo evaluation. After IP dosing of CD1 

mice, we used mass spectroscopy to determine the PKs of our compounds of interest. Parameters 

assessed for C40 vs. C127 were maximum concentration (Cmax), terminal elimination half-life 

(Terminal T1/2), time to reach maximum concentration (Tmax) and brain to plasma absorption 

(6246 vs 1112ng/g, 41 vs 58.75 minutes (min), 30 vs. 10 min, and 5.34:1 vs. 2.3:1 respectively). 

Unfortunately, solubility issues forced us to use an unusually dilute concentration of compound 

(10mg/kg) for the PK studies. We hypothesized that more soluble analogs of C40 would increase 

compound delivery and cause a rise in compound absorption. This increased absorption would 

ultimately increase compound penetrance into the brain. Hoping to solve compound solubility 

issues, medicinal chemistry was used to create 30 analogs of C40. Seven of the created analogs 

increased PGRN protein levels in several mouse and human cells lines, and were 3-5 times more 

soluble than C40. Two analogs, A21 and A41, were also able to increase PGRN levels in 

C57BL/6J mouse brains after IP delivery at 50mg/kg. Both analogs had PK evaluations 

conducted in vivo in CD1 mice with compound delivery 2.5 times that of C40. Surprisingly, A21 

and A41’s in vivo pharmacokinetic evaluation exhibited 30% and 38% reduction in overall 

compound absorption and 37% and 60% decrease in uptake into the brain respectively when 

compared to C40. We are currently evaluating how these differences in compound absorption 

translate into variations in PGRN protein production in the brain in vivo. 
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Abstract: Frontotemporal dementia (FTD) is a leading cause of early-onset dementia with no 

disease-modifying therapies. Heterozygous loss of function progranulin (GRN) mutations, 

causing haploinsufficiency of the progranulin protein, are causative of FTD and are inherited in 

an autosomal-dominant fashion. Progranulin is a secreted and lysosome-resident protein with 



several identified functions, acting as a growth factor, an immunomodulator, and a regulator of 

lysosomal function. Complete loss of progranulin results in lipofuscinosis and aberrant activities 

of several lysosomal enzymes indicating a critical role of progranulin in lysosomal function. 

Despite the clear link between progranulin deficiency and lysosomal dysfunction, the role of 

progranulin in lysosomal function remains unclear. Recent reports have implicated abnormalities 

in glycosphingolipid (GSL) degradation caused by progranulin deficiency. Our lab and others 

have found a deficiency of β-glucocerebrosidase (GCase), which cleaves glucosylceramide into 

ceramide in the GSL degradation pathway, in both progranulin-deficient models and patients 

with FTD caused by progranulin mutations (FTD-GRN). We have found that enzymes upstream 

in the GSL degradation pathway have elevated activities accompanied by transcriptional 

upregulation of the enzymes. GCase, downstream of these enzymes, appeared to be a unique 

case, as it had deficient activity with no transcriptional up- or downregulation, suggesting that 

the elevations upstream may reflect a compensatory mechanism due to overall lysosomal 

dysfunction. The association between GSL abnormalities and neurological abnormalities is 

increasingly clear; mutations in several of the enzymes in the GSL pathway are causative for 

multiple neurodegenerative diseases, and GCase-associated SNPs are a leading risk factor for 

Parkinson Disease. Progranulin interacts with several of these enzymes but does not directly 

modify their activities, unlike the related protein prosaposin. We predicted that GCase was not 

uniquely deficient as a result of progranulin deficiency, and characterized other enzymes 

involved in ceramide production. Here, we report deficiency of other enzymes in this pathway, 

also without transcriptional changes. This discovery suggests that progranulin may play a much 

broader role in regulating sphingolipid degradation, and that further investigation is needed to 

understand the effects of progranulin-regulated enzymes to determine the mechanism by which 

progranulin deficiency causes FTD. 
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Abstract: Frontotemporal dementia (FTD) is a major cause of a lethal early-onset dementia that 

affects personality, behaviour, and language. Finding a solution for FTD is hampered by the 

considerable heterogeneity of the disorder. FTD is hereditary in up to 30% of cases, mainly 

induced by mutations in the C9orf72 (FTD-C9), progranulin (FTD-GRN), and microtubule 

associated protein tau (FTD-MAPT) genes. The remaining 70% (sporadic FTD) can be 

conceived as a complex trait disorder. Our research aims to determine key cell types and disease 

mechanisms for hereditary FTD and to construct a disease framework to enable profiling of 

sporadic FTD cases. We investigated the proteome of post-mortem frontal and temporal cortex 

from FTD-C9 (n = 16), FTD-GRN (n = 9) and FTD-MAPT (n = 13) cases and compared them 

with non-demented controls (NDCs; n = 11) using a data-independent mass spectrometry-based 

quantitative approach. Differential abundance analysis (FDR-corrected at q < 0.05) revealed 

brain-area specific protein signatures, with minor regulation in the frontal cortex for FTD-C9 (n 

= 41), and major regulation in the frontal cortex for FTD-GRN (n = 579) and in the temporal 

cortex for FTD-MAPT (n = 488). Subsequent gene ontology analysis of these partially 

overlapping profiles indicated the presence of distinct genetic subtype-specific disease 

mechanisms. Using scRNAseq data resources we deduced the involvement of major brain cell 

types in these distinct biological processes. For the FTD-GRN subtype, we observed a role for 

immune processes related to endothelial cells and for mitochondrial dysregulation in neurons. 

For the FTD-MAPT subtype, we observed involvement of dysregulated RNA processing, 

oligodendrocyte dysfunction, and axonal impairments. Comparison of FTD-MAPT with 

Alzheimer’s disease proteomic data indicated that alterations in RNA processing and 

oligodendrocyte function are specific to FTD-MAPT. Our results indicate the distinct 

involvement of different brain cell types and biological mechanisms in genetic FTD subtypes. 

Proteomic profiling of sporadic FTD cases is currently ongoing. We are investigating multiple 

affected brain regions (i.e. frontal and temporal cortex, frontal insula, and anterior cingulate) 

from both hemispheres to generate an extensive overview. The inclusion of a healthy region (i.e. 

occipital cortex) per case will generate within-patient controls. Proteomic data will be 

supplemented with scRNAseq to generate in-depth insight into affected cell types. With our 

efforts we aim to reveal disease mechanisms for sporadic FTD within the wider FTD disease 

spectrum to pave the way for the development of disease subtype-specific treatment. 
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Abstract: Frontotemporal dementia (FTD) is a leading cause of dementia and is a progressive, 

fatal disease characterized by neurodegeneration of the frontal and temporal lobes. There is no 

cure and current treatments are limited. There are several forms of FTD, including behavioral 

variant FTD (bvFTD), where marked changes in personality occur, including disinhibition, social 

deficits, and loss of empathy. The most common genetic cause of FTD is a G4C2 repeat 

expansion located in C9orf72. Several pathogenic mechanisms have been proposed; 1) loss of 

function due to haploinsufficient C9orf72 mRNA, 2) gain of function due to RNA foci, and 3) 

gain of function due to dipeptide repeat protein (DRP) aggregates generated by RAN translation 

of repeat RNA. The arginine containing DRPs, poly(GR) and poly(PR), have been shown to be 

especially toxic. However, the neural mechanisms and circuitry underlying bvFTD behavioral 

deficits are largely unknown. In this study, we used an inducible tetracycline-based system to 

express 80 repeats of poly(GR) in forebrain CaMKII-containing neurons (GR80) in an age-

dependent manner to assess distress-induced, other-directed affiliative or comforting behavior in 

mice. Male and female C57BL/6J bystander mice display comforting behavior, characterized by 

allogrooming, body-contact, and cuddling, towards a distressed conspecific. However, aged male 

and female GR80 mice showed decreased comforting behavior compared to littermate controls. 

To assess the neural population and circuits involved in comforting behavior, we conducted an 

activity-dependent c-Fos mapping assay and identified several frontal regions activated during 

behaviors. Additionally, preliminary electrophysiology experiments revealed altered intrinsic and 

synaptic properties in the prefrontal cortex in mutant mice. Ongoing experiments aim to 

delineate the underlying mechanisms and rescue/ reverse loss of comforting behavior in mutant 

mice by targeting the neuropathological deficits in identified frontal circuits of these mice. 
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Abstract: Worldwide, prevalence of multiple sclerosis (MS) has increased from 2.3 million in 

2013 to 2.8 million in 2020. Incidence in diagnosis of MS differs by race and gender. White 

populations have historically had higher rates of diagnosis than Black populations yet, this trend 

has shifted such that Black Americans show increased incidences of MS diagnosis, worse disease 

severity, and earlier likelihood of mortality due to MS. Variation in diagnosis, clinical outcomes, 

and severity are also linked to biological sex. As with Black individuals, the characteristics of 

diagnosis in women has shifted towards greater increases in MS prevalence. To examine this 

shift in diagnosis and progression, we investigated if race and sex had an impact on cognitive 

decline in MS by using the Symbol Digit Modality Test (SDMT), Montreal Cognitive 

Assessment (MoCa), and the King Devick (KD) test. Ninety-three Black (N=36) and White 

(N=57) participants with MS were recruited from a neurology clinic in the gulf south of the 

United States. Black participants had overall shorter disease duration, (MYears= B: 8.6, W: 12.8 

), F(1,91) = [16.66], p <.01) and were younger than White participants, (MAge= B: 40.1, W: 

50.3 ), (F(1, 90) = [4.21], p = .04) . Yet regression and ANOVA models revealed that even when 

considering age, sex and disease duration, Black participants had worse cognitive outcomes as 

measured by the SDMT (R2 = .12, F(3, 88) = 3.92, p < .01) and MoCA (R2 = .11, F(3, 88) = 

3.64, p = .01) and were more likely to be cognitively impaired as measured by T-scores for the 

SDMT (F(1, 91) = [6.06], p = .02) and KD (F(1, 86) = [4.70], p = .03). This suggests that Black 

participants may have more aggressive disease courses leading to earlier cognitive decline.Men 

had a longer disease duration than women (M= M: 15.21:, W: 10.20 ) (F(1,90) = [4.05], p = .05) 

but showed no differences in cognition. Specifically, Black women had a slightly lower disease 

duration than Black men (Myears= BM: 14.39, BW: 7.40), (F(1, 33) = [3.71], p = .06) and a 

lower disease duration (Myears= BW: 7.40, WW: 12.00 ), (F(1, 72) = [.4.59], p = .04) as well as 

age (Mage= BW: 40.13, WW: 49.20 ), (F(1, 72) = [.4.59], p = .04) than White women. Yet, 

Black women still had worse scores as measured by the SDMT (R2 = .09, F(2, 71) = 4.57, p = 

.014) and MoCA (R2 = .17, F(2, 71) = 8.57, p < .01) and were more likely to be cognitively 

impaired as measured by T-scores on the KD (F(1, 69) = [4.86], p = .03) when compared to 

White women. Our findings indicate both between and within racial group differences in MS. 

Specifically, Black women fared cognitively worse than Black men and especially White 



women, hinting that an intersection between race and gender may impact the cognitive 

progression of MS. 
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Abstract: A major pathological protein in both amyotrophic lateral sclerosis (ALS) and 

frontotemporal dementia (FTD) is Transactive response DNA binding protein 43 (TDP-43). 

Recently, pathological TDP-43 was discovered as a secondary pathology in up to 50% of 

Alzheimer’s disease (AD) cases. Several studies reported that TDP-43 binds to heat shock 

protein family B (small) member 1 (HSPB1 or HSP27) but no functional evaluation of this 

interaction has been explored. In response to stress, heat shock proteins work to help fold native 

proteins in order to reduce aggregation. Inducing expression of HSP27 has been shown to be 

protective of many other disease conditions and has been shown to reduce aggregation of 

amyloid in AD. The overall goal of the current project is to utilize both primary neuronal 

cultures and mice that are selectively expressing pathogenic TDP-43, HSP27, and apolipoprotein 

E (apoE) in the brain and spinal cord in order to characterize the effect of HSP27 overexpression 

on TDP-43 and apoE. This will give us a better model to understand TDP-43 proteinopathies. In 

the present study, we hypothesize that increased expression of HSP27 may reduce TDP-43 

aggregation and alter mitochondrial morphology. A new transgenic mouse model was developed 

to selectively drive human HSP27 and pathological TDP-43 with a defective nuclear localization 

signal (ΔNLS) in the hippocampus and neocortex using the Ca2+/calmodulin protein kinase 

(Camk2a) tetracycline inducible system. We evaluated the following genotypes: wild-type, 

Camk2a/NLS, Camk2a/HSP27 and Camk2a/HSP27/TDP43ΔNLS at 4 months of age for 

immunohistochemistry, biochemistry (solubility fractionation), and Western blot. Preliminary in 

vitro results show that cells overexpressing HSP27 reduce aggregation and protein levels of 

TDP43. Mice overexpressing HSP27 in a TDP43ΔNLS background in the hippocampus show a 

reduction of aggregated TDP43. We also examined protein changes altering processing of full 

length TDP-43 in to N- and C-terminal fragments. Besides, samples were treated against human 



specific TDP; no differences were observed between CK2/NLS and CK2/HSP/NLS mice. 

Interestingly, HSP27 overexpression modulated endogenous apoE expression. We will also 

explore interactions between HSP27 and apoE. To identify HSP27-apoE interactions, we will 

induce HSP27 and apoE isoforms in cellular and mice models. Immunohistochemical and 

bioenergetic experiments will be carried out to evaluate the overall brain and mitochondrial 

morphology upon HSP27 overexpression. Overall, our initial data suggests that modifying 

HSP27 expression may provide a point of therapeutic intervention for TDP-43 proteinopathies. 
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Abstract: Acetylation modulates TDP-43 nucleo-cytoplasmic shuttling and promotes liquid-

liquid phase separation 

Neuropathological cytoplasmic inclusions of the RNA-binding protein TDP-43 characterize 

amyotrophic lateral sclerosis and distinct types of frontotemporal dementia. TDP-43 found in 

pathological aggregates is heavily ubiquitinated, phosphorylated and acetylated. We found four 

novel acetylation sites at specific residues in the nuclear localisation signal (K79, K84) and in the 

RNA-recognition domain (K121, K136). The relevance for TDP-43 pathophysiology was 

assessed via site directed-mutagenesis and amber suppression with acetyl-lysine. We describe 

how acetylation at lysine-84, located in the nuclear localisation signal, dramatically decreases 



nuclear import of TDP-43. In addition, acetylation at lysine-136 impairs TDP-43 RNA-binding 

capabilities and drives TDP-43 into phase separated condensates. To assess the impact of these 

acetylations in TDP-43 pathophysiology, we developed specific antibodies to detect them. With 

these newly developed tools, we identified the nuclear deacetylating enzyme Sirtuin-1 (SIRT1) 

as the responsible enzyme to deacetylate both lysine-84 and lysine-136. Overexpression of 

SIRT1 significantly reduced the proportion of cells with acK84-driven cytoplasmic 

mislocalisation, as well as the number of acK136 TDP-43 liquid droplets. In addition, an indirect 

modulation of SIRT1 activity via resveratrol seems to reduce TDP-43 phase separation. To 

further confirm the pathological relevance of these acetylation sites, different immunoassays are 

being developed. 

In summary, in this study we report that acetylation within the NLS region modulates TDP-43 

nucleo-cytoplasmic shuttling. In addition, we have characterized in detail the effect of 

acetylation at the RNA-recognition domain. Acetylation at lysine-136 impairs TDP-43 RNA-

binding capabilities and drives its phase separation and further pathological aggregation. This 

process can be modulated by SIRT1 activity, an enzyme which in turn can be modulated with 

small molecules such as resveratrol. Once the pathological relevance of these findings is 

confirmed, the regulation of TDP-43 acetylation could offer a new approach to reduce TDP-43 

aggregation process in ALS and FTD. 
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Abstract: The development of therapies to treat patients with neuronal indications is currently 

hampered by the use of animal models as less than 10% of findings derived from these 

preclinical models can be translated to humans. Patient-derived induced pluripotent stem cells 

(iPSCs) offer the possibility to generate in vitro systems to model neurological diseases that can 

recapitulate relevant human disease phenotypes. However, conventional human iPSC (hiPSC) 



differentiation protocols are often lengthy, inconsistent, and difficult to scale. More importantly, 

the lack of genetically matched controls for patient-derived models further complicates the 

investigation of disease-relevant phenotype and study of molecular mechanisms underlying 

neurodegeneration. To overcome these problems, we developed a proprietary gene- targeting 

strategy (opti-oxTM) that enables highly controlled expression of transcription factors to rapidly 

reprogram hiPSCs into any specific somatic cell type in a scalable manner. Our reprogramming 

approach together with CRISPR/Cas9- mediated genetic engineering enables us to introduce 

specific mutations in these hiPSC-lines and create isogenic disease models that will improve 

screen specificity and accelerate drug development. We used our opti-oxTM induced 

ioGlutamatergic Neurons to generate a Huntington’s disease (HD) model that carries a 50CAG 

expansion in the huntingtin (HTT) gene. Mutant HTT proteins containing elongated 

polyglutamine (PolyQ) stretches are aggregation-prone and have been reported to affect a range 

of neuronal subtypes, including cortical glutamatergic neurons. Characterisation of the 

ioGlutamatergic Neurons HTT 50CAG showed that the expression profile of pan-neuronal 

(MAP2 and TUBB3) and glutamatergic (VGLUT1 and VGLUT2) marker genes as well as of the 

HTT transcript itself is highly similar to that of the wild type (WT) ioGlutamatergic Neurons. 

We are currently performing an in-depth phenotypic characterisation of this disease model and 

the genetically matched control to determine the differences in their transcriptome, neuronal 

activity and mitochondrial functions. Beside the 50CAG mutation in HTT, we have generated 

mutations in the MAPT, TARDBP, GBA and PRKN to provide isogenic disease models for 

FTD, FTD/ALS and Parkinson’s disease. Our novel strategy to use the opti-oxTM technology for 

the scalable and consistent production of hiPSC-derived isogenic disease models, offers new 

avenues into drug discovery and can accelerate research and the development of new 

therapeutics. 
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Abstract: The currently incurable Huntington’s disease (HD) is a progressive and highly 

debilitating neurodegenerative disease caused by a mutation in the huntingtin (HTT) protein. 

Mutant huntingtin protein (mHTT) is characterized by an expanded poly-glutamine tract leading 

to improper protein folding and, consequently, toxic gain of function, compromised protein 

degradation, cytotoxicity and the hallmark HD pathology of HTT protein aggregates. To address 

the root cause of the HD pathology, we employed a high throughput high content screen and 

identified multiple compounds that prevent mHTT aggregation in a cell-based assay. Emerging 

structure-activity relationships (SAR) reveal multiple chemotypes that lower mHTT levels. Here, 

we present initial results demonstrating the diverse modes of action for several Origami 

chemotypes. We use multiple cellular models, including primary human wild type (WT) and HD 

fibroblasts, as well as cell lines expressing wtHTT or mHTT under control of constitutive or 

inducible promoters. Several key compounds were effective in lowering HTT, reducing mHTT 

aggregation, modulating autophagy and enhancing neurite outgrowth. Additionally, we present 

preliminary data suggesting selective reduction of mHTT vs wtHTT. 
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Abstract: Huntington’s disease (HD) is characterized by defective glial differentiation as well as 

by its characteristic striatal neuronal loss. In particular, HD is associated with both early 



hypomyelination and white matter disease, which may be radiographically evident in patients 

long before symptomatic onset otherwise. Here, we investigated the cellular basis for 

dysmyelination in two mouse models of HD, focusing on the role of glial progenitor cell 

dysfunction in that process. We first noted a progressive, age-related loss of myelin in R6/2 

mice, an mHTT exon1 120CAG repeat knock-in model of HD, compared to wild-type (WT) 

controls. Following cuprizone demyelination, diseased R6/2 mice displayed significantly delayed 

recovery and remyelination compared to WT mice, at both 2 (p<0.001) and 4 weeks (p<0.01) 

after the cuprizone cessation. RNA-Sequencing and proteomic analysis of both callosal white 

matter and isolated GPCs, derived from both R6/2 and zQ175 mice (the latter a full-length 

mHTT model, with later symptomatic onset), revealed in each the relative down-regulation of 

genes associated with oligodendrocyte differentiation and myelinogenesis, compared to WT 

controls. Gene co-expression and network analysis predicted repressed TCF7L2 signaling as a 

major driver of this expression pattern. Lentiviral TCF7L2 over-expression in the R6/2 striatum 

resulted in the significant upregulation of a cohort of myelinogenic genes, which included Myrf, 

Mag, Plp1, Mbp and Tf, as well as the lipid biosynthetic genes Srebf1, Srebf2, and Hmgcr, all 

consistent with TCF7L2 role in regulating both glial myelinogenesis and lipid metabolism. On 

that basis, we assessed the ability of lentiviral TCF7L2 expression to potentiate remyelination in 

cuprizone-demyelinated R6/2 mice. We found that in vivo TCF7L2 overexpression proved 

sufficient to accelerate both the restoration of myelin gene expression and remyelination in 

demyelinated R6/2 mice. These data causally link impaired TCF7L2-dependent transcription to 

the deficient developmental and compensatory myelination of HD, and provide a potential target 

for its therapeutic restoration. 
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Abstract: TRIM21 is a cytosolic Fc receptor ubiquitously expressed in the body. After antibody 

binding to antigen and binding of the antibody Fc fragment to a TRIM21 dimer, which functions 

as a E3 ligase, the antibody-antigen-TRIM21 complex is ubiquitinated and directed to the 

proteasome for degradation. Antibodies represent one of the few modalities which demonstrate 

allele selectivity for mutant huntingtin protein (mHTT) over wild-type HTT (wtHTT) and it has 

been shown in cell models overexpressing HTT and TRIM21 that allele specific mHTT 

degradation can be achieved (Cliff et al, 2018; Zeng et al, 2021). In this work, we aimed to target 

mHTT for proteasome degradation by intracellular delivery of either total HTT-specific or 

polyQ-specific antibodies into Q48 Genea020 hESC and neurons as a cellular model of 

endogenous HTT- and TRIM21- expressing proteins. The data that we are presenting 

demonstrates that TRIM21 is present in the Genea020 cell models at detectable levels (RNAseq 

and Westerns) and that the polyglutamine length-independent HTT antibody D7F7, and with 

more variable results, PolyQ antibodies, can lower mHTT levels (using HTRF assay). 

Preliminary data on Genea020-derived striatal neurons show a similar mHTT lowering effect. 

Furthermore, knock down of TRIM21 by siRNA as well as proteasome inhibition in ES cells at 

least partially abrogates the mHTT lowering effect, supporting the mechanism of action by 

TRIM21-mediated proteasome degradation. Next steps will focus on the mHTT specificity and 

the delivery of the HTT antibodies as cargo in AAV vectors both in cell models and animal 

models of HD. Such animal model studies could allow us to determine TRIM21-mediated HTT 

aggregate-specific or mHTT-selective lowering and measure the impact on disease progression. 

Overall, this proof-of-concept work demonstrates the value of engaging TRIM21 by using HTT- 

specific antibodies as a suitable way to lower HTT, with an additional advantage of being allelic 

selective and serving an advantage over other non-protein-directed therapeutic alternatives. 

References • Clift D, et al. A Method for the Acute and Rapid Degradation of Endogenous 

Proteins. Cell. 2017;171:1692-1706.:e18 • Zeng T, et al. Target-induced clustering activates 
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Abstract: Several drug modalities aimed at lowering levels of mutant HTT (mHTT) are 

currently in development for the treatment of Huntington’s Disease (HD). Importantly, mHTT 

mRNA is increasingly being considered an important therapeutic target, and HTT lowering 

pharmacodynamic data have been recently shown in clinical trials with the use of antisense 

oligonucleotide (ASO) targeting HTT mRNA. However, those trials have recently been stopped 

for insufficient safety over therapeutic margin. Notably, ASOs are delivered intrathecally into the 

spinal cord or directly into the striatum due to their poor distribution.Small molecules aimed at 

the same target will provide the potential advantages of greater distribution, non-invasive 

delivery methods and higher patient accessibility. In this context, a growing number of small 

molecules targeting RNA are being identified and this class of molecules are progressing into the 

clinic. One such molecule is Branaplam (LMI070) targeting directly HTT mRNA and is now 

moving forward to clinical trials for HD. Branaplam was originally designed to target splicing of 

SMN2 exon 7, but also targets splicing of the exon junction 49-50 of HTT pre-mRNA, 

promoting retention of a pseudo-exon within intron 49b which contains a premature stop codon, 

subsequently resulting in nonsense-mediated decay (NMD)-dependent mRNA and consequential 

protein lowering.CHDI, with Charles River Early Discovery, has discovered a novel compound 

(SMSM1) targeting the same mechanism. Herein, we describe the in vitro and in vivo profile of 

SMSM1. Potency was assessed in an HD-relevant human stem cell model and demonstrated 

concentration-dependent splicing modulation and HTT protein-lowering. Moreover, Compound 

Y exhibited favourable ADME and PK properties, as well as significant HTT mRNA splicing 

and protein-lowering in vivo in brain and peripheral tissues of an HD rodent model. 
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Abstract: Huntington’s disease (HD) is the most common monogenic form of 

neurodegeneration and is caused by an expanded trinucleotide (CAG) repeat in the HTT gene. 

Here, we used single-cell multi-omic technologies to test hypotheses regarding the pathogenic 

mechanisms of HD mutations in vulnerable neurons. This study was carried out using the 

striatum of six-month-old HttQ111/+ mice, a relatively early timepoint at which cellular and 

behavioral differences are detectable but subtle. First, we established that in these mice, striatal 

spiny projection neurons exist along a trajectory from healthy to disease-associated 

transcriptomic states. Second, we tested the hypothesis that pathological changes occur initially 

in cells that have undergone further somatic expansion of the HTT CAG repeat. For this purpose, 

we performed single-cell long-read sequencing to correlate the HTT CAG length and 

transcriptomic states across thousands of striatal neurons. Third, we tested the hypothesis that 

HD pathogenesis is seeded by the formation of specific misfolded HTT (mHTT) protein 

isoforms, utilizing Cellular Indexing of Transcriptomes and Epitopes by Sequencing (CITE-seq) 

to quantify soluble (3B5H10) and insoluble (MW8) mHTT isoforms in striatal neurons in 

parallel with their transcriptomic states. Fourth, we tested the hypothesis that HD pathogenesis 

involves dysregulation of epigenomic states, utilizing single-nucleus Assay for Transposase 

Accessible Chromatin. Finally, we tested that disease-associated transcriptomic changes can be 

rescued by treating HttQ111/+ mice with a therapeutic antisense oligonucleotide targeting the HTT 

gene. Our findings will aid in the development of novel therapeutics targeting each of these 

pathogenic mechanisms. Funding: This study was supported by contracts from the CHDI 

Foundation to S.A.A. and J.B.C. 
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Abstract: Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder 

characterized by progressive motor, psychiatric, and cognitive decline. Marked neuronal loss in 

the striatum and cerebral cortical structures is the main neuropathological hallmark of HD. 

Environmental factors can alter gene expression through epigenetic responses and can change the 

mechanisms of experience-dependent plasticity such as synaptic plasticity and neurogenesis. An 

enriched environment has been shown to delay the onset and progression of motor symptoms and 

to improve neurological function and cognitive deficits in HD mice. However, the impact of an 

enriched environment on transcriptional changes in the R6/2 transgenic mouse model of HD is 

yet unclear. To address this issue, we performed genome-wide transcriptome analysis using next-

generation RNA-seq in striatal tissue from HD and wild-type (WT) mice reared in either an 

enriched (EE) or normal (NE) housing environment. We then performed bioinformatic analysis 

on the differentially expressed genes (DEGs, fold change of ±2 and FDR < 0.01) using the 

Ingenuity Pathway Analysis (IPA). We first investigated how gene expression is changed in HD 

mice during the development of HD symptoms. Canonical pathway analysis showed that the 

activity of the synaptogenesis signaling pathway is reduced in HD mice reared under the normal 

environment at 12 weeks vs. 4 weeks. An analysis in disease and functions showed that the gene 

network of these DEGs is implicated in movement disorders and the degeneration of neurons. 

These results indicate that genes changed in HD mice correlate with the pathogenesis of HD. 

Next, we analyzed 268 DEGs identified as ‘EE’-common genes, which are changed in both HD 

and WT mice reared in an EE vs. NE. The IPA analysis of these common DEGs showed that 

genes associated with networks of long-term potentiation, the release of neurotransmitters, and 

learning and memory are activated, while genes associated with networks of behavior deficits, 

movement disorders, and neurological signs are inhibited. Taken together, we anticipate that the 

identification of genes and gene networks that are altered in HD mice in response to enriched 

environments will assist us in understanding how enriched environments can improve HD 

symptoms and neurological functions and will contribute to the development of novel therapeutic 

strategies to ameliorate motor and cognitive deficits associated with this debilitating and 

devastating disease. 
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Abstract: Huntington’s disease (HD) is a devastating hereditary neurodegenerative disorder 

caused by an abnormal CAG repeat expansion encoding a polyglutamine tract (polyQ) in 

Huntingtin (HTT). Aberrations in HTT’s function due to polyQ expansion is one postulated 

factor in HD pathogenesis; however, the molecular function and regulation of HTT remain to be 

elucidated. Using a proteomics-based approach, we identified a novel 40kDa protein encoded by 

an uncharacterized CG8134 gene as a strong interactor of Drosophila HTT and further 

demonstrated it was the functional ortholog of human HAP40, an HTT-associated protein shown 

recently to modulate HTT’s conformation but with unclear physiological and pathologic roles. 

Molecular modeling suggested that the structural architectures and interaction domains are 

conserved between human and Drosophila HTT/HAP40 complexes. Validation experiments in 

flies and human cells supported conserved physical and functional interactions of HAP40 with 

HTT across the evolutionarily distant species. Further, genetic interaction assays showed that 

loss of HAP40 causes similar phenotypes as HTT knockout. More strikingly, HAP40 was found 

to strongly affect HTT’s protein stability, as depletion of HAP40 significantly reduced the levels 

of endogenous HTT protein while HAP40 overexpression markedly extended its half-life. 

Conversely, in HTT-deficient cells, the majority of HAP40 protein was degraded potentially by 

the proteasome. Further, polyQ expansion did not significantly alter the affinity of the 

HTT/HAP40 complex, and there were no abnormal accumulations of endogenous HAP40 

protein in HD cells from mouse HD models or human patients. Lastly, when tested in 

Drosophila models of HD, HAP40 modulated the neurodegenerative effects of full-length 

mutant HTT, but showed no apparent effect on the toxicity of mutant HTT exon 1 fragment. 

Taken together, our study uncovers a conserved mechanism governing HTT’s protein stability 

and endogenous function. Further, our results support that mutant HTT is toxic regardless of its 

association with HAP40, but HAP40 might be a potential modulator of HD pathogenesis through 

its multiplex effect on endogenous HTT. 
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Abstract: Lowering of the pathogenic mutant huntingtin (mHTT) protein in Huntington’s 

disease (HD) patients is one of the leading approaches to ameliorate the fatal neurodegeneration 

caused by the poly-CAG expansion in the Htt gene. Current therapeutics in development involve 

small molecule splicing modulators or use of novel biological agents such as ASOs, RNAi, 

ZFTR and CRISPR/Cas9. Therefore, physiologically relevant and scalable models of HD are 

needed to improve outcomes and efficiency of drug development. The use of human induced 

Pluripotent Stem Cell (iPSC)-derived neurons would offer disease relevant in vitro system 

however can be hindered by low scalability, and long complex protocols. The cell 

reprogramming technology, opti-oxTM , in combination with CRISPR-Cas9 gene editing has been 

used to develop iPSC-derived ioGlutamatergic Neurons carrying a HTT allele with an abnormal 

50 CAG repeat expansion. We have used high content imaging analysis and branched DNA 

assay to characterise ioGlutamatergic Neurons HTT50CAG/WT together with their isogenic control. 

Moreover, we have used Multi Electrode Array (MEA) platform to study functional activity of 

the ioGlutamatergic Neurons HTT50CAG/WT compared to the isogenic control. Preliminary 

functional data showed that ioGlutamatergic Neurons HTT50CAG/WT demonstrated formation of 

synchronous activity at late stage of maturation, suggesting these neurons are 

electrophysiologically active and amenable to functional studies. Here we also established a 

neuronal HTRF assay using ioGlutamatergic Neurons HTT50CAG/WT that provides optimal 

conditions with robust assay statistics suitable for future compound screening. Counter-screen 

and orthogonal assay formats will be developed and applied to define specificity and putative 

mechanisms of action. 
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Abstract: Contribution of a PIAS1 S510G variant to the late onset of Huntington’s Disease 

AuthorsYan Hua Lee1,, Hui-Mei Chen1, Hsing-Lin Lai1, Chia-Wei Lee1, Yijuang Chern1. 
1 Institute of Biomedical Sciences, Academia Sinica, Taipei, Taiwan. 
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AbstractPolyglutamine (PolyQ) diseases are progressive neurodegenerative disorders caused by 

the polyQ encoding CAG-repeat expansion in the disease-causing gene. The CAG-repeat length 

is the major determinant of the age-at-onset (AO) of polyQ diseases, including Huntington’s 

disease (HD) and spinocerebellar ataxia type 3 (SCA3). Of note, some patients have an AO 

deviated from the average AO, suggesting the presence of genetic modifier(s). Genetic modifiers 

may have substantial impact on disease onset, severity, and/or progression. We have recently 

shown that a genetic variant of PIAS1 (A445T, Ser510Gly), identified from late onset polyQ 

disease patients, may delay the onset of HD by modifying the homeostasis of mutant Huntingtin 

(mHTT). Biochemical analyses revealed that PIAS1S510G has a reduced ability to interact with 

mHTT compared to PIAS1WT, causing a lower SUMOylation levels of mHTT and diminished 

accumulation of insoluble mHTT. The expression of the naturally occurring variant, PIAS1S510G, 

in a mouse model of HD (R6/2) markedly improved several HD symptoms (including shortened 

life spans, motor dysfunction and mHTT accumulation), validating our clinical finding. To gain 

further insight into the underlying protective effect of PIAS1S510G in HD, we carried out 

quantitative proteomic analysis to investigate the impact of Pias1S510G on the brain proteome of 

WT or HD mice expressing Pias1S510G. Brain samples from 4 weeks of age (pre-HD stage) were 

analyzed. Because mHTT exists in monomeric and oligomeric forms in the pre-HD stage, 

changes in the brain proteome would mostly likely be Pias1S510G-specific. Proteomic analysis 

revealed that there is no strong proteome alteration at the age of 4 weeks. Only two proteins 



(protein shroom 4 (Shroom4) and FXYD domain containing ion transport regulator 7 (Fxyd7)) 

were found to be significantly down-regulated in the HD brain harboring Pias1S510G when 

compared with that of Pias1WT. Additional analysis on the mouse brain proteome at the age of 12 

weeks (late-HD stage) will be very important. The resultant comprehensive understanding of the 

mechanistic contribution of PIAS1S510G to HD pathogenesis may facilitate the development of 

new therapies for HD.  
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Abstract: Huntington’s disease (HD) is a genetic neurodegenerative disease caused by 

trinucleotide repeat (CAG) expansions in the human HTT gene encoding the huntingtin protein 

(Htt) with an expanded polyglutamine tract. Non-human HD models from yeast to transgenic 

mice have investigated proteins interacting with mutant Htt that may initiate molecular pathways 

of cell death. There is a paucity of datasets of published Htt protein interactions that include the 

criteria of (1) defining fragments or full-length Htt forms, (2) indicating the number of poly-

glutamines of the mutant and wild-type Htt forms, and (3) evaluating native Htt interaction 

complexes. Therefore, this study evaluated Htt interactor data in the literature reported in ~193 

articles to gain understanding of mutant Htt dysregulation of cellular pathways. This analysis 

compiled a data set of Htt interacting proteins from the literature that meet our criteria and were 

subjected to network analysis via clustering, gene ontology, and KEGG pathways using rigorous 

statistical methods. This data set of Htt interactors found that both mutant and wild-type Htt 

interact with more than 2971 proteins. Application of a community detection algorithm to all 

known Htt interactors identified significant signal transduction, membrane trafficking, 

chromatin, and mitochondrial clusters, among others. Binomial analyses of a subset of reported 

protein interactor information determined that chromatin organization, signal transduction and 

endocytosis were diminished, while mitochondria, translation and membrane trafficking had 



enriched overall edge effects. These data support the hypothesis that mutant Htt disrupts multiple 

cellular processes that may lead to toxicity, including translation, signal transduction, and 

mitochondrial systems. This dataset is an open resource to benefit investigators in formulating 

hypotheses of HD mechanisms of pathogenesis. 
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Abstract: Huntington disease (HD) is a fatal neurodegenerative disease that results in a triad of 

motor, cognitive and psychiatric symptoms. Being a monogenic disorder, it is an ideal candidate 

for genetic therapies, which can target the root cause of HD: the mutant huntingtin (HTT) gene. 

However, many of these HD therapies currently in clinical trials also result in lowered levels of 

wild type HTT (wtHTT), which has been suggested to play an important role in cellular 

functions that promote synapse stability and plasticity, such as fast axonal transport, 

neurotransmitter release and receptor localization. Synaptic disruption occurs early in HD and is 

known to precede and predict neuronal cell death. Consequences of wtHTT reduction in the adult 

brain remain poorly understood, and additional research at the preclinical level is required 

immediately to better understand the risk factors associated with HTT-lowering therapeutics. We 

investigated the consequences of wtHTT deletion in the adult hippocampus using both cell 



culture and mouse models. wtHTT-lowered cultured hippocampal cells showed a significant 

reduction in synaptic connections, as well as attenuated calcium transients, in comparison to 

siRNA vector-treated control cells. When synapse function was investigated using 

electrophysiological methods in our wtHTT conditional knockout (cKO) mouse models, we 

found that cKO mice showed impairments in both short- and long-term hippocampal plasticity. 

A decrease in neurotransmitter release probability was also seen in cKO animals. Results 

described here indicate that wtHTT is required for maintaining proper synaptic stability and 

function in the adult mammalian hippocampus. 
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Abstract: Huntington Disease (HD) is a fatal inherited neurodegenerative disease with a triad of 

cognitive, motor, and psychiatric symptoms. HD is caused by a CAG-triplet repeat expansion in 

the huntingtin gene (HTT), resulting in the pathogenic mutant HTT protein that affects cellular 

functions that result in the dysfunction and death of neurons. However, before overt neuronal 

death is observed, alterations in synaptic function occur, suggesting that HD is initially a 

synaptic disease. Using the powerful combination of the Airyscan super-resolution microscope 

and Imaris software, we conducted a large-scale synaptic analysis of several brain regions 

heavily hit in HD - the striatum and hippocampus - and revealed multiple synaptic alterations in 

HD mice including synapse density and distance. Healthy cognitive function relies on synaptic 

plasticity. N-methyl-D-aspartate receptors (NMDARs) assemble as functionally diverse 

heterotetramers with essential roles in synaptic plasticity. Of all the NMDAR subunits, GluN3A 

may be the most unusual. Incorporation of the GluN3A subunit into NMDARs alters 

conventional NMDAR properties. GluN3A-containing NMDARs have reduced magnesium 

(Mg2+) sensitivity and reduced calcium permeability. GluN3A expression peaks during the first 

1-2 weeks of postnatal life, progressively declines and remains low into adulthood in most brain 

regions. In early experiments, we demonstrate that synaptic plasticity is impaired in adult brain 

regions that retain GluN3A expression. We show that GluN3A is abnormally elevated in the HD 



hippocampus at synaptic and extrasynaptic locations. Whole-cell patching of CA1 pyramidal 

neurons revealed an increase in glycine-induced currents in the HD hippocampus. In addition, 

Mg2+ sensitivity is significantly reduced in the HD hippocampus. Together this suggests that 

GluN3A-containing NMDARs assemble as both combinations of GluN1/GluN2/GluN3A 

triheteromeric receptors and GluN1/GluN3A excitatory glycine receptors in HD. Synaptic 

plasticity is impaired in the HD hippocampus. Perhaps elevated GluN3A may contribute to the 

cognitive impairments in HD. In current experiments, HD mice are injected into the 

hippocampus with a short hairpin RNA to reduce GluN3A levels to determine if GluN3A 

knockdown can restore cognition in HD. 
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Abstract: Gangliosides are sialic acid-containing glycosphingolipids that are crucial players in 

cell signaling and cell-cell communication. In some protein misfolding diseases, brain levels of 

gangliosides are perturbed, and administration of exogenous gangliosides, particularly GM1, is 

neuroprotective. Gangliosides are present in extracellular vesicles (EVs), secreted nanoparticles 

which contribute to the clearance and spread of misfolded proteins. Here, we investigated how 



exogenously administered or endogenously synthesized gangliosides modulate secretion of EVs 

and misfolded cargo proteins. 

Cell models of Huntington’s disease, Parkinson’s disease and tauopathies were treated with 

various gangliosides to increase cell ganglioside levels. To deplete gangliosides, cells were 

treated with Genz-123346 (an inhibitor of ganglioside biosynthesis), or B4galnt1 was knocked-

out using CRISPR-Cas9. DiD-labelled EVs and their misfolded protein cargo were analyzed by 

imaging flow cytometry, fluorometry, ELISA, immunoblot and ExoView. 

Ganglioside GM1 increased secretion of EVs from neuronal cells and primary human fibroblasts. 

GM1 also promoted the secretion of mHTT, A53T α-synuclein, tau, N279K tau and P310L tau 

within EV fractions. The ceramide tail of GM1 was required for these effects, as treatment of 

neuronal cells with the GM1 pentasaccharide alone did not recapitulate the stimulatory action of 

GM1 on EV secretion. Other gangliosides also increased EV secretion, except for GM3 and 

GD3, which had a partial inhibitory activity on EV secretion. These data suggest that the N-

acetyl-D-galactosamine residue in the glycan headgroup, which discriminate stimulatory 

gangliosides from GM3 and GD3, is required for ganglioside-induced EV secretion. We also 

found that endogenous gangliosides play an important role in EV biogenesis. Depletion of 

gangliosides with Genz-123346 reduced EV and misfolded protein secretion. Similarly, 

knockout of the ganglioside biosynthetic gene B4galnt1 resulted in impaired EV secretion that 

could be rescued by treatment with an equimolar mixture of major brain gangliosides GM1, 

GD1a, GD1b and GT1b. 

Altogether, our data identify gangliosides as novel modulators of EV secretion and suggest that 

decreased ganglioside levels in protein misfolding diseases might decrease the secretion of 

misfolded proteins and exacerbate proteotoxic stress within neurons. Therapies that raise 

ganglioside levels might alleviate proteotoxic stress in neurodegenerative diseases by promoting 

clearance of misfolded proteins through EVs. 
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and Striosome-Matrix Neurons 
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Abstract: Striatal cell-type-specific vulnerability in Huntington’s disease (HD) preferentially 

affects dopamine D2R-expressing projection neurons (SPNs), compatible with manifest motor 

symptomatology in HD. A second, less fully studied feature of striatal vulnerability involves the 

compartmental organization of the striatum, with neurochemically specialized labyrinthine 

‘striosomes’ thought to be affected especially in relation to premanifest mood 

symptomatology.To disentangle the cell-type-specific vulnerability in HD, we performed single-

nucleus RNA sequencing on striatal samples from two murine models (zQ175 and R6/2) and rare 

Grade 1 HD patient tissue, and examined striosome and matrix sub-clusters within parent D1 and 

D2 SPN clusters. In the Grade 1 human HD, striosomal SPNs were the most depleted SPN 

population. Surprisingly, for both mouse models, transcriptomic distinctiveness was diminished 

more for striosome-matrix SPNs than for D1-D2 SPNs. Compartmental markers tended to cancel 

endogenous identities of striosomal and matrix SPNs; striosomal makers were downregulated in 

striosomal SPNs and upregulated in matrix SPNs, and matrix markers were upregulated in 

striosomal SPNs and downregulated in matrix SPNs. On the contrary, markers for D1-D2 SPNs 

exhibited less identity obscuring; they appeared up- and down-regulated in a non-systematic 

way. The degree of dysregulation (i.e., absolute values of up- or down-regulations) was largest in 

D2R-expressing SPNs, recapitulating the D2-dominent vulnerability in HD, and reflected in 

genes upregulated in specific cell types and downregulated in others.These results suggest that 

striosomes are the first to die in human HD, and that striosome-matrix identities are more 

vulnerable than those of D1-D2, a pattern that could reflect a differentiation deficiency during 

development due to loss of function of normal Huntingtin, as proposed previously. Given that 

D2-dominent transcriptional dysregulation is observed from only about the age of onset, the two 

axes of striatal organization might be affected differentially in time and in nature, with the 

striosome-matrix axis affected during development, leading to deficient compartmental 

identities, and the D1-D2 axis affected later, around the age of onset of motor symptoms. 
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Abstract: Huntington’s Disease (HD) is an autosomal dominant, neurodegenerative disorder 

marked by aberrant expression of the expanded Huntingtin gene (HTT). Expression of mutant 

HTT results in selective atrophy of medium spiny neurons (MSN) in the striatum. These neurons 

represent 85% of the neuronal population in the caudate nucleus. Previous studies have analyzed 

the caudate transcriptome in HD with a lack of consistency and an absence of corresponding 

proteome characterization. We hypothesize that an MSN enriched transcriptome and proteome 

characterization will identify gene targets central to the neurobiology of HD. We utilized 

postmortem, human caudate from 20 individuals with Huntington’s disease and 20 neurotypical 

controls. The HD subjects have been clinically and neuropathologically diagnosed with HD, 

ranging from a severity score of 1- 4 based on the United Huntington’s Disease Rating Scale 

(UHDRS). Our samples are 55% female with a mean age of 57.6 (SD = 11.1, min = 33, max = 

78) at time of death, which supports the interrogation of sex based molecular changes underlying 

HD in MSN. We employ laser capture microdissection (LCM) to obtain whole MSN cell bodies 

(~5000 neuron enrichments) from each of the 40 samples to allow analysis of the cytosol in 

addition to the nuclei of these neurons. We performed RNA sequencing and tandem mass tag - 

mass spectrometry (Orbitrap Fusion Lumos) on the same MSN lysates to compare the 

transcriptomic and proteomic profiles at the gene and isoform levels. This methodology has been 

previously employed in our studies of the human nigrostriatal circuit, where we isolated 7,500 

dopamine (DA) neurons and subsequently characterized over 112,000 ‘unique’ DA peptides, 

9,000 protein groups, and 7,000 master proteins (5% FDR, Proteome Discoverer v2.5). We 

identified 91 protein-protein interaction networks (String v11.5) significantly enriched for 

mitochondrial and oxidative phosphorylation pathways. Applying the same methodology and 

analytic paradigm, we expect to find (i) molecular correlations with HTT polyglutamine repeat 

lengths and severity of HD (ii) differentially expressed pathways underlying HD in MSN 

populations (iii) MSN-specific gene and protein networks that have previously not been defined 

in controls or HD subjects and (iv) phosphorylation-driven signaling changes in specific protein 



pathways that are closer to functional gene expression underlying HD. The findings from our 

study will potentially identify novel therapeutic targets for HD and other neurodegenerative 

diseases. 
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Abstract: Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease 

caused by a single mutation in huntingtin gene (HTT). Normal HTT has a CAG trinucleotide 

repeat at its N-terminal of 36 or less. However, once the CAG repeats exceeded 37, the mutant 

gene (mHTT) will encode mutant HTT (mHTT) causing neurodegeneration in the striatum, and 

other brain regions. HTT is a large protein, with many posttranslational modification sites 

(PTMs). These PTMs can be enzymatically modified by phosphorylation, acetylation, 

methylation and SUMOylation etc. Some previously reported modifications reduced mHTT 

toxicity both in cell and animal model of HD. We aimed to find PTMs which enhance toxicity, 

so that kinase or other enzyme inhibitors would be predicted to reduce toxicity. 

We performed in vitro kinase assay using several HTT peptides with PTM sites. Total of 369 

kinases were screened. Among those kinases, CDKs affected the serine phosphorylation on the 

peptides which contain S1181-HTT and S1201-HTT. We tested the effect of a CDKs inhibitor, 

roscovitine, on mHTT induced toxicity. Roscovitine protected neurons from mHTT induced 

toxicity. We further confirmed that roscovitine reduced phosphorylation of S1181 and S1201 of 

mHTT. As roscovitine can inhibit both CDK1 and CDK5, we explored the effect of CDK1 and 

CDK5 on phosphorylation of S1181-HTT and S1201-HTT. Both CDK1 and CDK5 knockdown 

can reduce the phosphorylation of S1181 and S1201. Furthermore, we tested the effect of 

replacing the serine (S) of mHTT with alanine (A) at PTM sites of 1181 (S1181A) and 1201 

(S1201A) on mHTT toxicity. Mutant HTT with S◊A had less toxic effect in our HD cell model, 

indicating that modifying S1181 and S1201 would reduce mHTT toxicity. We will further 

confirm if roscovitine’s protective effect is through targeting these 2 serine sites. We concluded 



that CDK inhibition (we hypothesize at least in part mediated by decreased phosphorylation of 

S1181 and S1201 of mHTT) may be a promising strategy to reduce the neuronal toxicity induced 

by mHTT. 
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Abstract: Huntington’s disease (HD) is a rare, autosomal dominant neurodegenerative disorder 

caused by a trinucleotide expansion in exon 1 of the Huntingtin gene (HTT), which leads to 

neuronal dysfunction and cell death. Healthy HTT is implicated in axonal trafficking and trophic 

factor regulation, making targeted allele-specific reduction important. This study aimed to target 

single nucleotide polymorphisms (SNPs) in HD patient-derived cells to reduce the expression of 

mutant HTT using CRISPR epigenome editing. Heterozygous SNPs near regulatory regions of 

the HTT promoter were confirmed in HD patient cells, allowing for the design of allele-specific 

gRNAs for both dxCas9 and dCas9-VQR. gRNA screen was initially conducted in patient-

derived fibroblasts, followed by assessment in patient-derived iPSC-derived neural stem cells. 

Knockdown was assessed at multiple loci in the HTT gene and significant downregulation was 

achieved using several of our gRNAs that were designed to be allele-specific. We also assessed 



HTT knockdown using different effector domains, including those that induce histone 

methylation as well as DNA methylation. We saw significant downregulation of HTT in both 

patient-derived fibroblasts as well as iPSC-derived neural stem cells. We also assessed the length 

of downregulation using a potent DNA methylator, DNMT3A/L. We assessed knockdown over a 

21-day period to determine the durability of knockdown at the HTT locus, as well as changes in 

DNA methylation at a nearby CpG island using bisulfite sequencing. Future directions include 

gRNA modifications to increase allelic discrimination as well as assessment of functional 

recovery in HD patient-derived NSCs and neurons. 
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Abstract: Huntington’s disease (HD) is a fatal neurodegenerative disorder caused by CAG 

trinucleotide repeat expansions in the huntingtin (HTT) gene. Although mutant huntingtin 

(mHTT) has been linked to both toxic gain-of-function and loss-of-function effects, it is still not 



fully understood how mHTT leads to the death of striatal spiny projection neurons, the most 

vulnerable cell type in HD. To gain new molecular insights, we conducted a large-scale cell 

type-specific transcriptomic profiling study across both human HD and mouse models of HD at 

various stages of disease progression, using two complementary techniques: cell type-specific 

Translating Ribosome Affinity Purification (TRAP-seq, a methodology used to purify ribosome-

bound mRNAs in bulk from a specific cell type) and single nuclear RNA sequencing (snRNA-

seq, a methodology used to capture nuclear RNAs at the single-cell level). 

Our systematic analyses of caudate/putamen (striatal) cell type-specific gene expression changes 

in human HD and mouse models of HD revealed a large number of both non-cell type-specific 

and cell type-specific responses that are induced by mHTT. Among these we observed the release 

of mitochondrial RNA (mtRNA, a potent mitochondrial-derived innate immunogen) and a 

concomitant upregulation of innate immune signaling in Drd2-expressing striatopallidal “indirect 

pathway” spiny projection neurons (iSPNs, the most vulnerable cell type in HD). Normally these 

mtRNAs are sequestered inside the mitochondria. In response to mHTT, however, mtRNAs were 

released from SPN mitochondria into the cytoplasm. When released to the cytosol, mitochondrial 

nucleic acids can be sensed by various innate immune sensors, including the double-stranded 

RNA-dependent protein kinase PKR (which senses mtRNA) or cGAS-STING (which senses 

mtDNA), which can then trigger downstream innate immune responses that may lead to cell 

death. The iSPN-enhanced release of mtRNA correlates with mHTT CAG repeat length, is 

associated with disease model age, and even occurs at very early stages of HD model progression 

when the level of gene expression dysregulation is small. Our work reveals a new mechanism 

that may contribute to mHTT toxicity in HD and points to new therapeutic opportunities. 
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Abstract: Huntington Disease (HD) is an autosomal dominant progressive neurodegenerative 

disorder caused by a CAG tract expansion in exon 1 of the HTT gene to greater than 35 repeats. 



HD patients live with the genetic determinant before experiencing symptoms typically in mid-

life. Conditional genetic inactivation of the mutant HTT (muHTT) gene can reverse HD-like 

phenotypes in mice. This led to the development of therapies for non-selective HTT lowering or 

selective muHTT lowering, and these methods have shown preclinical efficacy. Unfortunately, 

the first HTT lowering clinical trial was halted due to worsening clinical outcomes. While it is 

unclear if this was the result of non-specific toxicity or too much total HTT loss, this 

demonstrates the need to further explore the consequences of lowering HTT and improve 

preclinical assessments. HTT is a vital protein that can counteract cellular stress, and muHTT 

interferes with proper stress response. Furthermore, most HD patients receive treatment in 

adulthood, and age causes additional decline in cellular stress resistance. Considering that current 

preclinical studies are performed in models that are not aged or challenged with stress or 

comorbidities, they may not accurately reflect the tolerability of experimental therapies in the 

aging HD brain. To address this, we are attempting to better model clinical HTT lowering in 

aging adults that encounter stressors and determine if HTT lowering alters stress resistance. 

Using primary neurons from HD mice, we have induced age-like changes using progerin, the 

mutant protein that causes Hutchinson Gilford Progeria syndrome. We have found that induced-

aged HD neurons have an impaired ability to counteract exogenous oxidative stress and altered 

levels of proteins involved in response to oxidative stress, DNA damage, and hypoxia. Using this 

system, we have tested induced-aged neurons that underwent non-selective or selective HTT 

suppression followed by oxidative stress, allowing us to interrogate stress susceptibility in 

mature ‘aged’ neurons post-HTT lowering. We found that while both selective and non-selective 

HTT lowering provides protection from HD-like changes in cells, neurons with robust non-

selective HTT lowering are more susceptible to age and stress-induced cell death. This increased 

susceptibility was not observed in cells after a more modest ~50% reduction of total HTT. These 

data suggest that in a nonselective approach, the benefit of lowering mutant HTT can outweigh 

potential detriment from loss of total HTT up until some threshold of total HTT loss, beyond 

which stress resistance is compromised. 
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Abstract: Huntingtin (HTT), the protein involved in Huntington’s disease is a 350kDa protein of 

unknown function. Despite more than 350 binding partners identified for HTT across a wide 

range of cellular processes, including trafficking, the molecular mechanisms by which HTT and 

its binding partners function remain elusive. Here we provide evidence for a retrogradely moving 

HTT-Rab7 vesicular complex using Drosophila genetics, in vivo imaging in living axons 

coupled with a custom particle tracking analysis, and pharmacological inhibitors. We identify 

that adaptors HIP1 and RILP aid the retrograde motility of LAMP-1 containing HTT-Rab7 late 

endosomes, but not autophagosomes. Reduction of Syntaxin17 and Chloroquine/BafilomycinA1-

mediated pharmacological inhibition, but not reduction of ATG5, disrupted the in vivo motility 

of these vesicles. The retrogradely moving HTT-Rab7-LAMP1-containing late endosome can 

traffic long-distance signaling components such as the BMP-receptors TKV/WIT, neurotrophic 

factor BDNF and axonal damage response components WND/DLK and JNK following axonal 

injury. Taken together, our observations unravel a previously unknown role for HTT in the 

retrograde movement of a Rab7-LAMP1-containing signaling late endosome, which has 

functional relevance during axonal injury. 
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Abstract: Spinal and bulbar muscular atrophy (SBMA) is an x-linked hereditary neuromuscular 

disorder caused by the expansion of CAG repeats in the first exon of androgen receptor (AR) 

gene. The expanded CAG repeats encode a long polyglutamine tract in the N-terminal 

transactivation domain of AR protein. SBMA characterized clinically by limb weakness, 

fasciculation, and muscle atrophy. The pathologic feature of SBMA is selectively loss of motor 

neurons in the anterior horn of spinal cord and the bulbar region of brain stem, diffusely-

accumulated mutant AR in the nuclei of the residual motor neurons. Because the expanded CAG 



repeats in AR gene are likely linked to the toxic gain of function, decreasing the amounts of 

mutant AR protein is becoming an optional therapeutic avenue for the SBMA treatment.We 

examined the effects of emodin in cultured-cell models of SBMA. Cells were transfected using 

Lipofectamine 2000 with plasmids encoding mutant AR containing normal (24 CAGs) or 

expanded (97 or 112 CAGs) polyQ repeats. 4 or 40 mg/kg of emodin was administered 

intraperitoneally every day. Control mice received DMSO.We demonstrated that emodin, a 

natural compound extracted from Chinese herbs, could decrease the association of mutant AR 

with heat shock protein 90 (Hsp90) without blocking ATP binding, which in turn destabilized 

mutant AR protein through the proteasome pathway. Intraperitoneal injection of emodin into 

SBMA transgenic mice showed improved motor performance, alleviated body weight loss and 

enhanced survival rate in comparison with vehicle-treated SBMA transgenic mice. Moreover, 

emodin treatment also attenuated spinal cord and muscle pathology, decreased the monomeric 

and aggregated mutant AR protein levels in the tissues of SBMA transgenic mice.Collectively, 

these results indicate that emodin treatment might be a possible therapeutic approach for the 

manifestations of SBMA. 
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Abstract: Spinal and Bulbar Muscular Atrophy (SBMA) is a rare, X-linked neuromuscular 

disease caused by a CAG repeat expansion mutation in the Androgen Receptor gene (polyQ-

AR). Previous work in our lab has generated a mouse model of SBMA in which the human AR 

gene with 121 CAG repeats is engineered to contain loxP sites around the first exon (fxAR121 

mice) so that the disease causing gene can be excised in a tissue-specific manner by crossing to 

mice expressing Cre recombinase in disease-relevant tissues, such as skeletal muscle and motor 

neurons. The transgene construct was derived from a Bacterial Artificial Chromosome, thus also 

contains native regulatory elements to ensure physiological expression levels. This is important 

because it is known that supraphysiological expression of just wildtype AR is sufficient to cause 

neuromuscular disease in mice. We have established that fxAR121 mice recapitulate hallmarks 

of SBMA, including progressive muscle atrophy with prominent polyQ-AR aggregation and 



degeneration of lower motor neurons, and die prematurely due to these phenotypes. Excising 

polyQ-AR only from skeletal muscle by crossing with mice that express Cre recombinase only in 

skeletal muscle (HSA-Cre/fxAR121 mice) is sufficient to rescue all neuromuscular phenotypes, 

even degeneration of motor neurons, despite retained expression of polyQ-AR in motor neurons. 

Here, we report latent phenotypes in HSA-Cre/fxAR121 mice aged out to 2 years, long past the 

lifespan of globally-expressing fxAR121 mice. We show that HSA-Cre/fxAR121 mice die by 22 

months due to cardiomyopathy, a pathological feature that is just beginning to be recognized in 

SBMA patients. Lastly, we report findings of mice in which polyQ-AR was excised from motor 

neurons using 2 different motor neuron Cre drivers, VAChT-Cre and Hb9-Cre. Surprisingly, 

these mice do not show significant abrogation of disease phenotypes, further highlighting the 

prominent role of polyQ-AR expression in skeletal muscle as driving neuromuscular decline in 

SBMA, including degeneration of motor neurons. 
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Abstract: Rare neurological diseases are a group of neurodegenerative disorders characterized 

by the selective degeneration of specific neuronal populations including cortical neurons (CNs). 

The complexity of the human brain has made difficult to study brain disorders, pointing out the 

need for in vitro models of human brain degeneration. The combination of 2D and 3D models is 

the most promising approach for studying human CNS disease, providing robust and consistent 



phenotypes useful to increase knowledges in the perspective of a clinical translation.Here, we 

took advantage of optimized iPSC-derived CNs and brain organoid models to investigate the 

pathological mechanisms underlying Cerebellar Ataxia associated with Ataxin-2 expansion 

(SCA2) and Multisystem Atrophy with a cerebellar phenotype (MSA-C).We generated patient-

specific iPSCs of MSA-C, SCA2 and healthy subjects. We differentiated them in CNs. The 

repertoire of iPSC-derived CN subtypes was assayed by immunocytochemistry, qPCR and bulk 

RNA-sequencing. In addition, we assessed the neuropathological features of iPSC-derived CNs 

using live tracking of individual neurons. Finally, we employed calcium imaging and 

electrophysiological studies to investigate the neural activity.The potential to achieve the 

translational step by generating new knowledge requires reliable disease model for therapeutic 

targets identification. In this context, brain organoids offer the unprecedented opportunity to 

study brain functions and features of complex human diseases that affect different cell types, 

their interactions and neuronal circuits. We generated patient-specific iPSC-derived brain 

organoids of MSA-C, SCA2 and healthy subjects. Mini brain organoids were deeply 

characterized by immunocytochemistry, qPCR and single cell sequencing. Functional and 

neuropathological features of our 3D cultures were assessed through calcium imaging and 

electrophysiological studies.Lastly, we explored the use of antisense oligonucleotides (ASO) 

designed with a Morpholino chemistry to modulate ATXN2 expansion and improve the 

pathological phenotype. Indeed, although there are currently no approved disease-modifying 

treatments for these two diseases, RNA-targeted therapies are promising for neurodegenerative 

disorders. Establishing new human reliable SCA2 models can be helpful for optimizing this 

antisense therapeutic strategy. On the other hand, MSA pathogenesis is still puzzling and 

comparing data obtained in 2D/3D MSA models with that originated from SCA2, may provide 

meaningful information for MSA pathogenesis and therapeutic development. 
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Abstract: Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease 

caused by mutations in the huntingtin (HTT) gene containing a long polyglutamine (CAG) 

stretch, on chromosome 4. These mutations lead to production and accumulation of mutant 

huntingtin (mHTT) protein aggregates, which cause motor, and cognitive impairments. This 

increased amounts of mHTT protein undergoes inappropriate post-translational modifications 

that accumulate in neurons and leads to death. Currently, no disease-altering treatment has been 

approved for HD. However, the advent of increasingly sophisticated gene-editing tools, like 

CRISPR-Cas9, provides new approaches to knock down or block the transcription of mHTT. In 

our study, we regulated the abnormal production of mHTT, by constructing two CRISPR-Cas9 

plasmids with gRNAs that target the open reading frame (uORF) of 5′ UTR. We injected the 

adeno-associated virus encapsulated CRISPR-Cas9 system intracranially, in the striatum of 

YAC128 mice to investigate its gene-silencing ability. This mouse model is genetically modified 

to mimic the human HD condition, having the full-length human HTT gene in one of their 

alleles. Assessments of motor deficits (using the rotarod task) and cognitive deficits (using the 

water-T-maze task) were performed in CRISPR-treated-, vehicle-treated- YAC128 mice and 

vehicle-treated wild type mice. Our results indicated that gene silencing with CRISPR-Cas9 did 

not reduce motor deficits on the rotarod task but reduced cognitive deficits on the water-T-maze 

task. Western blot results indicated a significant HTT and GFAP protein reductions in the 

striatum of CRISPR-treated mice, suggesting a reduction in HTT aggregates and 

neuroinflammation, respectively. These results provide a proof-of-concept that CRISPR-Cas9 

can be used to effectively reduce HTT by targeting uORF of 5′ UTR. 
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Abstract: Spinal bulbar muscular atrophy (SBMA) is an X-linked neuromuscular disorder 

involving CAG-repeat-expansion mutations in the androgen receptor (AR) gene. We utilized 

CRISPR-Cas9 gene editing to engineer novel isogenic human induced pluripotent stem cell 

(hiPSC) models, consisting of isogenic AR knockout, control, and disease lines expressing 

mutant AR with distinct repeat lengths, as well as control and disease lines expressing FLAG-

tagged wildtype and mutant AR, respectively. Adapting a small-molecule cocktail-directed 

approach, we differentiate the isogenic hiPSC models into motor neuron-like cells with a highly 

enriched population to uncover cell-type-specific mechanisms underlying SBMA and to 

distinguish gain- from loss-of-function properties of mutant AR in disease motor neurons. We 

demonstrate that ligand-free mutant AR causes drastic mitochondrial dysfunction in neurites of 

differentiated disease motor neurons due to gain-of-function mechanisms, and such cytotoxicity 

can be amplified upon ligand (androgens) treatment. We further show that ligand-free 

mitochondria-localized mutant AR interacts with F-ATP synthase, and such interaction is 

associated with compromised mitochondrial respiration and multiple other mitochondrial 

impairments in disease motor neuron-like cells. These findings counter the established notion 

that androgens are requisite for mutant AR-induced cytotoxicity in SBMA, and point to vital 

contributions of mitochondrial dysfunction, mechanistically involving a preferential interaction 

between ligand-free mutant AR and F-ATP synthase, as a causative factor for motor neuron 

degeneration in SBMA. 
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Abstract: In Huntington’s Disease (HD), the mutant Huntingtin (mHtt) CAG repeat length is 

inversely correlated with the age of onset of motor symptoms. However, this CAG repeat length 

does not account for all of the variance in HD onset, suggesting other genetic and environmental 

factors may be involved. Recent Genome Wide Association Studies (GWAS) revealed several 

loci that are significantly associated with modifying age of onset in HD. Several modifier alleles 

were identified on chromosome 15 adjacent to FAN1, which encodes a DNA repair protein 

involved in repairing interstrand cross-links (ICLs) and may also be participated in mismatch 

repair (MMR) through its interaction with MLH1. Here we undertook a mouse genetic approach 

to generate mutant mice with knockdown of murine Fan1 (reduced expression about 70%; Fan1-

KD) or R510H knockin in Fan1 (Fan1-KI). The latter allele is analogous to the R507H coding 

variant in human FAN1 that is associated with hastened disease onset by about five years. We 

crossed these homozygous Fan1-KD and Fan1-KI alleles onto the mHtt knockin mice with 140 

CAG repeats (Q140), and obtained two cohorts of mice with all the key genotypes. We analyzed 

aged 6-month old mice for their locomotor behaviors, neuropathology, mHtt CAG repeat 

instability, and transcriptomes. Overall, we see evidence of exacerbated behavioral impairment 

especially in the Q140-Fan1 KI/KI mice, enhanced striatal and liver repeat instability especially 

in Q140-Fan1 KD/KD (homo) mice, enhanced neuropathology in both Fan1-KI/KI and KD/KD 

mice crossed to Q140. Intriguingly, we did not observe marked changes in the mHtt-

dysregulated striatal transcriptomes. Together, our study reveals Fan1-KD and KI alleles both 

exacerbate mHtt-induced striatal pathogenesis and uncovers an unexpected separation of 

modification of repeat instability and disease pathology from that of transcriptionopathy. 
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Abstract: Huntington’s disease (HD) is a progressive neurodegenerative disease characterized 

by the selective loss of neostriatal medium spiny neurons (MSNs). Intraventricular delivery of 

BDNF and noggin, whether by viral transduction or protein delivery, induces heterotopic 

recruitment of new MSNs from subventricular zone neural progenitor cells of normal adult mice, 

rats and monkeys. This process can also be elicited in R6/2 mice, a transgenic mouse model of 

HD whose survival is extended by BDNF/noggin delivery. Yet despite their clear functional 

contribution, it has remained unclear if newly generated striatal neurons fully integrate into 

striatal circuits. Here, using a transgenic mouse reporter for neural stem cells, Nestin-CreERT2, 

both as wild-type (WT-Nestin) and bred to R6/2-120Q mice (R6/2-Nestin), we evaluated the 

circuit integration of new, striatal neurons induced by BDNF and noggin administration in young 

adult mice. At 5 weeks of age, both WT- and R6/2-Nestin mice were infused with 

intraventricular BDNF and noggin proteins for 2 weeks and treated with tamoxifen for 10 days 

beginning at 6 weeks of age. Using Cre-dependent rabies tract-tracing, we found that newly 

generated MSNs receive inputs from cortex, thalamus and substantia nigra, equally so in WT and 

R6/2 mice. We then evaluated whether the new neurons project functional efferents to the globus 

pallidus, using trans-synaptic serial tracing. We found that the new striatal neurons integrated 

into the cortico-striato-pallidal circuit in both WT and R6/2 mice. To evaluate whether cortical 

inputs elicit post-synaptic activity in new striatal neurons, we then used optogenetic stimulation 

of cortical neurons in slice preparations, while recording post-synaptic events and calcium 

signals in the striatum. Following BDNF-Noggin infusion, mice were injected intrastriatally with 

a rabies virus encoding Channelrhodopsin-2 for cortical stimulation, and a lentiviral Cre-

dependent GCaMP7 to image striatal calcium events. Cortical stimulation elicited calcium 

activity and excitatory post-synaptic events in the new striatal neurons in both WT and R6/2 

mice, with no significant difference between the groups (N=6 mice/group). These findings 

indicate that new striatal neurons generated in adulthood in response to BDNF and noggin can 

functionally integrate into adult striatal networks, thus highlighting the potential of induced 

neuronal addition as a means of circuit restoration in HD. 
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Abstract: Huntington's disease (HD) is an inherited neurodegenerative disorder that typically 

occurs in midlife with progressive alterations of motor and cognitive functions. This disease is 

due to the mutation of the gene encoding the Huntingtin protein (Htt) and leads to a severe 

neurodegeneration in the striatum and cortex. Even if the implication of the Htt mutation in HD 

is well known, recent studies suggest that Htt mutation is also linked to developmental 

impairment. Indeed early striatal developmental alterations as hypertrophy and impaired 

cytoarchitecture have been observed in humans or in rodent models of HD. However this issue 

remains largely unexplored and these findings raise the question of when do the first disease-

related striatal alterations emerge in the disease. To answer this question, we are longitudinally 

comparing the striatal development between wild type (WT) and the R6/1 mouse model of HD. 

This mouse line is crossed with D1-GFP or D2-GFP mice in order to discriminate between 

direct-pathway (D1-expressing) and indirect-pathway (D2-expressing) MSN subpopulations. 

This study is performed during the two first postnatal weeks as this period has been shown to be 

crucial for the maturation of MSN’s morphological and electrophysiological properties. Using ex 

vivo whole-cell patch clamp electrophysiology we are recording the intrinsic 

electrophysiological properties of MSNs as well as the establishment of the cortico-striatal 

glutamatergic transmission. We are also looking at the morphology of the neurons recorded, 

especially their dendritic length and complexity and their dendritic spines. Our results suggest 

that there is a specific alteration of D2-MSNs properties in R6/1 mice highlighted by an early 

decreased excitability and higher dendritic complexity at postnatal day (P)0-3. These anatomical 

and electrophysiological data provide an insight into striatal developmental alterations in a 

mouse model of HD at very early stages. 
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Abstract: Huntington Disease (HD) is an autosomal dominant neurodegenerative disorder 

caused by an expansion of trinucleotide repeats in exon 1 of the huntingtin gene. HD is 

characterized by the progressive degeneration of the basal ganglia and cerebral cortex and 

associated psychomotor dysfunction. Although, the terminal stage of HD is associated with the 

widespread degeneration of the basal ganglia and cortex, neurons in the indirect pathway of the 

basal ganglia exhibit the earliest and most profound susceptibility. Therefore, dysfunction of the 

indirect pathway is likely to be a major contributor to motor dysfunction in HD. To better 

understand this linkage, we recorded the activity of indirect pathway striatal projection neurons 

(iSPNs) in head-fixed wild type and Q175 HD mice during rest and spontaneous self-initiated 

locomotion on a linear treadmill. Neuronal activity was recorded using 32-64 channel silicon 

optrodes. iSPNs were identified through optogenetic stimulation of ChR2(H134R) that was 

virally expressed in a Cre recombinase-dependent manner in wild type and Q175 mice 

expressing Cre recombinase in A2A receptor-expressing neurons. We found differences between 

the neuronal activity of iSPNs in wild type and Q175 mice, both at rest and during bouts of 

locomotion. We are currently determining whether this abnormal iSPN activity can be 

ameliorated through viral expression of zinc finger proteins that suppress the expression of 

mutant huntingtin in iSPNs. Thus, this research will inform our understanding of the cell-

autonomous and circuit mechanisms that underlie psychomotor dysfunction in HD, and the 

therapeutic effectiveness of viral-based mutant huntingtin lowering strategies. 
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Abstract: Understanding the neurological changes underlying motor learning is crucial for 

making advances in treating movement disorders like Huntington’s Disease (HD). While many 

studies in the past have investigated motor skill learning (MSL), few studies have explored these 

changes in the long term. Therefore, in this study, we developed a skilled lever-pulling task 

within an automated home-cage testing system, assessing the ability of male and female wild-

type (WT) and zQ175 HD 6-month old mice to learn the task over a period of several weeks. The 

engagement and changes in their performance were measured 24/7. In this self-directed 

behavioral task, animals learn to hold a lever for increasingly longer duration up to 1s. The 

required hold-time for a successful trial in this task is individually set for each animal daily, 

based on their performance in the previous day (75th percentile of hold-times of all the trials). 

Over several weeks of experimentation, WT animals showed a steady increase in the average 

hold-time of the lever, while zQ175 mice could not adjust to the increasing demand of the task. 

Interestingly, there were no genotype differences in the number of daily trials, or the time spent 

in the behavior chamber attached to the home-cage. Additionally, we observed an increased 

jerkiness of the pull trajectories in zQ175 mice, as shown by an elevated amplitude of high-

frequency movements. The constant change in the required hold-time through the learning 

process partially eliminates the habituation process. This is validated by the lack of change in 

trial-to-trial correlation, which is an indicator of habit formation and motor variability. Overall, 

our findings suggest an impairment in fine motor learning and performance in HD mice at an 

early stage of the disease. 
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Abstract: Synaptic and circuit changes that precede progressive striatal medium spiny neuron 

(MSN) and cortical neuronal loss in Huntington Disease (HD) result in characteristic motor 

dysfunction, cognitive impairment, and neuropsychiatric symptoms. Presently, early-stage HD 

behavioral phenotyping in mouse models has largely been concentrated on gross motor and 

balance deficits with limited examinations into the forelimb ‘reach-to-grasp’ movement, which is 

used often in our daily lives. Here, we use a high-throughput Go/No-Go water reaching task to 

simultaneously monitor progressive changes in widefield GCaMP6 cortical activity and forelimb 

coordination impairment from ~5.5 to ~7.5 months of age, comparing female zQ175 and 

wildtype (WT) littermate mice. By Day 8, both groups successfully learned to perform the task 

with near perfect performance rates during Go trials; however, zQ175 mice had not learned to 

suppress reaching movement and related cortical activity during No-Go trials. A progressive 

decline in forelimb coordination and grasping defects characterized by first an increase in failed 

trials was apparent on Day 30 in zQ175 mice, progressing to limited task engagement by Day 60. 

In contrast, WT mice maintained near perfect success rates across the 67 testing days. Kinematic 

analysis of the paw using markerless pose estimation further revealed more variable reaching 

trajectories in zQ175 compared to WT mice. Correlated with the loss of forelimb motor control 

over time was an increase in peak amplitude of the cortical activity on Day 45 compared to Day 

8 for zQ175 mice, whereas there was little to no significant change in peak amplitude of the 

cortical activity seen over time in WT mice. These early and manifest stages of HD respectively, 

characterized by the absence and presence of failed forelimb water reaching, was confirmed 

using the tapered beam and rotarod tests. An increased time to traverse the beam was seen for 

zQ175 mice compared to WT at 8 months but not 5 months of age. Decreased latency to fall 

from the rotarod was seen in zQ175 mice at 8 months of age compared to WT. Post-mortem 

immunohistochemistry staining for striatal MSNs revealed decreased DARPP-32 expression in 

zQ175 mice, confirming HD disease pathology. The water reaching task therefore provides a 

useful tool to inform disease onset, therapeutic intervention windows to test novel drugs and to 

assess face validity of various HD mouse models and those pertaining to other neurological 

diseases. Funding provided by Canadian Institutes of Health Research Fdn 143209 to THM and 

Fdn 143210 to LAR, and from Brain Canada Vectorology Foundry (LAR and THM). YW is 

supported by a Canada Vanier Scholarship Award. 
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Abstract: Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease for 

which no treatment exists. The flavonol fisetin has been shown to reduce the impact of mutant 

huntingtin in several HD disease models1. CMS121 is a derivative of fisetin, yet with an 

improved pharmacology, designed to treat diseases of the central nervous system characterized 

by neuroinflammation, oxytotic/ferroptotic cell death and proteotoxicity2. The current study aims 

at testing the therapeutic efficacy of CMS121 in two distinct mouse models for HD, one with a 

rapid (R6/2 mice) and one with a slower (YAC128 mice) disease progression.Male mice (n=18-

20) were treated with 0 (control), 200 or 400ppm CMS121 in their chow at six weeks (R6/2) or 

two months (YAC128). Assignment to the treatment groups was in a random manner. Mice of 

the same background, not carrying the mutation in the Huntingtin gene, were used as healthy 

controls. The general health of the mice, including body weight, grip strength and motor 

function, were monitored at different time points throughout their lifespan. A subpopulation of 

the R6/2 mice was sacrificed at 14 weeks for RNAseq analysis.The results show a moderate 

decrease in disease progression in CMS121 treated mice in both models. Treatment with 200ppm 

CMS121 also tended to increase the median lifespan, especially in the R6/2 model. RNAseq 

analysis of the striatum of 14-weeks old R6/2 mice demonstrated a moderate yet significant 

treatment-induced reversal effect at the transcriptome level, with the proteasome and oxidative 

phosphorylation as the main molecular pathways affected by CMS121 treatment. Thus, while 

CMS121 slowed disease progression, it was not sufficient to stop it in the mouse models used in 

this study. This suggests that testing combinations of drug candidates that together target a wider 

range of pathways implicated in HD could be a very promising approach to treating this disease. 

References:1. Maher et al. 2011 doi: 10.1093/hmg/ddq460 2. Chiruta et al. 2012 doi: 10.1021/jm 

2012563 
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Abstract: Oxidative stress caused by free radicals and altered signaling pathways are distinct 

characteristics observed in several neurodegenerative diseases, including Huntington’s disease 

(HD). In HD patients, oxidative damage and neuroinflammation lead to neuronal dysfunction 

and synaptic loss, in both cortex and striatum. Since oxidative stress and neuroinflammation 

contribute to the onset and progression of HD, pharmacological modulators that block or reduce 

the progress of oxidative damage offer potential therapeutic options. Among these agents we find 

laquinimod that acts as inflammation modulator, promoting in turn the expression of brain-

derived neurotrophic factor, and decreasing IL-6 levels in serum. Additionally, it is known that 

an essential fatty acid (EFA)-rich diet exerts a neuroprotective effect against the striatal damage 

induced by the intrastriatal injection of quinolinic acid (QA). The purpose of this work was to 

determine whether the combined effects of laquinimod with an EFA-rich diet, enhanced their 

individual neuroprotective effects in a HD model induced by QA. We independently constructed 

dose-effect curves for both laquinimod and EFA -rich diet as a pretreatment against QA-induced 

damage, later the optimal effective doses of both agents were combined. Rotatory behavior, 

beam balance performance and oxidative damage were evaluated. Our results show a synergic 

effect of the combined therapy, since there was a 45% reduction in rotatory behavior, beam 

balance performance was improved, and striatal oxidative damage was significantly diminished. 

We showed the neuroprotective effect that laquinimod combined with an EFA -rich diet induced 

in an acute model of HD. 
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Abstract: Huntingtin Associated Protein, 40 kDa (HAP40), encoded by the F8a gene on the X-

Chromosome, has been identified as a key interactor of Huntingtin. It forms a 1:1 stable complex 

with wildtype or mutant Huntingtin and the structure of such complexes can be resolved by 

CryoEM. However, the normal function of HAP40 and its role in HD pathogenesis remains 

elusive. Here we used CRISPR/Cas9 mediated genome editing to generate two mouse alleles to 

interrogate murine Hap40’s roles in biology and diseases: one is a Cre/LoxP conditional 

knockout allele of endogenous Hap40 and the other is a conditional overexpression of Hap40 

from the Rosa26 locus. Since studies thus far showed endogenous HTT has a role in cortical 

development in human (Barnat et al., 2020, PMID: 32675289; Molina-Calavita et al., 2014, 

PMID: 25057205), we performed a proof-of-concept study to examine the role of Hap40 in 

murine cortical development. We crossed the X-linked conditional F8a allele with Emx1-Cre, 

which is expressed from embryonic day 10.5 onward in the lineage of all the cortical and 

hippocampal excitatory projection neurons and glial cell types, but without expression in the 

GABAergic interneurons or microglia. We will present preliminary data to show the postnatal 

neurodevelopmental phenotypes of complete loss of Hap40 (F8a) in the male cortex. Although 

the brains of the mutant mice appear indistinguishable from those of the wildtype controls at 

birth, we observed a robust cortical atrophy phenotype accompanied by gliosis at about 1-month 

of age. We are currently performing additional behavioral, pathological and transcriptomics 

studies to discern whether Hap40 is playing a role in neuronal differentiation or prevention of 

neurodegeneration. Moreover, we also plan to compare the phenotypes of Hap40 in forebrain 

neurons to those of endogenous murine Huntingtin. Together, our study provided novel 

conditional mouse genetic resources to study the normal biological function of Hap40 and its 

potential role in HD pathogenesis. 
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Abstract: Q175/B6 is a knock-in mouse model of Huntington’s disease, a neurodegenerative 

disorder characterized by loss of motor control and cognitive deficits. The primary site of 

neurodegeneration in HD is the striatum, a brain region important for motor learning. Studies 

have found hypoactivity and abnormal rearing in older HD mice during the open field, as well as 

motor and cognitive deficits on the rotarod and water T-maze tasks at ~10 months of age. This 

study aims to conduct more detailed behavioural pattern analyses in 2- and 10-month-old male 

and female Q175 mice during these tasks using the DeepLabCut tracking software and the new 

Behavioral Segmentation of Open Field in DeepLabCut (B-SOiD) machine learning program. 

We also examined paw kinematics during open field behaviours and rotarod learning. Genotype 

and sex differences were revealed in the older group for open field behaviours, such as decreased 

locomotion and increased rearing in 10-month-old Q175 males only. Older male Q175 mice also 

showed a greater number of paw slips below the bottom of the rotarod on the rotarod task, while 

the female cohort only showed increased paw slips in the later days of rotarod testing. In the 

water T-maze, 2-month-old Q175 mice took longer than WT to reach the hidden platform during 

the reversal phase. For the older male Q175 animals, only those that used a striatum-dependent 

response learning strategy showed a longer latency to reach the platform. These findings reveal 

that Q175 mice show motor learning and coordination deficits at 10 months of age, as well as 

reduced exploratory behaviour and potentially increased anxiety-like behaviours in the open 

field. Younger Q175 mice may show early signs of impairment in cognitive flexibility, and the 

specific strategy used during motor learning may be more relevant at the older age. Future 

studies that examine striatal signalling using in vivo imaging techniques, such as fiber 

photometry, during performance of these tasks will be useful for evaluation of potential 

therapeutic treatments in HD. 
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Abstract: In primary and secondary tauopathies, tau becomes hyperphosphorylated and 

accumulates into various pathological forms. In Huntington’s disease (HD) - a genetic 

neurodegenerative disorder - huntingtin (HTT) is the disease associated protein however, the 

presence of hyperphosphorylated tau, accumulation of neurofibrillary tangles and increased 

expression of 4R tau isoforms in post-mortem brain tissue from HD patients, suggests this 

disorder may be a secondary tauopathy. Given the presence of both mutant HTT (mHTT) and 

pathological tau in HD patients, our study aims to evaluate the interactions of these two proteins. 

We hypothesize that the introduction of tau to cell and animal models of HD exacerbates 

intracellular HTT aggregation, as well as modifying disease associated features. To test this 

hypothesis, human synthetic recombinant 3R/4R tau were introduced to a cellular model 

(StHdhQ111/Q111) and a knock-in mouse model (zQ175) of HD, followed by assessment of cellular 

dysfunction and behavioral changes. For all experiments, untreated controls, protein controls 

(monomers) and experimental (fibrils) conditions were included. In vitro, control Q7 and HD 

Q111 cells were treated with various tau doses in order to identify the lowest dose with a 

significant effect on cell metabolism as measured by a MTT assay. The effect of tau on HTT 

aggregation was then assessed by filter retardation assays, demonstrating that both monomeric 

and fibrillar 3R tau are sufficient to increase HTT aggregation in HD cells. In vivo, bilateral 

intracerebral stereotaxic injections of tau were performed in the prefrontal cortex and 

hippocampus (2µg/site) of wild-type (WT) and zQ175 mice (n=11 - 16 per group) at 3 months of 

age. A battery of behavioral tests such as Barnes maze and Open field were performed at 

baseline and post-surgery. Our behaviour data show that tau aggravates cognitive and motor 

impairments in zQ175 mice at 9 months of age. Post-mortem studies revealed that behavioral 

changes are accompanied by an increase in mHTT aggregation in the prefrontal cortex of zQ175 

mice treated with 3R fibrils as observed by both filter retardation assays and 

immunohistochemistry. Additionally, increased phosphorylation of tau at disease-associated 

residues is observed in the hippocampus of tau treated WT mice. Together, our results show that 

tau treatment alters cellular features associated with HD and worsens behavioral phenotypes in 

mice with a particularily striking effect of 3R fibrils on HTT aggregation. This supports the idea 

that tau pathology contributes to HD pathology, and further elucidation of the mechanisms by 

which this occurs could reveal new therapeutic strategies for HD. 
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Abstract: Development of a new, in vivo, screenable, split-luciferase based model of 

huntingtin multimerization  

Morgan G. Thomas, Simon A. Levy, Bess Frost 

Huntington’s disease is a genetic neurodegenerative disorder caused by a polyglutamine (polyQ) 

expansion in the gene that encodes for the protein huntingtin. PolyQ expansion in huntingtin 

causes aggregation of the protein into a range of multimeric species ranging from soluble 

oligomers to fibrillar, insoluble inclusion bodies. Huntingtin multimerization involves transition 

of the conformationally-flexible polyQ stretch to a beta-sheet rich structure, monomers of which 

interact with one another to form multimeric species. The precise mechanisms and biological 

regulators of the transition of huntingtin from beta-sheet rich monomers to oligomers, 

subsequent aggregation into inclusion bodies, and potential clearance strategies are incompletely 

understood. Studies to date rely predominantly on assays performed in vitro or in cultured cells. 

To better understand the cellular factors facilitating huntingtin aggregation in a living, aging, 

screenable model organism over time, we have developed httLUM, a split-luciferase-based 

detector of huntingtin-huntingtin interaction in adult neurons of the Drosophila melanogaster 

brain. Using this system, we can quantify the extent of huntingtin multimerization in the 

Drosophila brain in flies housed and measured in a 96-well plate. This system allows 

quantification of huntingtin aggregation in real time in a living, active model organism. We will 

use httLUM to identify genetic modifiers of huntingtin aggregation and pharmacological 

approaches to limit huntingtin multimerization and associated neurotoxicity. 
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Abstract: Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder 

caused by expansion of CAG repeats in the Huntingtin (HTT) gene. Increased expression of 

early classical complement components, including C1q, C4, and C3, has been observed in striatal 

tissue from HD patients, and C1q has been implicated in synapse elimination and neuronal 

damage in HD mouse models. We examined complement expression, neuronal damage, and the 

potential therapeutic benefit of classical complement inhibition in an HD animal model. 

Specifically, we used the R6/2 transgenic mouse model of HD expressing an ~120 CAG 

expansion and measured classical complement components in the plasma and cerebral spinal 

fluid (CSF) of transgenic vs wild-type mice. We also measured the levels of neurofilament light 

chain (Nf-L) as a biomarker of neuronal damage. Additionally, we measured pre-synaptic marker 

VGLUT1 and striatal Fluoro-Jade C labelling as an indicator of neurodegeneration in the brain. 

Levels of Iba1 and CD68 were assessed as measures of microglial reactivity. To assess the role 

of the classical complement pathway in neuronal damage, we pharmacologically blocked C1q 

activity with an inhibitory antibody (ANX-M1), administered via intraperitoneal injection, and 

assessed Nf-L, synaptic and neuronal changes, microglial reactivity, and animal survival. In this 

model of HD, we observed increased plasma levels of C1q and multiple complement 

components. Nf-L was increased in both the plasma and CSF of R6/2 mice compared to wild-

type mice, and there was a significant positive correlation between CSF Nf-L levels and plasma 

C1q, suggesting a potential role of the classical complement cascade in neuronal damage. 

Treatment of animals with anti-C1q fully blocked C1q and inhibited the classical pathway in the 

plasma and brain. Consistent with a role for the classical cascade in neuronal damage, anti-C1q 

treatment significantly reduced neurodegeneration, inhibited microglial reactivity, and increased 

survival rates compared to those in untreated R6/2 mice. These results suggest that inhibiting 

C1q protects against neuronal damage in mice with expanded CAG repeats in the HTT gene and 

that C1q is a potential pharmacological target in HD. A Phase 2 study of ANX005, an anti-C1q 

therapy, in HD patients is ongoing (ClinicalTrials.gov: NCT04514367). 
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Abstract: Huntington’s disease (HD) is a neurodegenerative disorder characterized by motor, 

cognitive and psychiatric deficits. The dorsal striatum is the major site of neurodegeneration in 

HD, along with atrophy of cortex and other regions. Studies have shown aberrant cortico-striatal 

signaling in HD mice, including changes to the activity of D1-type dopamine receptor-

expressing spiny projection neurons (D1-SPNs) and D2-type dopamine receptor-expressing 

SPNs (D2-SPNs), aberrant neurotransmitter signaling, and deficits in cortico-striatal plasticity. 

We were interested in how changes to cortico-striatal signaling, previously reported in brain 

slice, correlate with behaviour in vivo. We combined the accelerating rotarod and open field 

tasks with calcium imaging using fiber photometry in the striatum of HD mouse models 

(YAC128 and zQ175). This includes imaging of overall striatal activity with GCaMP7f, as well 

as population-specific imaging of D1-SPNs and D2-SPNs using green and red calcium sensors. 

When imaging activity of all striatal neurons, we found that both WT and YAC128 male mice 

showed increased striatal activity when they performed the rotarod, which reduced over training. 

2-3 month-old male YAC128 mice showed no deficit in latency to fall from the rotarod, 

however, the correlation between striatal activity and behaviour on the rotarod and the open field 

in male YAC128 was significantly weaker. Interestingly, male YAC128 showed deficits in paw 



kinematics, including increased paw slips below the rotarod, which was associated with aberrant 

striatal activity. At 6-7 months, male YAC128 mice were severely impaired on the rotarod and 

had significantly increased striatal activity. Male YAC128 mice also showed elevated striatal 

activity at rest in the open field. We are currently performing follow-up experiments in both male 

and female YAC128 and zQ175 HD mice to compare the two sexes and two models of HD. 

Interestingly, female, but not male, 10-month-old zQ175 HD mice showed a deficit in latency to 

fall from the rotarod. Using both green and red calcium sensors together, we found that the 

activity of D1-SPNs is inversely correlated with rotarod performance, and 6-7 month old male 

YAC128 and 9-11 month-old female zQ175 HD mice showed elevated activity in D1-SPNs 

during early stages of training compared to WT littermates. We are also using machine learning 

software to analyze specific behaviours in the open field and how D1- and D2-SPN activity are 

correlated with these behaviours. This work begins to bridge the gap between changes to striatal 

signaling determined from in vitro studies and the behavioural deficits observed in vivo. 
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Abstract: Objective: White matter (WM) microstructure deterioration is thought to be one of 

the earliest changes in premanifest Huntington’s Disease (pre-HD), and could provide a sensitive 

measure of early progression in individuals. For applications, one challenge is robustness of 

effects across imaging sites and cohorts. Another is how to integrate WM patterns with other 

modalities, notably powerful genetic burden measures. Here we evaluate the robustness of 

multivariate models trained to detect pre-HD WM trajectories, as well as the power of baseline 

WM measures for predicting prospective brain changes in multimodal machine learning models. 

Method: We analysed a total of 220 (106 pre-HD) subjects from two cohorts. Using data from 

the Track-ON HD cohort on 164 subjects (87 pre-HD, 77 healthy controls) with 2-3 diffusion 

weighted imaging (DWI) visits in a 2-3 year period, we computed a white matter skeleton using 

FSL’s TBSS method and projected fractional anisotropy (FA) and mean diffusivity (MD) maps 

to the common skeleton. FA and MD slopes were computed along the skeleton and were used for 



classification of pre-HD vs controls by support vector machines (SVMs) via intra-site, cross-site 

cross-cohort validation (56 subjects from the IMAGE-HD study). Additionally, baseline FA and 

MD were used to predict prospective longitudinal atrophy rates for three large subcortical 

structures (caudate, putamen, lateral ventricles). We implemented customized multimodal 

machine learning methods for integrating white matter signals with genetic burden measures and 

baseline atrophy values in prognostic models of prospective subcortical atrophy, tested with the 

same cross-validation scheme. 

Results: We found longitudinal WM pre-HD changes (vs. controls), detectable across imaging 

sites and cohorts. Moreover, WM microstructure robustly predicted prospective atrophy changes. 

Multimodal models that integrated genetic burden with baseline WM and atrophy often 

surpassed individual modalities and showed increased robustness. Prominent features of pre-HD 

WM patterns of change included distal posterior projections of the callosum, while those of fast 

declining subjects encompassed more proximal segments of the same projections. 

Interpretation: Our results suggest subtle WM changes can be robustly detected in unseen 

individuals and provide a handle to the association of an observed WM trajectory subsequent 

brain atrophy. A possible role for WM signals in practical applications is their integration with 

well-established burden measures into multimodal predictive models. 
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Abstract: Huntington disease (HD) is a fatal, neurodegenerative disease caused by a CAG repeat 

expansion in the huntingtin (HTT) gene encoding for an elongated polyglutamine tract in the 

HTT protein. The toxicity of expanded mutant HTT (mHTT) leads to regional atrophy and 

progressive neuronal loss in the brain, occurring earliest in the striatum. In pre-clinical trials, 

therapeutic lowering of mHTT in the central nervous system (CNS) prevents or rescues HD-like 

phenotypes, which has led to ongoing clinical development of multiple HTT lowering strategies. 

However, reliable biomarkers of brain HTT are needed to evaluate clinical target engagement. 



Our lab has developed an ultrasensitive immunoprecipitation and flow cytometry (IP-FCM) 

assay that allows quantification of mHTT in HD patient and mouse cerebrospinal fluid (CSF). 

Using IP-FCM we have shown that CNS neural tissue is the major source of mHTT in the CSF 

and that levels of mHTT in the CSF correlates with brain mHTT after CNS HTT lowering. For 

this reason, quantification of mHTT in the CSF is being used as a clinical pharmacodynamic 

biomarker of CNS HTT lowering. However, HTT lowering strategies have different distributions 

in the CNS. Therefore, further understanding the origin(s) of CSF mHTT will allow for better 

interpretation of this biomarker. Using humanized HD mice (Hu97/18), we are using a genetic 

approach to inactivate expression of mHTT in selective tissues and cell types in the CNS through 

Cre-mediated recombination. Hu97/18 mice were generated using BACHD HD model mice, 

which have a floxed exon 1 in the mutant allele and YAC18 control mice that do not. Thus, in 

cells expressing the cre recombinase in Hu97/18 mice, mHTT is selectively inactivated. Recently 

we have demonstrated that inactivation of mHTT in the striatum of Hu97/18 mice significantly 

lowers CSF mHTT, suggesting that the striatum is a contributor to CSF mHTT. However, 

understanding the contributions of other brain regions and cell types will be necessary to 

interpret CSF mHTT as a biomarker for target engagement in the CNS. In ongoing studies, we 

have inactivated mHTT selectively in the cortex, in neurons, or in astrocytes of Hu97/18 mice. 

By comparing CSF mHTT in these lines to one another, to the line with striatal mHTT 

inactivation, and to the parent Hu97/18 line we can delineate regional and cell type contributions 

to CSF mHTT. Understanding the origin of CSF mHTT will provide critical information about 

which HD interventions could be accurately assessed by changes in CSF mHTT as well as better 

interpretation of CSF mHTT as a biomarker for disease progression. 
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Abstract: Background: Mechanisms of tissue damage in Huntington's disease involve 

excitotoxicity, mitochondrial damage, and neuroinflammation, including microglia activation. 

We have previously described NLRP3 inflammasome and the role of pyroptosis process in the 

striatal neurons of the R6/2 mouse model of Huntington's disease. CD47 is a membrane protein 



that interacts with the myeloid inhibitory immunoreceptor SIRPα. Engagement of SIRPα by 

CD47 provides a downregulatory signal that inhibits host cell phagocytosis, and CD47 therefore 

functions as a "don't-eat-me" signal. These proteins are involved in the immune response and are 

downmodulated in MS (Han et al, 2012). In this study, we have focused on new factors that can 

be involved in the modulation of cell death in HD, namely the “eat me-don’t eat me” 

mechanisms expressed through the CD47 and SIRP alpha proteins, and of CD 206, CD 40 and 

CR3, on the other.Methods: Histological and immunohistochemical studies with antibodies 

against CD47, SIRP α, CD 206, CD 40 and CR3 performed at pre-symptomatic and fully 

symptomatic disease stages of transgenic mice brain. Results: We found that the don’t eat me 

signals of CD47 and SIRP α were intensely expressed in WT animals and in the early stages of 

R6/2 mice. Their protein expression was higher in striatal spiny neurons and in parvalbumin 

interneurons, which are prone to degenerate in HD Conversely, the pro-inflammatory “eat me” 

factors CD206 and CR3 were upregulated in the R6/2 mice brain, particularly in the later stages 

of the disease. Conclusions An important role of the “eat-me-don’t eat me” signals was 

described in HD, and to act on the balance between the two could be potentially beneficial in 

fighting neurodegeneration in HD 
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Abstract: Huntington disease (HD) is a dominantly inherited genetic disorder characterized by 

psychiatric, cognitive and motor symptoms displayed with the progressive degeneration of 

striatal neurons. The trinucleotide repeat expansions in the huntingtin (HTT) gene produces the 

mutant protein with extended polyglutamine sequence. Observation of mutant HTT (mHTT) 

aggregates within fetal striatal transplants in HD patients suggested a new mechanism of toxicity 

based on HTT capacity to propagate between cells. Additionally, HTT detection in human 

cerebrospinal fluid (CSF) and plasma demonstrates that it can be secreted from cells to the 

extracellular space. The correlation of mHTT levels in CSF with motor and cognitive symptoms 

in patients, and the demonstration that HTT lowering in the brain of HD mice results in 

correlative decrease in CSF HTT, highlights the importance of measuring extracellular HTT. 

Several mechanisms have been proposed for HTT release from cells, as in a free form and 

extracellular vesicles (EVs). However, the relative contribution of these mechanisms to HTT 

levels in the extracellular space and eventually in the CSF, and the overall effect on neuronal 

function is still unclear.To address this, we exploited different in vitro and in vivo models to 

investigate the mechanisms of HTT release to the extracellular space and clearance to the CSF. 

We have previously demonstrated that healthy neurons secrete both wild-type and mHTT, which 

contributes to the deposition of HTT in CSF. Although neurodegeneration increases HTT levels 

in CSF, we demonstrated that HTT was present in the absence of neurodegeneration and that 

HTT can enter the CSF by both passive release and active secretion. Interestingly, HTT is also 

present in ectosomes and exosomes, EVs with singular proteomic profiles. Assessment of 

neuronal network activity using multi-electrode array recordings showed that spontaneous 

neuronal activity can be modulated by HTT in a free form and in EVs. Neurons treated with free 

mHTT display greater impairment in the coordinated network activity correlated with the toxic 

effects of polyglutamine expansion, in contrast with the wild-type protein. Internalization of 

ectosomes and exosomes in neuronal cells disrupts their regular synchronized bursting activity, 

resulting in overall lower and more disorganized spiking activity.A detailed understanding of the 

mechanisms involved in HTT secretion and its potential function in the extracellular space will 

be important for the development of improved therapeutic strategies. Furthermore, HTT may be 

exploited as a valuable CSF biomarker to evaluate treatment-induced changes in HD therapies. 
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Abstract: Development and characterization of a robust FTD disease cell line to study 

tauopathies 

Laila Ritsma1, Malika Bsibsi 1, Stephanie van Hoppe1, Fleur Stevenhagen1, Sara Compte 
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Tauopathies, such as frontotemporal dementia (FTD), are neurodegenerative diseases 

characterized by the pathological aggregation of hyper-phosphorylated Tau (pTau) protein, in the 

shape of intracellular paired helical filaments (PHFs) or neurofibrillary tangles (NFTs), within 

neurons and glia, leading to cell death. Mutations in the microtubule-associated protein Tau 

(MAPT) gene result in tauopathies. Here, we aimed to develop and characterize a 

physiologically relevant and robust in vitro FTD model, to aid the future development of FTD 

disease therapeutics. Using CRISPR-Cas9 gene editing technology, familial mutations P301S 

and N279K underlying FTD were engineered into an iPSC line that carries the opti-oxTM 

technology and can rapidly be reprogrammed into glutamatergic neurons. By means of 

immunocytochemistry, ddPCR, HTRF and western blot we characterized neurons derived from 

the distinct clones for FTD phenotypes. Preliminary immunocytochemistry data shows that all 

clones give rise to mature glutamatergic neurons as they express the classical vGlut1, vGlut2, 

TUBB3 and MAP2 marker genes, along with minimal cell debris, indicating healthy cell cultures 

for all clones. One homozygous P301S clone showed a clear increase in pTau (pTau202/205, 

pTau217 and pTau404) to total Tau ratio compared to the wild type (WT). Moreover, 

preliminary ddPCR data indicated a significant increase of 4R Tau to total Tau ratio of one 

homozygous N279K clone compared to the WT.In conclusion, the elevated pTau to total Tau 

ratio acquired from the immunocytochemistry assay along with the elevated 4R to total Tau ratio 

acquired from the ddPCR assay indicates the potential of at least two clones as possible disease 

models to aid future research into developing FTD disease therapeutics. 
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Abstract: Abnormal aggregation of the protein tau is the underlying cause of several 

neurodegenerative diseases, termed tauopathies, which are associated with motor and cognitive 

impairments. Despite significant advances, the nature of the tau species involved in tau 

pathogenesis and functional decline remains unclear. To identify the association between tau 

pathology and the functional deficits manifested, we assessed multiple in vivo phenotypes in the 

PS19 tauopathy mouse model, overexpressing human tau with P301S mutation. At 9 months, 

these mice displayed a hyperactivity-associated increased locomotor activity in the open field, a 

decline in motor strength measured by 2-paw and 4-paw grip strength assays, and a deterioration 

in the overall physiological conditions marked by lower body temperatures, weight loss, and 

increase in the measures of frailty. Interestingly, soluble p-tau levels and tau seeding activity 

correlated with the functional impairment of motor strength and temperature homeostasis 

supporting the notion that the soluble tau species with seeding activity is central to tau 

pathogenicity. We next used Size Exclusion Chromatography and Mass Spectrometry to isolate 

and characterize the ‘tau-seed’ involved in the seeding activity in the PS19 model. We identified 

Bassoon (BSN), a presynaptic protein, as an important interactor of the tau-seed, associated with 

exacerbation of tau seeding and tau propagation. To evaluate the therapeutic potential of BSN in 

the context of tau pathology, we downregulated BSN in the PS19 mice using neonatal (P0) 

intracerebroventricular (ICV) injection of an AAV harboring a short-hairpin RNA (shRNA) 

against murine BSN (shBSN) or control ‘scramble’ shRNA. Downregulation of BSN rescued 

synaptic impairments associated with LTP, recovered several functional deficits observed in 

PS19 mice, and reduced brain atrophy as measured by MRI. Furthermore, we also observed a 

reduction in overall pathological tau burden in the PS19 mice. Our results demonstrate the 

beneficial effects of downregulating BSN and open an avenue to target BSN as a potential 

therapeutic for tauopathies. 
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Abstract: Pathological tau aggregates are critical histopathological features of Alzheimer’s 

disease (AD) and other tauopathies. An important focus of research has been to understand the 

pathological tau propagation in AD patient brains that follow neuronal networks. Despite the 

knowledge acquired, the cellular mechanism involved in tau propagation and seeding are still 

unclear. Considering the key role of tau propagation in disease pathogenesis, we performed an 

unbiased quantitative mass spectrometry-based (masspec) to identify the tau species involved in 

spreading and the protein interactome of this “tau-seed” in PS19 mice, as well as in human AD 

and PSP cases. TBS-soluble brain extracts were passed through a Size Exclusion 

Chromatography (SEC) column. We then measured the tau seeding activity of each SEC-fraction 

using a well-described biosensor cell line that relies on flow cytometry detection of the FRET 

signal. We determined that tau from fraction-9 (F9) is found as an HMW-tau complex in vivo 

(>2,000KDa), containing the strongest seeding activity. Interestingly, the tau present in F9 is less 

than 5.4% of the total tau in the brain of PS19 mice, suggesting that this HMW-tau seed interacts 

with proteins that give it the ability to form a pathological HMW-tau “seed”. The 

immunoprecipitated HMW-tau from F9 was characterized by Electron Microscopy, revealing 

that the tau seed adopts a protofibrillar morphology. After masspec and bioinformatic analysis, 

we found proteins that specifically interact with pathological tau oligomers. Importantly, we 

report the identification of Bassoon (BSN), a scaffolding protein of the presynaptic active zone, 

as a significant interactor of the tau-seed isolated from a mouse model of tauopathy and AD and 

Progressive Supranuclear Palsy (PSP) postmortem samples. We show that BSN specifically 

interacts with HMW-tau, and exacerbates tau seeding, spreading, and toxicity in vitro and in 



vivo. Furthermore, BSN downregulation significantly decreases tau spreading and overall disease 

pathology in vivo, rescuing synaptic and behavioral impairment and ameliorating brain atrophy. 

Our findings improve the understanding of tau-seeds and highlight the importance of identifying 

interactors, such as BSN, that could stabilize these seeds. Inhibiting tau-seed interactors is a 

potential new therapeutic approach for neurodegenerative tauopathies. 
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Abstract: Alzheimer’s disease (AD) is a complex neurodegenerative disease with clinical 

symptoms of mental decline and postmortem markers such as intraneuronal hyperphosphorylated 

tau neurofibrillary tangles (NFT) in the brain. Mounting evidence for the central role of tau 

protein in neurodegeneration highlights the need for deep investigation of intracellular tau 

aggregation pathways and formation of aberrant tau polymorphs within cellular models. 

Intrinsically disordered proteins with low sequence complexity like hyperphosphorylated tau 

protein can form condensed folded structures. Candidates for aberrant intracellular tau folding 

and aggregation have been identified including liquid-liquid phase separation (LLPS) and 

nanocrystal growth at ribosomes. Recent research discovered that the tau molecule fold at the 

core of pathological tau aggregates can differentiate tauopathies. It is hypothesized that disease 

specific changes in the cellular environment surrounding tau, such as patterns of 

hyperphosphorylation, could lead to differential core structures. This exciting new structural 

information showing tau aggregates are unique to each tauopathy opens the door to a structural 

approach for elucidating mechanisms of pathogenic tau aggregation pathways in cellular model 

systems and AD brain. Combining advanced structural determination methods including 

cryoEM, cryoFIB, and cryo-electron tomography, we can directly image intracellular tau 

aggregates in cells as well as autopsy tissue derived from human brain. Here we have developed 



exciting new cellular models of human tau aggregation using both mammalian and insect cell 

lines which we employ to systematically test intracellular forces necessary to create unique 

pathological tau structures beginning with patterns of hyperphosphorylation. 
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Abstract: Understanding Tau Propagation using Convolution Neural Networks 

Recent evidence implicates that the microtubule-associated protein tau (MAPT) plays an 

important role in the pathogenesis of multiple neurodegeneration diseases, including Alzheimer's 

disease (AD), frontotemporal dementia (FTDP), Parkinson's disease (PD), and progressive 

supranuclear palsy (PSP). Pathological aggregation and deposition of tau were observed in these 

diseases, although they present distinct clinical features and affect different brain regions. 

Pathological tau performs prion-like activities, can form different conformational strains (or 

"seed"), propagate, and spread through the brain. However, how the different isoforms of tau can 

causally contribute to one respective tau-related disease but not others, and how the propagation 

processes might differ inside a cell remains to be determined. In the presentation, we aim to 

address this issue by integrating longitudinal live-cell imaging of tau seeding and the deep 

learning model. We modeled in-vitro tau seeding and trained convolution neural networks 

(CNNs) to recognize the tau pattern inside the cell, with or without seeding. Using different 

preformed protein fibrils (PFF) of tau, we modeled Tau aggregation in vitro and tested the ability 

of CNN models to distinguish the strain differences in propagation. To further investigate the 

differences, we used Gradient-weighted Class Activation Mapping (Grad-CAM) to visualize the 

essential signal changes from live-cell imaging that the CNN models consider in distinguishing 

the tau strain effect. Moreover, we multiplexed with different biosensors to identify the affected 

pathways identified by the Grad-CAM. Our work will contribute to the understanding of strain 

differences in tau and potentially other prion-like proteins. 
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Abstract: The Default Mode Network (DMN) is a large-scale cortical brain network that 

mediates cognitive function in the absence of demanding external tasks and displays altered 

functional connectivity (fc) during the early stages of Alzheimer’s disease (AD). From a clinical-

pathological perspective, the DMN displays hypoconnectivity that correlates with cognitive 

decline once neurofibrillary tangles (NFTs) become detectable via PET imaging. However, 

growing evidence suggests that early, pre-tangle modifications of soluble tau (e.g., oligomers) 

confer tau toxicity. Hence, there is a critical knowledge gap about when pre-tangle tau 

pathological changes occur within the DMN that initiate fc alterations prior to the appearance of 

NFT pathology using PET tracers. We aimed to investigate the relationship between early 

pathological tau changes across the three main DMN hubs (medial frontal cortex, posterior 

cingulate cortex, and precuneus) and cognitive decline. In our pilot cohort (n=36), we quantified 

pre-tangle tau modifications in DMN hubs using pS422 (early pathogenic phosphorylation 

event), TOC1 (tau oligomers), TNT2 (aberrant N-terminus conformational change), and TauC3 

(C-terminus truncation at amino acid 421) epitope-specific antibodies in postmortem fixed tissue 

from Rush ROS/MAP cases representing all six Braak NFT stages. For quantitative analysis, we 

used HALO Image Analysis software. Our preliminary results indicated the accrual of pS422 and 

TOC1 epitopes as early as Braak stage III (limbic stage). Although the distribution of tau load 

for the individual epitopes was not significantly different among the hubs, we found a strong 

correlation between pS422 load in the frontal cortex and the Mini-Mental State Exam score 

(p=0.006) as well as Braak stage (p=0.009). Our initial results indicate that pre-tangle soluble tau 

accumulation in cortical DMN regions is an early event during the progression of AD that may 

impact global cognitive function. We have expanded our study (n = ~100 cases) to include 

frozen and fixed tissue samples from the same donors to cross-validate our quantitative 

immunohistochemical results via custom ELISAs. We also plan to relate our findings to 

neuropsychological test scores and other clinical pathologic criteria. Collectively, this study will 

provide novel insights into early toxic tau pathological accrual in cognitive functional brain 

connectomes in the early stages of AD. 
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Abstract: Under pathological conditions, the microtubule-associated protein tau is 

hyperphosphorylated. This leads to the abnormal aggregation of tau and the formation of 

neurofibrillary tangles (NFTs), which is a main neuropathological hallmark of Alzheimer’s 

disease (AD) and other tauopathies. Increasing evidence supports the idea of “seeding,” in which 

intermediate, soluble tau aggregates can propagate between cells and induce the misfolding of 

non-pathogenic tau monomers, thereby promoting the intracellular aggregation of tau. However, 

the nature of the tau species involved in seeding and propagation remains to be fully elucidated. 

For this reason, we aim to identify the nature of the tau seed in the context of disease progression 

in hopes of using this species as a future therapeutic intervention target or biomarker for disease 

progression. Using a FRET-based biosensor cell line, we profiled the temporal evolution of tau 

seeding activity in the brains of two mouse models of human tauopathies: hTau P301S (0N4R) 

and hTau P301S (1N4R). Utilizing a diverse set of phosphor-and conformational tau species 

antibodies, we also biochemically and histologically evaluated these tauopathy models. Our 

results demonstrated phosphorylation of tau at Serine 214 (pTauS214) occurs prior to the 

formation of conventional AT8 positive NFTs and has a distinct histological pattern that differs 

from AT8. Additionally, it was found that pTauS214 was the only tau species that strongly 

correlated with seeding activity during disease progression in both tauopathy models used. Taken 

together, this study demonstrated how pTauS214 is an early event of tau pathogenesis and that 

this pathology differentiates from AT8-detected NFTs-like pathology. 
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Abstract: Alzheimer’s disease (AD) is one of the most common forms of dementia that shows 

progressive memory loss. A key pathological hallmark of AD, neurofibrillary tangles (NFTs) are 

intracellular aggregates of hyper-phosphorylated tau protein. NFTs are initially formed in the 

brain's temporal lobes and then progressively spread throughout the brain. Based on these 

findings, it has been proposed that intracellular tau is released into extracellular space as 

oligomers from the affected neurons and then taken up by the nearby healthy neurons. Finally, 

transferred tau serves as a seed in a healthy neuron for its continuous propagation. However, 

mechanisms of tau propagation are still not well elucidated. In our study, we wanted to see how 

neuronal activity and phosphorylation affect tau release as both neuronal excitability and 

phosphorylation are increased in the early stage of AD. We used the 3rd instar Drosophila larval 

neuromuscular junction (NMJ) as an in vivo model system to investigate mechanisms underlying 

tau release. We have chosen Drosophila NMJ because it is glutamatergic and greatly resembles 

neuronal and synaptic functions in human central nervous system. To increase neuronal 

excitability, we expressed channelrhodopsin (ChR2) in addition to wild-type human tau (hTau) 

in the glutamatergic motor neurons of flies by using a driver D42-Gal4. ChR2 was activated by 

blue light (470nm, 3x 10 min with 1 hour interval) to induce hTau release. Our ELISA results 

showed a significant increase of hTau release into the hemolymph from NMJ compared to the 

control group. Furthermore, we tested the role of different phosphorylation sites (pSites) of tau 

protein on the activity-dependent release by using phospho-specific antibodies (e.g., AT8 or 

PHF-1). We have demonstrated that tau released by neuronal stimulation is highly 

phosphorylated at different sites in the proline-rich domain (PRD) and C-terminal. Based on our 

findings, it can be said that neuronal excitability and phosphorylation play a significant role in 

hTau release. We are currently examining the importance of individual pSites in PRD and C-

terminal by using Drosophila transgenic lines carrying one or two mutations in the pSites (e.g., 

UAS-hTau[S202A/T205A]). Overall, our novel Drosophila NMJ model will provide an 

important in vivo experimental platform to examine molecular and cellular mechanisms 

underlying tau release and the impact of tau phosphorylation on its activity-dependent release. 

Disclosures:  R. Uddin: None. D. Lee: None. 

Poster 



535. Tau: Cellular and Molecular Mechanisms II 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 535.09 

Topic: C.05. Tauopathies, Tau-dementias, and Prion Diseases 

Support: The design, study conduct, and financial support for this research were provided 

by AbbVie 

Title: Tau aggregates derived from phosphorylated and unphosphorylated tau have differential 

aggregation kinetics, seeding competency, and toxicity 

Authors: H.-Y. WU, O. NAZARKO, X. YANG, N. BROWN, K. TAYLOR, D. NANAVATI, J. 

XU, L. HUANG;  

AbbVie Bioresearch Ctr., Abbvie, Worcester, MA 

Abstract: One of the pathological hallmarks of Alzheimer's disease (AD) is the accumulation of 

abnormally phosphorylated tau in neurons and eventual formation of neurofibrillary tangles 

(NFTs). Although tau molecules in NFTs are found to be highly phosphorylated, it is still 

unknown whether tau hyperphosphorylation in AD drives fibril formation and subsequently 

causes cellular toxicity due to aggregation. Here, we utilized human tau (htau) produced from sf9 

cells containing high state of phosphorylation, while htau produced by E. coli is 

unphosphorylated. htau2N4R and htau2N3R were generated from both sf9 cells and E.coli to 

derive four types of tau aggregates or paired helical filaments (PHFs). To compare the dynamics 

of tau aggregate formation, we monitored tau aggregation in real time by Dynamic Light Scatter 

(DLS) and Thioflavin T fluorescence spectrometry, which indicated that in presence of 

aggregation inducer heparin, phosphorylated htau2N4R and htau2N3R exhibited slower 

progression of aggregate formation compared to unphosphorylated htau2N4R and htau2N3R. 

Analysis from circular dichroism spectroscopy (CD) demonstrated 59.6% ß-sheet structure in the 

aggregation solution of unphosphorylated htau2N4R while only 37.5% was measured for the 

phosphorylated htau2N4R. The differences in CD spectral and estimated beta-sheet content 

between unphosphorylated and phosphorylated hTau2N4R aggregates suggests underlying 

structural differences between the two tau species. Among these four types of tau aggregates, the 

unphosphorylated htau2N3R showed the most rapid progression of tau aggregate formation with 

61.4% ß-sheet structure. By contrast, the aggregates formed from the phosphorylated tau2N4R 

demonstrated the highest potency in inducing seeding in tau biosensor HEK cells expressing tau 

4-repeat domains, and cultured primary neurons expressing human tau compared to other three 

tau aggregates. To investigate toxicity of the different aggregates, cultured primary neurons were 

treated with tau aggregates. We observed that tau aggregates derived from the phosphorylated 

tau2N4R or tau2N3R induced more significant neurite regression (60-65%) compared to tau 

aggregates derived from the unphosphorylated tau2N4R or tau2N3R (33-55%). Both tau 

phospho-specific antibodies tested and N-terminal pan tau antibody effectively blocked seeding 

and neurite regression. Together, this study illustrated that although both hyperphosphorylated 

and unphosphorylated tau proteins can form aggregates in vitro, tau aggregates derived from 



hyperphosphorylated tau possess slower kinetics of fibril formation and are more seed competent 

and toxic to neurons. 
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Abstract: Alzheimer’s disease (AD) is the most common form of dementia. However, although 

the clinical and pathological aspect of the disease are thoroughly characterized, the 

pathophysiological mechanism underlying the progressive neurodegenerative process is not well 

understood. In consequence, there is no cure and a disease-modifying treatment is lacking. It is 

therefore imperative to identify the earliest signs of disease pathology to pave the way to identify 

the triggering molecular factors of the disease and the mechanisms underlying molecular 

spreading of toxic assemblies. Our search for these key clues in the periphery is founded on the 

fact that peripheral dysfunction, particularly in the gastrointestinal (GI) system, can arise decades 

before the onset of the classic symptoms in neurodegenerative disorders. In fact, the risk of AD 

increases significantly in patients with inflammatory bowel disease (IBD) when compared with 

the non-IBD population. Furthermore, Tau accumulates in Crohn’s Disease guts and in sigmoid 

colon of AD and FTD patients. Therefore, we are investigating the physiological and molecular 

mechanisms that support Tau spreading in the prodromal stages and, particularly, along the gut-

brain axis. To test whether corrupted proteins expressed in the gut will spread to the brain, we 

employed the Gal4/UAS system and expressed wild type or mutant human Tau in selected 

populations of gut epithelium cells. We then monitor behavior on aging flies expressing Tau in 

the gut epithelium using Drosophila activity monitors (DAM) and analyzed their circadian 

patterns of activity along with several sleep parameters. We observed that flies selectively 

expressing full length (2N4R) human Tau in enteroendocrine cells of the gut exhibited a 

significant impairment in their daily activity pattern that specifically affected their behavior 

during the light phase (day) but not during the dark period (night). Interestingly, these flies also 

showed an increased sleepiness during the day without affecting their nocturnal sleep pattern. 

The onset of these behavioral changes appears to occur as early as 10 days after eclosion. Our 

results support the presence of spreading mechanisms for Tau from gut epithelial cells to the 

brain; hence, affecting the neuronal physiology that sustain daily activity patterns. 
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Abstract: The microtubule-associated protein, Tau (MAPT), is implicated in a multitude of 

neurodegenerative disorders, including Alzheimer disease (AD) and frontotemporal dementia 

(FTD). These disorders are characterized by the presence of the aggregated form of the protein. 

Despite this, recent studies assign a prominent toxic role to the soluble, oligomeric form of the 

protein instead of the insoluble aggregates. Within this context, it remains unanswered how 

mutations identified in familial tauopathies alter the aggregation and conformational dynamics of 

the protein and how they lead to the generation of structural polymorphs of the oligomers. Using 

biophysical and biochemical techniques, we characterized and compared the oligomeric forms of 

2N4R wild-type Tau and its mutants A152T, P301L, P301S and R406W, which are associated 

with familial tauopathies. We investigated their structural and conformational characteristics 

using biochemical and immunochemical analysis, where results indicated that there exists 

variability amongst them. This was complemented by assays using fluorescent probes including 

thioflavin-T (ThT) and anilinonaphthalene-8-sulfonic acid (ANS), which revealed there also 

exists differences in the aggregation kinetics, further highlighting that the oligomeric forms of 

the protein adopt distinct conformations. These differences suggest that individual mutant forms 

of the proteins use disparate aggregation pathways to generate conformers. Our observations 

strengthen the hypothesis that structural polymorphism of amyloidogenic proteins underlies the 

phenotypic variations seen in neurodegenerative pathologies. Overall, our results represent a 



preliminary step towards understanding the oligomeric landscape of tau mutants, and future 

studies will probe deeper into their biological effects using cellular and animal models. 
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Abstract: Tauopathy is class of neurodegenerative disease characterized aberrant 

hyperphosphorylation and misfolding of the microtubule-associated protein Tau and includes 

more than 20 diverse clinicopathologies (e. g. Alzheimer’s disease, AD). Tau is thought to drive 

neurodegeneration via multimerization into neurotoxic aggregates. Neurons are known to release 

these aggregates into the parenchyma as both free and vesicle-bound tau. Nearby neurons then 

internalize these aggregates via macropinocytosis, and this can lead to propagation of Tau 

pathology. Microglia are actively surveying the local milieu and are therefore likely to 

endocytose these aggregates. However, the mechanism for microglial uptake of Tau is unknown. 

We hypothesize that microglia (like neurons) take up take via macropinocytosis. Thus far, we 

have tested our hypothesis in immortalized murine microglial cell line (BV2). To model 

extracellular Tau in culture, we used recombinant human P301S mutant Tau monomers, 

preformed fibrils (PFFs), and sonicated PFFs (sPFFs). We measured the effects of 

pharmacological macropinocytosis inhibition on Tau uptake and tracked the movement of Tau 

into the microglial endocytic compartment. We optimized our inhibitor concentrations for 

specificity and lack of toxicity and found that several putative macropinocytosis inhibitors are 

nonspecific for macropinocytosis in BV2 microglia. Pretreatment with actin inhibitor 

(cytochalasin D) abrogated uptake of Tau sPFFs but only partially blocked uptake of monomers 

and PFFs. Conversely, pan phosphoinositide 3-kinase (PI3K) inhibitor (wortmannin), blocked 



uptake of monomers and PFFs but not sPFFs. Further, monomers, PFFs, and sPFFs colocalized 

with macropinosomes which we labeled using fluorescent 70 kDa dextrans (Dex70). However, 

we also observed several Tau positive, Dex70 negative vesicles within these cells. Our findings 

suggest that Tau aggregates are taken up via macropinocytosis in BV2 microglia and some 

additional unknown endocytic mechanism(s). We plan to investigate other endocytic routes after 

we have repeated our experiments in primary microglia and organotypic brain slice microglia. 

Understanding mechanisms that promote microglial clearance of Tau may lead to novel therapies 

against the progression of Tau pathology. 
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Abstract: Prion-like properties of tau protein are a major mechanism in the pathophysiology of 

tauopathies. By this mechanism, pathological tau is able to recruit normal tau and convert it into 

pathological tau. Tau seeding bioactivity is usually quantified using a "biosensor" cell line that 

expresses tau repeat-domain with a disease-associated mutation fused to complementary 

fluorophores. Induced aggregation in cells that scores positive by fluorescence resonance energy 

transfer is next quantified by flow cytometry. Although this assay is specific/sensitive for 

quantification of bioactive tau, it is not discriminating for localization. Recently, in our 

laboratory, we tested the hypothesis that rational design of tau probes aligning the sequence of 

the probe with amino acid sequence incorporated in the central core of Tau aggregates observed 

by cryo-EM and mimicking post-translational modifications described in Alzheimer disease 

(AD) brains could improve the assay’s sensitivity. Taking advantage of this new design, we 

aimed to develop a technique allowing localization of bioactive tau directly on tissues. We 

applied lysates from our next generation biosensor cells on frozen human brain tissue sections. 

We found that unlike the previous construct, our new fluorescent tau probes present in the cell 

lysates were recruited on AD tissue and were binding specifically to tau aggregates. Incubation 

of AD brain slices with formic acid inhibit the recruitment of the probe but not the binding of tau 

antibodies. The probe is recruited by neurofibrillary tangles, dystrophic neurites and neuritic 

plaques. Interestingly, positivity for Tau immunostaining and the probe were not strictly 

colocalized meaning that only some Tau aggregates were detected with the probe. Moreover, we 



do not observe positive staining with the probe on brains from control, progressive supranuclear 

palsy, corticobasal degeneration and Pick disease patients, suggesting that the probe detects a 

unique conformation of tau present in AD tissues only. We next tried to incubate AD brain and 

control brains lysates with biosensor cell lysate and analyzed high molecular weight proteins 

extracted by fast protein liquid chromatography. By transmission electron microscopy, we 

observed colocalization of Tau probe with tau antibody on small protein aggregates but not on 

paired helical filaments. We also observed the presence of the probe by western blot on high 

molecular weight fraction of AD brains but not on low molecular weight fractions. This 

technique demonstrates the presence of seeding-competent tau in-situ in tissues and also 

demonstrates that the design of tau probe has to be specific to each tauopathy.   
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Abstract: Abnormalities in tau proteins lead to their accumulation and aggregation, which is 

believed to play a significant role in the pathogenesis of neurodegenerative diseases such as 

Alzheimer's disease. Although the association of tau toxicity with its phosphorylation in 

microtubule-binding repeats by microtubule affinity-regulating kinases (MARKs) was 

established, it is unclear whether and how each member of the human MARKs (MARK1-4) 

affects tau toxicity in vivo. In contrast to other human MARKs, the MARK4 level increases in 

response to stress, such as ischemic injury in mice (Hayden et al., 2019). One of the major stress 

responses is the formation of stress granules (SGs), temporary dense structures of RNA binding 

proteins (RBPs) and RNAs. In this study, we aimed to investigate the role of MARK4 in tau 

regulation by focusing on the interaction MARK4 with SGs and RBPs. First, to elucidate 



similarities and differences among the effect of MARKs on tau toxicity, we established 

transgenic Drosophila expressing human MARK1-4 with a site-specific integration system. Each 

MARK was co-expressed with human tau that caused neurodegeneration in fly eyes using a pan-

retinal driver GMR-GAL4. We found that tau co-expressed with MARK4 showed more 

prominent neurodegeneration than other MARKs. Only MARK4 increased the total level of tau 

observed by western blotting, while all MARKs promoted tau phosphorylation at Ser262 located 

in the microtubule-binding repeat. In HeLa cells, we found that MARK4 expression, but not 

MARK2, caused the formation of puncta colocalized with SG markers such as fragile X mental 

retardation 1 (FMR1) protein, Ras GTPase-activating protein-binding protein 1 (G3BP1), and T-

cell intracellular antigen 1 (TIA1). Inhibition of liquid-liquid phase separation by 1,6-hexanediol 

reduced these puncta, suggesting they are SGs. When tau was co-expressed with MARK4, tau 

was sequestered in SG with MARK4. Finally, we analyzed the role of SG in adverse effects on 

tau-induced neurodegeneration caused by MARK4 in Drosophila. Knockdown of SG-associated 

RBPs such as Fmr1, Rox8 (Drosophila homolog of TIA1), and Ataxin-2 (Atx2) ameliorated 

neurodegeneration, to note Rox8 knockdown had a more negligible effect. Western blot analysis 

showed that Atx2 knockdown suppressed tau accumulation caused by MARK4. Interestingly, 

knockdown of Fmr1 and Atx2, but not Rox8, lowered MARK4 protein levels. Taken together, 

our results suggest that MARK4 promotes the formation of SGs, which play a role as a 

catalyzing medium for MARK4 and tau interactions. We propose a novel mechanism by which 

SG formation stimulates tau abnormality in the pathogenesis of neurodegenerative diseases. 
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Abstract: Approximately 2/3 of patients living with Alzheimer’s disease (AD) in the US are 

women. Women also present a higher pathological tau load, as demonstrated by a variety of 

well-established biomarkers. Why are women more vulnerable to tau pathology and how this 

vulnerability might be therapeutically exploited is currently unknown. Interestingly, recent work 



has found a significant relationship between lower testosterone levels and higher levels of 

pathological tau in the cerebrospinal fluid of APOE4 carriers, particularly in women. Research in 

females has mostly focused on the modulation of tau pathology by the major female sex 

hormones estrogen and progesterone; whether testosterone can positively regulate tau pathology 

in the context of female physiology is poorly understood. To test the hypothesis that testosterone 

protects against tau pathophysiology in females, we performed testosterone supplementation in 

both a brain slice culture model and in 4-6 month-old P301S female mice. Our preliminary 

results showed a reduction of phosphorylated tau and total tau levels in both the ex vivo and in 

vivo models. Furthermore, using primary neuronal cultures, we found testosterone, but not 

estrogen (E2), reduces the amount of tau released to the media. These results highlight 

testosterone as a regulator of tau pathology in females and pave the way for further research into 

its potential protective mechanisms and interactions with risk factors such as ApoE4. Closing 

this gap in the field might explain the sex difference in the vulnerability of AD, and uncover a 

potential use of testosterone as a therapeutic strategy in AD and related dementia. 
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Abstract: As human life expectancy continues to increase, the two most common dementias, 

Alzheimer’s Disease (AD) and Frontotemporal Dementia (FTD), are becoming more prevalent 

with no cure and no effective medicine to significantly alter disease progression. When 

compared to intercellular amyloid plaques, intraneuronal accumulations of neurofibrillary tangles 

constituted by insoluble, filamentous, hyperphosphorylated Tau is better correlated with neuronal 

loss and the clinical progression of AD. In addition, the burden of Tau aggregation is also 

positively associated with the progression of Frontotemporal lobar degeneration (FTLD), the 

pathologic diagnosis for clinical FTD. However, it remains unclear how Tau accumulation 

contributes to the devastating neuronal dysfunction and/or death characteristic of these disorders. 



Therefore, understanding the cellular mechanisms underlying Tau-mediated neuronal toxicity 

during aging may provide much needed therapeutic targets. Our previous studies discovered that 

hyperphosphorylated Tau interacts with nucleoporins and disrupts the nuclear pore complex 

(NPC) (Neuron, 2018). The pathological accumulation of Tau in mice and human patients 

impedes nuclear transport and may disrupt the NPC. Furthermore, our studies in Amyotrophic 

Lateral Sclerosis (ALS) have suggested that rescuing the NPC injuries prevents various defects 

in human disease models. Here, we sought to determine the cellular and molecular mechanisms 

underlying Tau mediated nuclear pore injuries in AD and FTD-Tau. We found that nucleoporin 

210 (NUP210) mislocalized to cytosol in both AD patients and cell models with light-dependent 

Tau protein oligomerization. Remarkably, NUP210 accelerates the fibrilization of Tau protein 

AD core in vitro. Tau mutation carrying AD patients-derived pluripotent stem cells induced 

cortical neurons also showed reduced Nup210 in the NPC. In addition, we provide evidence 

suggesting that FG-repeat containing nucleoporin NUP62 also directly interacts with pTau both 

in vivo and in vitro, whereas other nucleoporins such as NUP50 and NUP54 were not affected. 

Currently, we are evaluating if reducing levels of NUP210 or NUP62 in rodent disease models 

would reduce/delay pTau accumulation. Moreover, we will determine how loss of NUP210 and 

NUP62 from NPC in tauopathies specifically affect nuclear transport of protein and RNA. 

Eventually, we will develop mechanism-based therapy to rescue NPC defects, in order to 

ameliorate neuronal injury in tauopathies. 
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Abstract: A non-coding variant of inositol polyphosphate-5-phosphatase D (INPP5D), 

rs35349669; OR=1.08, 95%CI=1.06-1.11, increases the risk of late-onset Alzheimer’s disease 



(AD). Recently, the interaction of INPP5D on beta-amyloid pathology has been investigated, but 

the effect of INPP5D on tau pathology is unknown. Here, we used an adeno-associated virus 

(AAV) in vivo model to drive tau expression with the human P301L mutation. INPP5D wild-

type (WT) and heterozygous female and male mice were used. In this study, we aim to determine 

the role of INPP5D in tau pathogenesis, and its cellular and molecular mechanisms. At P0, mice 

were subject to intracerebroventricular bilateral injection of AAV-tauP301L or AAV-eGFP 

(control). Six months later, brain tissues were harvested for histological analysis, biochemical 

analyses, and gene expression using NanoString. In the thalamus and striatum, histological 

analysis revealed decrease PHF-1 (tau phosphorylation Ser396/Ser404) tau staining in INPP5D+/- 

compared to INPP5D+/+ mice. We also show that phosphorylated tau at Thr231 and disease-

specific conformational modification of tau (MC1) is reduced in INPP5D+/- mice. Next, in order 

to identify a pathway or mechanism involved in alterations of tau pathogenesis, we utilized the 

mouse neuroinflammation panel (NanoString) and found that multiple pathways (e.g. microglia 

and astrocyte function, inflammatory signaling, and adaptive immune response) were 

upregulated in the INPP5D+/- mice injected with AAV-tauP301L compared to the WT. 

Neuroprotective genes, such as TNF-β1, IL6RA, RAPGEF3 and HSPB1, were also upregulated. 

Our findings suggest that INPP5D modulates tau pathogenesis in vivo by upregulating 

microglial/astrocytic function and genes that serve a neuroprotective role. These findings provide 

more insight of the role of INPP5D in tauopathy. 
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Abstract: Deposition of fibrillar forms of tau -neurofibrillary tangles and neuropil threads- 

follow a hierarchical progressive pattern across brain regions in Alzheimer’s disease (AD) and 

this progression is associated with cognitive decline. Synapses loss occurs early in disease 

progression and correlates even more strongly with cognitive decline, but whether pathological 

oligomeric or phosphorylated tau accumulates at synapses where it could contribute to synapse 

loss or spreads through the brain via synaptic connections remains unclear in human brain. We 

used sub-diffraction microscopy techniques (array tomography, electron microscopy, STORM 

and DNA-PAINT) to visualize single synaptic terminals in post-mortem human samples from 

temporal and occipital cortex of 29 AD and 24 control cases without dementia. Pre- and post-

synaptic terminals (synaptophysin and PSD95) and oligomeric, misfolded, or phosphorylated tau 

(T22, Alz50 or AT8 antibodies) were labelled. To compare synaptic tau with total fibrillar tau 

burden, neurofibrillary tangles and neuropil threads were quantified from immunohistochemical 

sections (AT8 antibody) of the same cases. We observed oligomeric, phosphorylated, and 

misfolded tau accumulate in synapses in Alzheimer’s disease brain. A subset of pre and 

postsynaptic paired synapses contain tau and synaptic tau was observed in areas without 

abundant tangles, indicating that tau pathology may spread through synapses. Together, these 

data indicate that targeting synaptic tau may prevent the spread of pathology through the brain. 
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Abstract: Alzheimer’s disease is a progressive neurodegenerative disease characterized by the 

accumulation of extracellular β-amyloid plaques and intracellular hyperphosphorylated tau 

neurofibrillary tangles. Tau positron emission tomography (PET) quantitatively measures 

regional tau load by comparing tracer uptake in regions of interest to that of a reference region 

where signal is not expected to arrive at standardized uptake value ratios (SUVR). 18F-PI-2620 

is a novel PET tracer that has improved binding specificity over its predecessors and exhibits 

high binding affinity for aggregated tau. Past 18F-PI-2620 PET work has used cerebellar gray 

matter excluding vermis and anterior lobe of the cerebellum as a reference region. In our larger 

study, we found that non-specific tracer uptake still occurred within the reference region in 

approximately 23% of brains out of an initial sample of 321 subjects, which may affect SUVR. 

Our aim was to identify a reference region that allowed maximum inclusion of subjects, without 

biasing results by non-specific uptake. To create our initial reference region mask, we used the 

Cerebellum-MNIfnirt-maxprob-thr25-2mm cerebellum template from the Montreal Neurological 

Institute (MNI) cerebellum atlas, and included only the posterior lobe of the cerebellum. We then 

coregistered the posterior cerebellum in MNI space to the cerebellar gray matter in Freesurfer 

space to create our posterior cerebellar gray matter mask. Our revised reference region includes 

posterior cerebellar gray matter, but excludes all regions superior to the left and right Crus I 

lobule. A two-tailed t-test between the medial temporal lobe SUVR of the uncontaminated initial 

and revised reference regions showed no significant differences (t = -1.50 p = 0.13), with an 

average SUVR difference of 0.014. This indicated that the new mask avoided contamination 

without significantly changing apparent tau SUVR. With our new reference region, we have 

achieved a 100% pass rate out of our final sample of 661 subjects, establishing a viable tau PET 

processing pipeline that restricts possibly confounding uptake in the reference region. 
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Abstract: Tauopathies, such as Alzheimer’s disease (AD), are characterized by the accumulation 

of toxic tau oligomers in the brain. Recent studies suggest that AD also exhibits pathology 

related to RNA binding proteins (RBPs), including Musashi proteins. Our lab has previously 

discovered that Musashi 1 (MSI1) and Musashi 2 (MSI2) mislocate and aggregate in human AD 

brains. We have also visualized co-localization between oligomeric tau and MSI 1 and MSI2, 

suggesting toxic direct cross-talk between tau and MSI proteins. Recently, it has been shown that 

tau aggregates represent distinct polymorphs (conformers). With this discovery and the growing 

evidence indicating RBPs as contributors to AD pathology, it is crucial to elucidate how the 

interactions between tau and MSI influence tau aggregation and perhaps formation of distinct 

polymorphs. In this study, we further characterize which tau oligomeric polymorphisms interact 

with MSI within the human AD brain. We investigate the abundance and cellular location of 

MSI and tau aggregates in AD and age matched control human cortical brain tissues though 

immunoblotting and immunofluorescence (IF). We performed western blotting, dot blotting, and 

filter-trap assays using commercial and in-house antibodies to qualitatively investigate MSI1, 

MSI2, and tau polymorphs across our sampled population. IF was performed to investigate the 

spatial and quantitative distribution of MSI1, MSI2, and tau polymorphs. 3D rendering and 

aggregate morphological characterization was conducted with IMARIS 9.9 Explorer software. 

For the first time, we show that the presence and quantity of tau oligomeric polymorphisms and 

MSI aggregates vary across the sampled patient population. We also identify the differential 

association of tau conformers with MSI1 and MSI2. Further investigations are warranted to 

determine the temporal and regional distribution of these conformers in association with MSI 

proteins as well as the mechanisms underlying their aggregation. 
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Abstract: Alzheimer’s disease (AD) is characterized by a stereotypical progression of tau 

pathology throughout the brain. Tau alterations typically appear first in the entorhinal cortex 

followed by the hippocampus and cerebral cortex, while midbrain and hindbrain regions are 

relatively spared. These neuropathological observations suggest certain regions have a selective 

vulnerability to the disease processes, but the molecular underpinnings of selective vulnerability 

have yet to be well defined. Human induced pluripotent stem cell (hiPSC) technology offers the 

ability to derive unique neuronal subtypes from the same genetic background. Here, we 

generated hiPSC-derived neuronal populations with varying propensities to form tau aggregates 

following seeding with sarkosyl-insoluble (AD) brain-derived pathological tau (SI-AD tau) to 

identify potential mediators underlying differential vulnerability to tau seeding. We 

differentiated commercially available hiPSC lines derived from apparently healthy donors (3 

female, 2 male, ages 15-64) into forebrain, midbrain, and hindbrain populations resembling AD 

vulnerable and resilient neuronal subtypes. Protein and RNA markers specific to each neuronal 

subtype were measured via immunofluorescence (IF) and qPCR. An in-house, well-established 

tau aggregation high content imaging assay evaluated each neuronal population’s propensity to 

establish tau pathology following seeding. Finally, we performed bulk RNA sequencing of 

hiPSC-derived neurons following treatment with SI-AD tau. qPCR and IF staining revealed 

distinct expression of brain region- and neuronal subtype-specific markers for each hiPSC-

derived neuronal population. The unique neuronal subtypes showed differential vulnerability to 

tau aggregation following seeding with SI-AD tau, with the cortical inhibitory-like population 

showing the highest levels of endogenous tau aggregation and with high concordance between 

donor lines. Preliminary analysis of bulk RNA-seq data from susceptible and resilient 

populations found distinct transcriptional changes following seeding with SI-AD tau as well as 

inherent differences between subtypes. Future experiments aim to further define and evaluate the 

transcriptomic signatures associated with vulnerable and resistant neurons, which could provide 

more relevant targets for future drug discovery efforts in Alzheimer’s disease. 
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Abstract: The aggregation of neurofibrillary tau tangles is one of the well-documented 

pathologies for Alzheimer’s disease (AD). However, the low-level tangle accumulation, 

particularly in the medial temporal lobe, is also reported in aging studies. Disentangling age-

related increase in the tau deposition from the pathological alteration of tau aggregation in 

neurodegeneration is a major challenge in the field. More specifically, few studies reported an 

age-related decrease in tau deposition for clinical populations with abnormally elevated levels of 

tau and Ab depositions. This study aims to investigate the negative age association with tau 

tangles and introduce it as a distinctive biomarker for identifying pathological tau accumulation 

from normal aging. We used 394 healthy control (HC) and 52 mild cognitive impairments (MCI) 

participants with amyloid and tau positron emission tomography (PET) scans acquired at 

Columbia University Irving Medical Center and Weill Cornell Medicine. To replicate the results, 

we also took advantage of 151 HC and 116 MCI participants from Alzheimer's Disease 

Neuroimaging Initiative data with different PET tracers. For each dataset participants’ regional 

amyloid and tau (26 regions) standard uptake value ratios (SUVRs) were fed into agglomerative 

clustering to identify groups with unique spatial-temporal characteristics. In both datasets, 

participants were clustered into three groups (with Euclidean distance measure>5). Next, a 



regional multiple linear regression model is performed for each group to detect any negative age-

related association with tau SUVRs (controlling for gender, intracranial volume, and regional 

Amyloid SUVR). In both datasets, regional tau in one cluster of participants showed a significant 

(p<0.01) negative age-related association (in regions like precuneus, and superior frontal) 

whereas another cluster showed a significant positive age-related association (in regions like 

middle temporal, Entorhinal cortex) and the last cluster showed almost no association with age. 

In comparison to the other two clusters, the group that showed the negative age-related 

association had a significantly higher tau and Ab burdens and also had a significantly higher 

number of MCI patients (p<0.001). These results suggest that while the initial accumulation of 

tau increases with age, at the higher level of Ab and tau deposition age becomes associated with 

a decrease in tau deposition. In other words, age-related tau accumulation might be discriminated 

from the pathological accumulation of Tau where the negative age-related association is 

observed. 
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Abstract: Isolation and Characterization of Tau Oligomers 
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Tau oligomers have been shown to be the main toxic tau species in thea diverse group of age-

related neurodegenerative diseases, collectively known as tauopathies such as Alzheimer’s 

disease (AD), progressive supranuclear palsy (PSP), and dementia with Lewy Bodies (DLB). 

The characteristics of oligomers that exist in human disease, and that may be most closely 

associated with disease propagation and toxicity, are not fully established because of the lack of 

standardization of the preparation of small oligomeric tau aggregates and the methods for their 



characterization. T Standardization of these oligomers can be achieved by isolating tau 

aggregates from authentic human tauopathy cases such as AD. By rigorously correlating their 

biophysical and biochemical properties with biological activity, developing probe sets for their 

selective detection, and disseminating reliably examined samples, lab-ready established 

protocols will be available to the broader research community.  To acquire biologically relevant 

tau oligomers for the study of tau aggregation and mechanisms of toxicity, we have designed and 

optimized protocols for the preparation and characterization of tau oligomers in vitro using other 

amyloid oligomeric seeds, as well as for the isolation of tau oligomers from biological samples 

using immunoprecipitation and sucrose gradient fractionationcentrifugation.. We have also used 

commercially available and created novel antibodies and optimized techniques for the detection 

of tau oligomers using common biochemical techniques including ELISA, dot blot, western blot, 

filter trap assay, as well as immunohistochemistry, Fluorescent Amyloid Multi Emission Spectra 

(FLAMES), and proteolytic digestion by proteinase- K enzyme, were used to characterize 

oligomeric tau from recombinant protein and isolated from AD brain. Establishing defined 

characteristics of biologically active disease-relevant tau oligomers will bewill be invaluable for 

developing oligomer specific diagnostics and therapeutics. 
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Abstract: The neuropathologic hallmarks of Alzheimer disease (AD) are Aβ-amyloid deposits 

and neurofibrillary tangles (NFTs). Asymptomatic AD (AsymAD) is described as the status of 

subjects with preserved cognition assessed but with identifiable AD pathology at autopsy. 

Currently there is no clear understanding of the mechanisms underlying resilience. Considering 

that decreased inflammatory response and the tau pathology seems to be uncoupled from neuron 

death in AsymAD compared to typical demented AD, we conducted a detailed histological and 

biochemical analysis using postmortem brain samples from age-matched control, demented AD, 

and AsymAD subjects. Histological examination reveals a lower accumulation of filamentous 

Thioflavin S structures and an increase in glia reactivity around core plaques in AsymAD cases 

compared to AD. Biochemical characterization identified a significant decreased in phospho-tau 

species and seeding activity in AsymAD compared to AD cases. To assess the molecular weight 

and filament structure of the tau species involved in seeding activity, we performed size 

exclusion chromatography (SEC) on TBS-soluble brain extracts followed by co-

immunoprecipitation and electron microscopy. Using subcellular fractionation, we found 

accumulation of seed-competent tau predominantly in cytosolic compartment in AsymAD 

samples, while in AD cases the distribution between cytosolic and synaptic fractions was similar. 

AsymAD and typical demented AD does not show differences in cytosolic nor synaptic Aβ42. 

Multiple Nanostring neuroscience panels indicate healthier neuronal context in AsymAD than 

AD. Our data suggest that the main differences between non-demented individuals with high 

loads of AD’s pathology and typical demented AD patients lies in the structural diversity of tau 

aggregates, its ability to reach the synapse, and distinct neuroinflammatory response. 
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Abstract: One of the first brain regions impacted by tau pathology in early-stage Alzheimer’s 

disease (AD) is the amygdala, which plays a critical role in human social and emotional 

functioning. While pathologic series show that abnormal tau can be found in the amygdala as 

early as Braak stage 3, the presence of focal amygdala tau and its implications for functional 

connectivity and neuropsychiatric symptoms in living early-stage patients are unknown. The 

most heavily impacted nuclei by tau tangles include the medial division nuclei, which participate 

in the default mode network (DMN), a network which is implicated in mnemonic and social 

function and shows early abnormalities in AD. Conversely, amygdalar regions spared by AD 

pathology include the dorsal division nuclei, which are functionally related to a social salience 

network that shows increased activity in early-stage AD (Bickhart et al. 2012). We hypothesized 

that tau PET would reveal significant increases in tau binding in whole amygdala, and 

specifically in the medial division of the amygdala, between participants with preclinical AD and 

healthy controls (HC). We examined n=297 individuals (242 preclinical, 55 HC) with anatomical 

MRIs and [18F]flortaucipir tau PET (scan time window: 80-110 min) from the A4 Study, a 

clinical trial focused on individuals with preclinical AD. Preclinical subjects were those with a 

positive amyloid scan (determined per A4 study guidelines as a quantitative standardized uptake 

value ratio (SUVr) of 1.15 (or 1.10 with positive qualitative visual read)). All anatomical MRIs 

underwent Freesurfer cortical reconstruction to generate customized anatomical surfaces for each 

subject. Regional SUVrs for tau PET were derived using PETsurfer, an implementation added in 

Freesurfer 6.0. We additionally performed high-resolution segmentation of the amygdala using 

the amgydalar subfields module included in Freesurfer 7.2 (Saygin and Kliemann 2017). Using 

independent t-tests, we found increased tau signal in whole left (t(295) = 3.47, p = 0.0005) and 

right (t(295) = 3.15, p =0.001) amygdala tau deposition in preclinical AD participants compared 

to HC. Elevated tau was specifically seen in the medial group nuclei (left (t(295) = 2.89, p = 

0.004) and right (t(186) = 3.58, p=0.0003)) and not in the dorsal nuclei (p>0.10 bilaterally), 

demonstrating that selective accumulation of tau is already present in medial group nuclei during 

preclinical illness. Future analyses will explore the impact of focal amygdalar tau on functional 

connectivity within the DMN and neuropsychiatric symptomatology in preclinical AD. 
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Title: Pathological tau from Alzheimer’s brain disrupts axon initial segment structure and 

polarized trafficking 
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Abstract: Tau is predominantly distributed to the axon and stabilizes microtubules as a 

microtubule-associated protein. However, tau accumulation, a pathological hallmark of 

Alzheimer’s disease (AD) and other tauopathy, is observed in the somatodendritic compartment. 

The AD tau filament core (AD tau core) discovered in the brain of AD patients is a tau fibril 

strain composed of R3 and R4 domains with a propensity for spontaneous self-assembly, and 

retains the ability to drive aggregation of endogenous tau or itself. The axon initial segment 

(AIS) is a specialized structure that forms diffusion barrier between the axon and the 

somatodendritic compartments. AIS plays a critical role in polarized trafficking that distributes 

the cytoplasmic cargo to distinct neuronal compartments. We therefore hypothesize that the AD 

tau core may compromise AIS integrity, which may trigger tau missorting and eventually lead to 

dendrite dysfunction. Using confocal imaging technology in rat primary cultured neurons, we 

show that the AD tau core is missorted to the dendritic branches and spines. We find that the AD 

tau core shortens the AIS length and impairs KCl-induced distal shift in the AIS location, 

suggesting that the AD tau core disrupts AIS structure and function. We then screen the AIS 

components that are essential for missorting of the AD tau core. Further studies on the function 

of the AD tau core in dendritic spines will provide a pathologic basis for tauopathy and AD. 
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Abstract: Introduction: Alzheimer disease (AD) is the most prevalent neurodegenerative 

disorder, affecting over 50 million people worldwide. Severity and distribution of aggregated tau 

and neurofibrillary tangles (NFT) are strongly correlated with the clinical presentation of AD. 

Clearance of aggregated tau could decrease rate of NFT formation and delay onset of AD. 

Recent studies implicate corpora amylacea (CoA) activity in pTau aggregation. Normally, CoA 

clear brain waste products by amassing cellular debris and then they are extruded into the CSF 

where they travel to the cervical lymph nodes to be phagocytosed. The proper functioning of 

CoA may slow progression of AD-associated NFT pathology, and this relationship may be 

influenced by amount and distribution of pTau produced, age, sex, and genetic risk.Objective: In 

this study, we investigated regional population differences of CoA and determined if area 

occupied by CA was correlated with the area occupied by pTau pathology in the CA1 & CA3 

region of Alzheimer's disease postmortem hippocampal tissue. Methods: Postmortem brain 

hippocampal tissue sections from 11 AD and 4 control donors were immunohistochemically 

stained with AT8 (pTau Ser202, Thr205) and counter stained with periodic acid schiff (PAS). 

Stained sections were digitized at 40x using the Motic Easy Scan System. QuPath and ImageJ 

were used for slide analysis. The percent area occupied (%AO) of each was then calculated by 

dividing the sum of the areas for all positively stained objects by the area of the ROI, then 

multiplying by 100. A correlation matrix consisting of CoA %AO, pTau %AO, and 

neurofibrillary tangle %AO was calculated. A paired t-test was performed between CoA %AO in 

the CA1 and CA3 hippocampal regions. Results: CoA %AO was significantly higher in the CA3 

region compared to CA1 in AD donors (mean difference = 0.21 +/- 0.16, p = 0.015). In controls 

no difference was noted (mean difference = 0.05 +/- 0.11, p = 0.88). Although not statistically 

significant, we found a negative correlation of CoA %AO with pTau %AO (r = -0.14, p = 0.35), 

and neurofibrillary tangle %AO (r = -0.28, p = 0.21) in the CA1 region of the hippocampus. 

Conclusions: Our results suggest that more numerous CoA in the CA3 region (compared to 

CA1) in the hippocampus of AD donors but not controls may suggest CoA play a role in AD 

pathology. This could be due to increased pTau load in individuals with AD. Although the 

correlations in this small sample are not statistically significant, a negative correlation would 

support the idea that CA may play a role in AD pathologic progression by influencing innate tau 

clearance. These trends are currently being tested in a larger dataset. 
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Abstract: Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD), whilst being 

distinct neurodegenerative diseases, share underlying genetic causes and histopathological 

features, with a subset of patients (~15%) experiencing symptoms of both diseases. 

Approximately 5-10% of patients with ALS and/or FTD have a known family history of 

hereditary inheritance of disease, and of these, an estimated 0.6-3% are linked to mutations in the 

CCNF gene. CCNF encodes the Cyclin F protein, which plays a role in maintaining homeostasis 

through protein degradation via mediation of ubiquitination. Expression of pathological mutant 

CCNF (CCNFS621G) in cellular models has been shown to lead to overactive ubiquitination and 

disrupted caspase 3-mediated cell survival pathways. Disrupted caspase 3-mediated cell viability 

was also observed in a CCNFS621G zebrafish model, along with abnormal axonal outgrowth and 

motor deficits. We have developed two CCNF mouse models using adeno-associated virus 

(AAV) to over-express wildtype or mutant (S621G) CCNF in the brains of neonatal C57Bl/6 

mice. These mice underwent behavioural and motor testing at 3- and 6-months of age, followed 

by cognitive testing at 8-months of age. Whilst no motor deficits were present at 3- or 6-months 

of age, FTD-like symptoms of disinhibition, hyperactivity and altered exploratory patterns were 

observed in CCNF over-expressing mice in the elevated plus maze and open field tests when 

compared to GFP-injected controls from 3-months of age. Both wildtype and mutant CCNF 

over-expression models showed delayed spatial learning acquisition in the Morris Water Maze at 

8-months of age and used less hippocampal-dependent swim strategies compared to GFP-

injected controls, suggesting impaired cognition. Histological and biochemical post-mortem 

analyses showed an increase in ubiquitination in aged CCNF over-expressing mice compared to 

GFP-injected controls, in line with previously published cellular models. Cyclin F has several 

interaction partners which are associated with ALS/FTD, including splicing factor proline 

glutamine rich (SFPQ), recently shown to be aggregated and mislocalized in cellular models 

expressing mutant CCNF. In our CCNF over-expressing mice, we found an increase in insoluble 

SFPQ, recapitulating findings from neuropathological analyses of ALS/FTD cases. Taken 

together, our results indicate for the first time in mice that AAV-induced over-expression of 

wildtype or mutant CCNF is sufficient to drive FTD-like behaviors and ALS/FTD 

neuropathology and may provide a novel therapeutic target. 
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Abstract: Neuronal hyperexcitability is a pathophysiological hallmark of ALS yet its 

relationship to the underlying pathology remains poorly understood. Electrophysiological studies 

using transcranial magnetic stimulation have consistently identified neuronal hyperexcitability 

both in the brain and in the periphery of ALS patients. Hyperexcitability is observed early in 

disease and correlates with cognitive impairment. Importantly, aberrant neuron activity may 

contribute to neuron death via excitotoxicity. Postmortem studies have revealed that 

phosphorylated TDP-43 aggregates are a primary component of the cytoplasmic neuronal 

inclusions found in the majority of sporadic ALS cases. Emerging evidence in tissue slices and 

dissociated cell models suggest TDP-43 pathology may induce hyperexcitability. However, in 

vivo evidence in animal models has been lacking. To address this gap, we performed long-term 

continuous EEG in bigenic rNLS8 mice, which express the mutant cytoplasmic human TDP-43 

(hTDP-43∆NLS) under the control of the NEFH promoter in a Tet-OFF inducible fashion. 

Briefly, adult rNLS8 mice were bilaterally implanted with screw electrodes and connected to a 

tethered EEG acquisition system (Pinnacle) for up to 8 weeks off-DOX. We observed a robust 

electrographic seizure phenotype in 66% of the rNLS8 mice recorded (n=6). Seizure onset 

occurred approximately 2 weeks after transgene induction (range, 11 - 17d), correlating with 

hTDP-43∆NLS expression but preceding gross cell death. Interestingly, mice that failed to 

develop seizures within 3 weeks of transgene induction remained seizure free even into later 

disease stages (6-8 wk off-DOX). Compared to non-bigenic littermates, rNLS8 mice displayed 

enhanced hippocampal cFOS immunoreactivity consistent with neuron hyperactivity. Ongoing 

studies will further assess rNLS8 mice for histological markers of seizures and determine 

whether seizure activity correlates with neuron loss. Results from these studies will advance our 



basic understanding of TDP-43 pathophysiology and may uncover novel pathways for 

therapeutic development in ALS and related TDP-43 proteinopathies. 
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Title: Development of a zebrafish Stathmin-2 (STMN2) knockout model 
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Abstract: Amyotrophic lateral sclerosis (ALS) is a progressive and fatal neurodegenerative 

disease characterized by the loss of upper and lower motor neurons leading to paralysis and 

death within 2-5 years of diagnosis. There is no known cure and FDA-approved treatments have 

little impact on increasing the quality of life or survival of afflicted patients. The majority 

(~97%) of ALS cases display mislocalization of the nuclear RNA binding protein TAR-DNA 

Binding Protein (TDP-43), a vital protein in RNA regulation. Stathmin-2 (STMN2) is a 

microtubule-associated protein encoded by the STMN2 gene which contains TDP-43 binding 

sites in the first intron. Cytoplasmic mislocalization of TDP-43 is believed to result in the mis-

splicing of STMN2 resulting in the production of a truncated and non-functional form of 

STMN2. Our lab is interested in developing a zebrafish STMN2 knockout (KO) to help 

characterize STMN2’s impact on motor neuron degeneration arising in ALS. In the fish, 

Stathmin-2 is encoded by two genes, stmn2a and stmn2b. Using the CRISPR/Cas9 system we 

injected several hundred zebrafish embryos with guide RNAs targeting both genes. Larvae were 

raised to sexual maturity and then outcrossed to determine if germline transmission of indels 

occurred using High Resolution Melting (HRM). Electropherograms of mutants confirm the 

identification of several lines with the following mutations: an 11 nucleotide deletion (stmn2a) 

and a 5 nucleotide deletion (stmn2b), both of which results in the presence of premature stop 

codons. We will incross these lines to generate a double stmn2a and stmn2b KO model. Using 

these models we will characterize the organization of ventral root projections in two day old 

larvae by immunofluorescent labelling of acetylated tubulin. We will also investigate 

neuromuscular junction defects through immunolabelling of pre- and post-synaptic markers 

synaptic vesicle protein 2 (SV2) and α-bungarotoxin conjugated to rhodamine, respectively. We 



will compare the STMN2 KO ventral roots with previously developed TDP-43 KO and disease-

associated knock-in (KI) models as well as healthy controls. We will characterize motor defects 

through two day old larval touch responses as well as determine changes in survival. Finally, we 

will attempt to rescue any motor phenotype through injection of full length STMN2 mRNA into 

developing STMN2 KO blastocysts, as well as through drug treatments delivered through the 

zebrafish’s aquatic environment. New treatment options are a desperate need for an ALS 

community lacking meaningful options, and our model hopes to address this issue while also 

contributing a novel characterization of STMN2’s impact in ALS pathogenesis. 
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Abstract: Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized 

by progressive loss of upper and lower motor neurons producing muscle denervation, motor 

impairments and brain atrophy. Deposition of insoluble cytosolic inclusions of TAR-DNA 

binding protein (TDP-43) correlates with ALS-related pathology in affected tissues. To study the 

progression of ALS phenotypes and establish a model for testing therapeutic interventions, we 

characterized TDP-43ΔNLS mice (Walker et al, 2015). These inducible rNLS8 mice were 

generated by crossing transgenic mice expressing tTA under the control of the human 

neurofilament heavy chain (NEFH) promoter with tetO-hTDP-43ΔNLS mice containing a 

defective nuclear localization motif (ΔNLS). Administration of Dox suppresses expression of 

total and phosphorylated forms of hTDP-43∆NLS, rescuing the disease phenotype. TDP-

43ΔNLS mice showed dramatic loss of body weight following Dox cessation, increased tremors 

and hindlimb clasping, impaired gait and muscle strength and decreased survival compared to 

tTA control mice. EMG assessment of muscle function 4 weeks after DOX removal showed an 

increase in the latency of muscular contraction and decreased response amplitudes of muscle 

contractions following motor nerve stimulation in TDP-43ΔNLS animals, impairments whose 

increasing severity correlated with the amount of time spent off Dox. Histological analysis 

revealed strong overexpression of TDP43 in perinuclear cytoplasmic inclusions along with 

deposition of pTDP43 aggregates in multiple brain regions including hippocampus, cerebral 

cortex, dorsal striatum and cerebellum. This model recapitulates deregulated translocation of 

TDP43 from nucleus to the cytoplasm, a major pathology seen in ALS patients.TDP-43 



pathologies were accompanied by increased expression of inflammatory marker transcripts in 

cortex, astrogliosis, and microglial activation in affected brain regions. Similar pathologies were 

detected in spinal cord but at lower level of severity than in the brain. Dramatic elevations in 

neurofilament light chain, a biomarker of neurodegeneration, were seen in plasma and CSF of 

TDP-43ΔNLS animals at 10 weeks of age, 5 weeks after Dox withdrawal. In summary, 

expression of human TDP-43ΔNLS in this mouse model of ALS resulted in the development of 

cytoplasmic inclusions in multiple brain regions and spinal cord, a loss of murine nuclear TDP-

43, progressive loss of muscle strength and function, and motor impairments leading to death. 

These impairments were observed in both genders. This mouse model of ALS provides a rapid 

progressive phenotype for testing novel therapeutic strategies. 
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Abstract: Mutations in the human Cu/Zn superoxide dismutase (SOD1) gene are associated with 

the motor neuron disease amyotrophic lateral sclerosis (ALS). The Drosophila 

melanogaster SOD1 gene (Sod) shares a highly conserved sequence with the human homolog, 

and Sod mutant Drosophila display elevated pupal mortality, decreased adult lifespan, and 

attenuated motor function. The Drosophila larval neuromuscular junction is well-adapted for the 

study of defects in neuromuscular physiology, due to its accessibility for in vivo tissue studies, 

and to a long history of study of neuromuscular transmission-altering genetic mutations. This 

study examined structural and physiological defects at the neuromuscular synapses of 

Drosophila larvae expressing the hypomorphic n108 allele (Sodn108) or a knock-in construct of 

the human ALS-linked G85R allele (SodG85R). Further, we detail substantial alterations of Sod 

mutant mortality and physiology by mutations in the epilepsy and axonal transport-linked gene 

Prickle (Pk). Immunostaining of neuronal membrane (anti-HRP) at neuromuscular synapses 



in Sod mutant larvae revealed presynaptic terminals of abnormal, swollen morphology. 

Pharmacological treatment of Sod mutants with K+ channel blockers revealed allele-specific 

motor neuron terminal hyperexcitability, characterized by focal synaptic transmissions of 

extended duration. These extended transmissions were accompanied by increased Ca2+ influx at 

the presynaptic terminal, imaged with a genetically encoded Ca2+reporter (GCaMP6f). Mutations 

in the epilepsy and axonal transport-linked gene Pk had clear effects on the phenotypes of Sod 

mutants. The hyperexcitability observed at the NMJ of Sod mutant larvae was heavily suppressed 

by a copy of the prickle-spiny-legs (PkSple) allele. PkSple and the prickle-prickle (PkPk) allele also 

improved survival or aggravated mortality of Sod mutants in a genetic dosage-dependent 

manner. Altogether, this study highlights alterations in motor synapse morphology and 

physiology at a developmental stage prior to the early death of Sod mutant organisms, along with 

an influence of axonal transport on the maintenance of neuronal health and survival of the 

organism throughout developmental stages. 
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Abstract: A variety of neurological and neurodegenerative diseases have been modeled in 

Drosophila, with human disease-associated alleles causing phenotypes that may recapitulate 

disease etiology. While much insight has been gained through transgenic expression of these 

alleles in all neurons or the visual system, synaptic function and degeneration in these models 

has not been systematically assessed at a common synapse. We have systematically screened 

human neurodegenerative disease models at the Drosophila neuromuscular junction (NMJ), a 

powerful model glutamatergic synapse that permits sophisticated genetic, electrophysiological, 

and imaging approaches. We expressed disease-related transgenes in motor neurons 

corresponding to a variety of human disease including Alzheimer’s, Parkinson’s, Frontotemporal 

Dementia, ALS, Huntington’s, and Myotonic Dystrophy, assessing synaptic bouton number and 

retractions. Out of ~100 transgenes screened, a handful of lines exhibited significant NMJ 

degeneration. Detailed morphological and electrophysiological analyses, as well as secondary 



behavioral and learning assays, were consistent with severe NMJ degeneration. Finally, we 

probed whether rapid NMJ degeneration was protected or exacerbated following activation of the 

dual leucine zipper kinase (DLK) and SARM signaling programs, associated with neural injury 

and degeneration. Ultimately, we hope to establish well defined Drosophila NMJ models of 

human disease to fully characterize their impacts on synaptic degeneration, function, and 

plasticity. 

Disclosures:  I. Sanghvi: None. S. Wu: None. S. Perry: None. N. Tran: None. D. Dickman: 

None. 

Poster 

537. ALS Mechanisms and Models I 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 537.08 

Topic: C.06. Neuromuscular Diseases 

Support: 5R01NS089585-08 

Title: Ribosomal profiling of motor neurons degenerating in ALS suggests the involvement of 

FGF21. 

Authors: *W. STANSBERRY1, E. NEWELL1, J. SHADRACH2, B. PIERCHALA1;  
1Med. Neuroscience, Anat. Cell Biol. and Physiol., Indiana Univ. Sch. of Med., Indianapolis, IN; 
2Biol. & Material Sci., Univ. of Mchigan, Ann Arbor, MI 

Abstract: The neuromuscular junction (NMJ) is a chemical synapse that is the site of skeletal 

muscle innervation by spinal motor neurons. This connection between the nervous system and 

muscle allows for coordinated motor function, and the maintenance of the NMJ is critical for 

maintaining musculoskeletal homeostasis. Under normal physiological conditions, spinal motor 

neurons have significant regenerative potential and can regrow axons in response to peripheral 

nerve injury. In diseases such as amyotrophic lateral sclerosis (ALS), the NMJ is dismantled and 

motor neurons selectively degenerate resulting in progressive muscle wasting and eventual fatal 

paralysis. We adapted the RiboTag methodology developed by Sanz et al. to perform ribosomal 

profiling of motor neurons in mice to assess how nerve injury and ALS affect motor neurons in 

vivo. We purified motor neuron-specific transcripts after the sciatic nerve crush model of acute 

injury, and in the Sod1G93A ALS model. We identified 267 transcripts that were upregulated 

following sciatic nerve crush, and of those transcripts, 38% were also upregulated in 4-month-

old Sod1G93A ALS mice, demonstrating some translational overlap between regenerative and 

degenerative processes. However, the majority of upregulated genes in injured (58%) and ALS 

(78%) conditions were specific for either injury or neurodegeneration, respectively. One of the 

most highly upregulated transcripts was Fgf21, which was only induced in Sod1G93A mice. 

FGF21 is a stress-inducible hormone that is critically involved in glucose turnover, and its 

expression may cause metabolic disturbances in ALS. Immunolabeling experiments in Sod1G93A 



and Tdp43A315T mice revealed that FGF21 protein is increased both in motor neuron cell bodies 

and in the periphery in motor axons and muscle. We are evaluating the functions of FGF21 in 

normal motor neuron/muscle homeostasis and in degenerative mechanisms in motor neurons 

with the ultimate goal of identifying new therapeutic strategies for ALS. 
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Abstract: Transactive response DNA binding protein 43 kilodaltons (TDP-43) is a DNA and 

RNA binding protein associated with severe neurodegenerative diseases like amyotrophic lateral 

sclerosis (ALS), which primarily affects motor neurons in the brain and spinal cord. Partial 

knockdown of TDP-43 expression in a mouse model (the amiR-TDP-43 mice) leads to 

progressive, age-related motor dysfunction as observed in ALS patients. Work in C. elegans 

suggests that TDP-43 dysfunction can lead to deficits in chromatin processing and the 

accumulation of double-stranded RNA (dsRNA), potentially activating the innate immune 

system and promoting neuroinflammation. To test this hypothesis, we used immunostaining to 

investigate dsRNA accumulation and other signs of CNS pathology in the spinal cords of amiR-

TDP-43 mice. Compared to wild-type (WT) controls, TDP-43 knockdown (KD) animals show 

increases in dsRNA deposition in the dorsal and ventral horns of the spinal cord. Additionally, 

animals with heavy dsRNA expression show markedly increased levels of both astro- and 

microgliosis. Interestingly, areas of high dsRNA expression and microgliosis overlap with 

regions of heavy neurodegeneration, indicating that activated microglia could contribute to the 

degeneration of spinal cord neurons. Taken together, this study suggests that loss of TDP-43 

function could contribute to neuropathology by increasing dsRNA deposition and subsequent 

innate immune system activation. 
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Abstract: tRNA derived small RNA (tsRNA) are a recently recognised class of small noncoding 

RNA that play a role in protein translation and regulation of gene expression. tsRNAs are 

produced when ribonucleases such as angiogenin or dicer cleave tRNA under stress conditions. 

Based on cleavage site and size, tsRNA can be classified into tRNA-derived stress-induced RNA 

(tiRNA) and tRNA-derived fragments (tRF). While the complete biological functions of tsRNAs 

are yet to be established, several studies have implicated differential expression of tsRNAs in 

neurodegenerative disorders where they may represent novel diagnostic or prognostic 

biomarkers. This study was aimed to evaluate and compare the expression patterns of tsRNAs in 

mouse models of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). We 

performed a small RNA sequencing analysis and employed a novel bioinformatics pipeline 

developed by our group, tsRNAsearch for the analysis of differentially expressed tsRNAs and 

other small non-coding RNAs. p-values less than 0.05 were considered significant for all 

statistical tests. Firstly, we analysed small RNA-seq data from sciatic nerve, muscle, spinal cord 

and serum samples obtained from SOD1G93A mice associated with ALS, with a slow (C57) and 

fast (129Sv) disease progression (n=4 in each case). Overall tRNA concentrations was similar in 

wild type (WT) and 129Sv samples and higher in C57 samples for all tissue types compared to 

WT. Strongest difference between samples was observed for 5’tiRNA-Gly-CCC in muscle 

samples with significantly higher expression in C57 vs WT. This effect was not seen when 

comparing muscle samples from 129Sv vs. WT. Secondly, we analysed small RNA-seq data 

from spinal cord samples from mice with a TDP43A315T mutation responsible for ALS and FTD. 

Samples were collected at 60 days pre-symptomatic and 100 days from onset of disease (n=4 in 

each case). The results showed that the mutant sample from both time points had an overall 

higher concentration of tRNA compared to the WT. Strongest difference between WT and 60 

days pre-symptomatic samples was observed for 5’tiRNA-Val-CAC, with significantly lower 



levels in WT samples. Interestingly, this trend was not seen when comparing WT to samples 

collected at 100 days from disease onset. Here, 5’tiRNA-Glu-TTC showed strongest difference 

between WT and samples collected 100 days after disease onset, with significantly lower levels 

in WT samples. Samples from hippocampi of TauP301S mutant mice are currently being analysed. 

We demonstrate that tsRNAs are differentially expressed in mouse models of ALS and FTD, 

highlighting their potential as diagnostic or prognostic biomarkers. 
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Abstract: SCYL1 is a multidomain protein thought to regulate several essential cellular 

functions including membrane protein trafficking, nucleocytoplasmic shuttling of tRNAs, and 

transcription via interactions with several molecular complexes. In both humans and mice, 

inactivating SCYL1 mutations cause a multisystem disorder characterized by recurrent episodes 

of liver failure, growth retardation and progressive motor dysfunction resulting from the loss of 

spinal motor neurons. However, the molecular mechanisms underlying this syndrome has 

remained elusive. Here we report the characterization of an allelic series of Scyl1 separation-of-

function mutations in mice and show that although defective protein trafficking and faulty 

transcription were viewed as major disease mechanism, mice harboring mutations in Scyl1 that 

prevented interaction between SCYL1 and various factors involved in protein trafficking or 

DNA binding showed no overt abnormalities. Importantly, however, mice expressing mutant 

forms of SCYL1 that disrupted the oligomerization, lipid binding, or subcellular localization of 

SCYL1 along the secretory pathway exhibited loss-of-function phenotypes. Together, these 

findings suggest that defective lipid trafficking and/or metabolism may represent a major disease 

mechanism in SCYL1 deficiency syndrome. 
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Abstract: Protein aggregation is a major pathological hallmark spanning many age-related 

neurodegenerative disorders. TAR DNA binding protein 43 (TDP-43), a ubiquitously expressed 

RNA/DNA binding protein involved in transcription and splicing, forms abnormal, 

hyperphosphorylated aggregates in nearly all cases of amyotrophic lateral sclerosis (ALS) and in 

up to 50% of frontotemporal lobar degeneration (FTLD). Yet, it remains unclear how TDP-43 

aggregation is regulated and how such processes may relate to the highly age-dependent 

component of disease. To address these two questions, we perturbed a highly-conserved 

autophagic pathway known as aggrephagy, which selectively targets pre-formed aggregates for 

lysosomal degradation. We report that inducible knockout mouse models of the autophagy-

linked FYVE protein (ALFY), an adaptor protein required for aggrephagy, show both: 1) a 

drastic accumulation of insoluble, hyperphosphorylated TDP-43 in brain lysates (N=3 for both 

control vs. KO; t-test); and 2) a strong age dependence for aggregation, in which older mice (11- 

and 7-month-old compared to 3-month-old) are more susceptible to autophagic burden (N=3 per 

group across 5 timepoints*; two-way ANOVA). Interestingly, our preliminary screen of other 

common disease-associated aggregates (alpha-synuclein in Parkinson’s disease, SOD1 in ALS, 

phospho-tau in Alzheimer’s disease) do not show this phenotype. Importantly, given that our 

Alfy inducible KO models exist in the absence of a TDP-43 mutant or ALS/FTLD disease 

background, we show that wildtype TDP-43 displays an increased propensity to aggregate under 

natural aging. Taken together, our results suggest the importance of the selective autophagy 

pathway in maintaining TDP-43 integrity, in which compromised aggrephagy results in a 

phenotype that mirrors the proteinopathy commonly observed in ALS and FTLD patients. 

*Timepoints were assessed based on the age- and duration- of KO. To understand the effects of 

age, we induced Alfy KO in 3-, 7-, and 11-month-old mice. To understand the effects of 

duration, we aged each group for a subsequent 4- or 8- months post-KO. 
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Abstract: Amyotrophic lateral sclerosis (ALS) is a fatal disorder characterized by a progressive 

inability to execute movement. Although the disease is characterized by the loss of spinal motor 

neurons (MNs), novel evidence from our laboratory has pointed towards the implication of 

interneurons (INs) in the progression of the disease. Specifically, V1 spinal inhibitory INs 

(positive for Engrailed 1 - En1) lose their connections to MNs at early pre-symptomatic stages, 

which might lead to a MN hyperexcitability and cell death. The present study aimed to 

investigate whether forced overexpression of the presynaptic protein Extended Synagtotagmin 1 

(ESYT1) in INs could stabilize MN-IN connectivity and ameliorate associated behavioral 

deficits. ESYT1, which is downregulated in spinal neurons early in disease, has been shown to 

enhance neurotransmission and stabilize synaptic growth. Here, intraspinal injections of a cre-

dependent AAV8-hSyn-DIO-hESYT1-W3SL viral construct were performed in lumbar segments 

1 to 3 of SOD1G93A mice crossed with En1cre mice. Four genotypes were investigated: SOD1, 

SOD1;En1cre, En1cre and wild-type. Cre-dependent ESYT1 overexpression was confirmed by 

RNAscope in situ hybridization using a probe recognizing viral sequence upon cre-recombinase. 

Upon treatment, we observed increased inhibitory synaptic density on lumbar MNs (measured by 

vesicular GABA transporter -VGAT-) in SOD1;En1cre mice when compared to untreated 

littermates. Moreover, the number of spared MNs was increased in the SOD1;En1cre mice. 

These anatomical changes also led to improvement of behavior: assessment between postnatal 

day 49 and 112 showed amelioration of the motor phenotype in SOD1;En1cre mice compared to 

SOD1 littermates, in parameters such as speed, step frequency, and stride length. Thus, our 

results suggest that interneurons can be a potential therapeutic target for ALS treatment and that 

ESYT1 might play a role in promoting MN survival. 

This study was supported by the Lundbeck foundation. 
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Title: Trem2 interacts with tdp-43 and mediates microglial neuroprotection against tdp-43-

related neurodegeneration 
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Abstract: Triggering receptor expressed on myeloid cell 2 (TREM2) is exclusively expressed on 

microglia in the central nervous system and is critical for microglial proliferation, migration and 

phagocytosis. TREM2 variants are linked to neurodegenerative disease risk. However, the 

function of TREM2 in neurodegeneration is still not fully understood. Here we investigated the 

role of microglial TREM2 in TAR-DNA binding protein 43 kDa (TDP-43)-related 

neurodegeneration using viral-mediated and transgenic mouse models rNLS8. We found that 

TREM2 deficiency impaired phagocytic clearance of pathological TDP-43 by microglia, and 

enhanced neuronal damage and motor impairments. In addition, TREM2 deficiency significantly 

increased mortality rate in both models. Mass cytometry analysis revealed that hTDP-43 induced 

a TREM2-dependent subpopulation of microglia with high CD11c expression and phagocytic 

ability. Using mass spectrometry and surface plasmon resonance analysis, we further 

demonstrated an interaction between TDP-43 and TREM2 in vitro and in vivo as well as in ALS 

patient tissues. We computationally identified regions within hTDP-43 that interact with 

TREM2. Our data highlights that TDP-43 is a possible ligand for microglial TREM2 and that 

this interaction mediates neuroprotection of microglia in TDP-43-related neurodegeneration. We 

conclude that microglial TREM2, as a key modulator of TDP-43 pathology, may present a 

therapeutic target for treating TDP-43-related neurodegenerative disorders. 
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Abstract: In amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration 

(FTLD), transactive response DNA-binding protein 43 (TDP-43), a mainly nuclear DNA/RNA 

binding protein, is mislocalized to the cytoplasm of diseased neurons, where it forms abnormally 

phosphorylated and ubiquitinated inclusions, known as TDP-43 proteinopathy. TDP-43 

proteinopathy is characteristic of patients with chromosome 9 open reading frame 72 (C9orf72) 

G4C2 repeat expansions, the most common genetic cause of ALS/FTLD. C9orf72 is a 

differentially expressed in normal and neoplastic cells domain containing protein and is reported 

to have roles in autophagy. Evidence has shown that there is a loss of C9orf72 transcripts and 

protein expression in disease affected brain regions of ALS/FTLD patients. We hypothesize that 

loss of C9orf72 could lead to autophagic deficits promoting TDP-43 pathology. To test this, we 

determined if loss of C9orf72 exacerbates TDP-43 proteinopathy in mice expressing an EGFP-

tagged pathological isoform of TDP-43, TDP-25. AAV9-viral vector encoding EGFP-TDP-25 

was delivered by intracerebroventricular injection into C9orf72-knock out (C9KO) and wildtype 

(WT) neonatal mice. Mice were aged to 8 months and extent of TDP-43 proteinopathy was 

assessed. Immunohistochemical labeling revealed large cytoplasmic EGFP-TDP-25 inclusions in 

neurons of the motor cortex, entorhinal cortex, visual cortex, primary somatosensory area, 

piriform area, amygdala, and olfactory bulb. EGFP-TDP-25 inclusions co-labeled with antibody 

to phosphorylated TDP-43, p62 and ubiquitin, recapitulating key features of TDP-43 

proteinopathy. Autophagic deficits, as assessed by p62 immunoreactivity and LC3II:I ratio, were 

not detected in brain of control C9KO mice compared to WT. Expression of EGFP-TDP-25 

however led to increased p62 immunoreactivity, and this was exacerbated by loss of C9orf72. 

Increased expression of ULK1 was also found in control C9KO mice when compared to WT 

mice; however, this increased in ULK1 levels was not present in TDP-25 expressing C9KO 

mice, indicating altered or impaired autophagy response. EGFP-TDP-25-C9KO mice exhibited a 

reduced number and size of EGFP-TDP-25 inclusions compared to EGFP-TDP-25-WT mice. 

Furthermore, EGFP-TDP-25-C9KO mice exhibited neuronal loss and developed mild motor 

phenotypes compared to EGFP-TDP-25-WT mice. These findings demonstrate that there is a 

combined effect of EGFP-TDP-25 expression together with C9orf72 deficiency that leads to 

neuronal loss and motor behavioral deficits, suggesting a two-hit model causing 

neurodegeneration in ALS/FTLD. 
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Abstract: Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder that 

results in catastrophic muscle weakness and degeneration. In the preclinical setting, functional 

tests that can detect early changes in motor function in rodent models of ALS are critical to 

understanding the etiology of the disease and treatment development. However, current motor-

performance tasks used to assess symptoms associated with ALS in rodent models (e.g., grip 

strength, gait analysis, and the rotarod) commonly measure gross motor function, and, thus, 

cannot detect fine-motor changes associated with forelimb and/or early hindlimb deficits. 

Moreover, despite the SOD1G93A mouse model being the most widely used in ALS research to 

date due to its ability to closely mimic the clinical phenotype of humans, it is still the center of 

much criticism because of its apparent lack of cortical involvement and relatively limited onset 

of forelimb dysfunction. However, recent evidence has emerged indicating that the cortex plays a 

larger role than initially acknowledged. Here, we established a string-pulling paradigm that can 

detect forelimb and hindlimb motor deficits in the SOD1 mouse model of ALS earlier than 

traditional motor performance tasks. Additionally, our findings indicate that early loss of 

forelimb and hindlimb function is correlated with cortical and spinal motor neuron loss, 

respectively. This task is not only ecological, low-cost, efficient, and non-onerous, it also 

requires little animal handling and reduces the stress placed on the animal. It has long been a 

concern in the field that the SOD1 mouse does not display forelimb motor deficits and does not 

give researchers a complete picture of the disease. Here, we provide evidence that the SOD1 

model does in fact develop early forelimb motor deficits due to the task’s ability to assess fine-

motor function, reconciling this model with the various clinical presentations of ALS. Taken 

together, the string-pulling paradigm may provide novel insights into the pathogenesis of ALS, 

offer nuanced evaluation of prospective treatments, and has high translational potential to the 

clinic. 
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Abstract: Pathogenic mutations in FUS have been linked with aggressive and juvenile form of 

amyotrophic lateral sclerosis (ALS). FUS, a nuclear DNA/RNA binding protein, is involved in 

transcription, splicing, transport, and miRNA processing. However, the molecular mechanisms 

underlying FUS-mediated ALS are not fully known. Through an unbiased in vivo genetic screen 

in Drosophila, we discovered Drosha as a strong suppressor of mutant FUS toxicity. Drosha, a 

ribonuclease III enzyme and a major component of microprocessor complex, is involved in the 

regulation of microRNA biogenesis. FUS interacts with Drosha and modulates its specificity and 

efficacy of cleavage. However, the implication of mutant FUS on Drosha function as well as the 

involvement of Drosha in FUS-mediated toxicity in ALS has not been examined yet. Using 

drosha RNAi fly lines and classical mutants, we found that the depletion of drosha significantly 

suppresses FUS-mediated degenerative phenotypes including motor dysfunction and reduced 

lifespan. Accumulation of mutant FUS in cytoplasmic stress granules is the hallmark of FUS 

pathogenesis. Using CRISPR/Cas9 mediated Drosha knockout mammalian cells, we found a 

significant reduction in cytoplasmic FUS inclusions and FUS-positive stress granules. Drosha 

activity is largely dependent on phosphorylation at its serine 300/302 by GSK3beta. We found 

that RNAi knockdown of shaggy, a fly homolog of GSK3beta, strongly suppresses mutant FUS 

toxicity in flies and in patient-derived iPSCs motor neurons. In HEK293T cells the expression of 

phospho-dead drosha with S300A/S302A mutation alleviates mutant FUS cytoplasmic 

mislocalization. Furthermore, knockdown of drosha in FUS expressing flies reduces shaggy 

expression. Thus, our studies suggest that pathogenic mutations in FUS disrupt the regulatory 

interaction between Drosha and GSk3beta, thereby, altering microRNA biogenesis and turnover 

and their downstream targets. 
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Abstract: Motor Neurone Disease (MND) is a rapidly progressive and ultimately fatal 

neurodegenerative disease, characterised by the loss of upper and lower motor neurons. The 

primary proteinopathy found in approximately 97% of all cases involves cytoplasmic 

mislocalisation and aggregation of the ubiquitous nuclear protein, TDP-43. Despite the 

identification of many implicated genes during the last few decades, our understanding of the 

mechanisms involved in the onset and propagation of pathology have advanced very little. 

Translatable advancements have likely been limited due a lack of reliable animal models which 

accurately recapitulate this complex disorder. No model has been created to date which replicates 

the progressive motor weakness; characteristic histopathologies; extended pre-symptomatic 

phase and subsequent rapid deterioration. Rodents have been the dominant species in MND 

research; however, their anatomy and genetic profile differs fundamentally to humans. Crucially, 

they lack the direct monosynaptic connection between the upper and lower motor neurons, 

unique to primates. We have harnessed a novel intersectional genetics approach to induce the 

overexpression of the human TDP-43 protein in a selective spinal motoneuron population in two 

Rhesus macaques. Focal overexpression of TDP-43 in a spinal motor pool was sufficient to 

induce the expression of pathological phosphorylated TDP-43 (pTDP-43) throughout the 

motoneurons of the cervical spine and corticomotoneuronal cells of the primary motor cortex. 

The detection of this histopathology in the distant giant cells of Betz in the primary motor cortex 

supports the idea of an axon mediated ‘prion-like’ spread, likely involving the corticospinal tract. 
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Title: Forecasting ALS combination therapeutics utilizing literature based discovery 
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Abstract: Successful therapeutic discovery for Amyotrophic Lateral Sclerosis is painstakingly 

slow and arduously difficult. The objective of this study is to predict the most promising ALS 

combination pathophysiological treatment targets and to match them to corresponding 

repurposed drugs or substances. Quantitative data extracted from approximately 3,000 SOD1 

G93A ALS mouse experimental studies is used to perform insilico temporal modeling using 

dynamic meta-analysis and machine learning. The temporal model optimizes the modulation of 

combinatorial pathophysiological factors (categorized by function: apoptosis, bioenergetics, 

cellular chemistry, excitability, inflammation, oxidative stress, proteomics). Based on the 

homeostatic instability hypothesis previously published by Mitchell and colleagues, which states 

homeostatic instability is the cause of ALS disease progression, mathematical re-stabilization 

criteria are used for treatment selection. The five most stabilizing three-way pathophysiological 

factor treatments are used to perform literature-based discovery (LBD) to match their desired 

modulatory function to real-world repurposed drugs or substances. LBD is performed using the 

recently published SemNet 2.0 biomedical knowledge graph and relationship ranking software, 

which contains text relationships extracted from 30+ million PubMed articles, followed by new 

or unpublished link prediction. Eleven trials comprised of 9 nodes each (3 nodes per factor x 3 

factors per combination treatment) are run for each three-way factor treatment. The natural 

language processing link prediction model predicts new or unpublished text relationships in the 

subgraph to determine which drugs or substances are most likely to have the desired modulatory 

effect. The link prediction results include an average hits@10 for relation prediction across all 

factor treatment ensemble models of 0.973. Collectively, this study provides a ranked list of 

predicted key stabilizing pathophysiological modulating etiologies and a corresponding list of 

real-world drugs or substances to be tested as combination therapies in future ALS mouse model 

experiments. 
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Abstract: A proportion of familial cases of Amyotrophic Lateral Sclerosis (ALS) are caused by 

mutations in the Fused in Sarcoma enzyme (FUS). FUS mutations can give rise to an aggressive 

form of the disease, with early onset and rapid time course. In this study we used a homozygous 

transgenic mouse, that expresses a humanized truncated FUS protein (FUSdelta14) and 

compared the cellular and synaptic properties of motoneurons at an early (P1-P5) and later (P15-

P25) time points in the initial stages of disease progression. Homozygous FUSdelta14 mice show 

early signs of motor unit loss, detected in juvenile animals (P25-30), measured through in vivo 

electromyography (EMG). These signs became more pronounced at 2 months of age in EMG 

along with a decline in grip strength force. In vitro experiments showed that, in homozygous 

FUSdelta14 mutants, motoneurons had a larger capacitance and an increased proportion of 

putative fast motoneurons. Repetitive firing characteristics were not affected, but during 

development we observed a marked decrease in spike size, not accompanied by a change in the 

threshold for firing, nor by alterations in the Ih or in the persistent inward currents. Recurrent 

circuits were also altered, with an increase in the strength of recurrent inhibition in juveniles. The 

response to afferent inputs was affected in P15-25 animals, with both mono-synaptic Ia 

excitation and di-synaptic Ia/Ib inhibition reduced in mutant mice. Our data show that the 

homozygous FUSdelta14 mouse model of ALS displays early abnormalities in both cellular 

properties of motoneurons and in local spinal circuits. 
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Abstract: Amyotrophic lateral sclerosis (ALS) is a progressive paralytic neuromuscular disorder 

characterized by the degeneration of motor neurons (MNs) in the brain and spinal cord. 

Mutations in TARDBP, the gene that encodes TAR DNA-binding protein 43 kDa (TDP-43), are 



a known cause of ALS. Furthermore, in 97% of all familial and sporadic ALS patients, TDP-43 

is depleted from the nucleus and mislocalized to cytoplasmic aggregates in MNs and glia. 

Previously, we have shown that glycosphingolipids are misregulated in the SOD1 mouse model 

and in ALS patient spinal cord tissue. Importantly, altering various glycosphingolipid levels 

through central nervous system (CNS) pharmacologic inhibition or lipid infusion can modify the 

disease progression in the SOD1 mouse model (Dodge, et al. PNAS, 2015). Here, we report on 

our efforts to determine if the glycosphingolipids, galactosylceramide (GalCer) and sulfatide 

(ST), contribute to disease pathogenesis in ALS. Using liquid chromatography mass 

spectrometry (LC-MS) and matrix assisted laser-desorption ionization-mass spectrometry 

(MALDI-MS) imaging, we found that GalCer and ST were significantly elevated in the 

cytoplasm and grey matter in the spinal cords of rNLS8 mice, an ALS mouse model with TDP-

43-dependent neurodegeneration. Follow up transcriptomic and proteomic studies in rNLS8 

mouse spinal cord revealed significant changes in the enzymatic regulators of GalCer/ST 

synthesis corroborating our lipidomic findings. Excitingly, MALDI-MS imaging analysis of 

human samples also displayed significant GalCer and ST accumulation in the ALS spinal cord 

grey matter. Analysis of ALS patient spinal cord transcriptomic data showed perturbations in the 

GalCer/ST synthetic machinery similar to that observed in the rNLS8 mouse model. Moreover, 

LC-MS analysis showed that GalCer and ST were significantly increased in the cerebrospinal 

fluid (CSF) of sporadic ALS patients. The relatively slow CNS turnover of GalCer/ST makes it 

difficult to assess the therapeutic benefit of lowering these lipids in the rNLS8 mice, a rapidly 

progressing model of ALS. Nevertheless, we did find that pharmacological inhibition of UGT8, a 

regulator of glycosphingolipid synthesis, reduced newly synthesized GalCer/ST levels in the 

CNS of rNLS8 mice. In conclusion, we show that GalCer/ST pathway is perturbed in the spinal 

cord in a TDP-43 mouse model of ALS and ALS patient-derived samples. Additional 

experiments are underway to determine the cell autonomous role of UGT8 and whether UGT8 

inhibition can modulate inflammation and neuroprotection in cellular models of ALS. 
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Abstract: Amyotrophic Lateral Sclerosis (ALS) is a fatal disease characterized by progressive 

motor neuron degeneration. The majority of ALS cases are sporadic, though 10-15% are caused 

by known inherited mutations in genes such as C9ORF72 and SOD1. While much is known 

about how these mutations affect motor neurons, their effect on glial cells such as 

oligodendrocytes (OLs) or oligodendrocyte progenitor cells (OPCs) is largely unknown. 

Recently, we have observed in a mutant SOD1 mouse model of ALS that OPCs aberrantly 

proliferate while mature OLs degenerate and that removing mutant SOD1 from oligodendrocytes 

prolongs the lifespan of these mice, highlighting the importance of oligodendrocytes in ALS 

disease pathology. To date, very few studies have investigated the role of the C9orf72 

hexanucleotide repeat expansion (HRE), the most common genetic cause of ALS, in 

oligodendrocytes. To investigate the contribution of OPCs and OLs to CNS health in this 

context, we have developed three novel model systems: 1) an OL-like immortalized cell line 

(Oli-Neu) expressing the C9 HRE; 2) OL differentiations from induced pluripotent stem cells 

(iPSCs) derived from patients diagnosed with C9-ALS; 3) an oligodendrocyte-specific AAV 

expressing the C9 HRE for in vivo analysis of oligodendrocyte lineage cells. All three of these 

models will be used to better understand the contribution of OPCs and OLs to ALS disease 

pathology and to further investigate the cellular mechanisms contributing to neurodegeneration. 
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Abstract: Aggregates of misfolded superoxide dismutase-1 (SOD1) are hallmarks of 

amyotrophic lateral sclerosis (ALS) caused by mutations in the SOD1 gene. In our laboratory, 

two structurally distinct strains of human (h) SOD1 aggregates (denoted A and B) have 

previously been identified in transgenic (Tg) hSOD1 mice. Intra-spinal inoculations of these 

strains have shown their capability to induce strain-specific aggregation through templating and 

cause premature fatal motor neuron disease, supporting that ALS caused by SOD1 mutations is a 

prion-like disease. Additionally, strain A and B affect the progression of the disease differently, 

suggesting a difference in pathogenesis provoked by the distinct strains. Whether this difference 

could be explained by unique subcellular localizations in the central nervous system (CNS) has 

previously not been examined. In this study, we optimized protocols to histologically visualize 

strain A and B aggregates and investigate their subcellular localization in ALS Tg mouse 

models. For visualization, antibodies targeting strain specific sequences was used to label 

hSOD1 aggregates in spinal cords of hSOD1G85R and hSOD1D90A Tg mice. The histological strain 

characterization was determined using immunofluorescence and Proximity Detection. 

Subsequently, the spinal cords were examined using immunogold-labeling electron microscopy 

to study the subcellular localization of hSOD1 aggregates. Our results show successfully 

developed protocols for histological visualization of strain A and B and for studying localization 

of hSOD1 aggregate species in the CNS of ALS Tg mouse models. These findings form the basis 

to further investigate the difference in disease progression provoked by strain A and B hSOD1 

aggregates. This knowledge will be of great importance to better understand the pathogenesis 

behind ALS. 
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Abstract: Rapid progression, pathology, and reduced lifespan in a triple mutant TDP-43 

mouse model 
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Amyotrophic Lateral Sclerosis (ALS) is a progressive neurodegenerative disease characterized 

by the death of upper and lower motor neurons leading to gradual weakness of skeletal muscles. 

The average survival time after diagnosis is 3-5 years with most common cause of death being 

respiratory failure. In ALS, TAR DNA binding protein 43 (TDP-43) is one of the major 

pathological protein. Pathological TDP-43 forms phosphorylated insoluble aggregates and 

fragments primarily in the cytosol leading to neuronal loss, muscle degeneration, and eventually 

death. Though primarily sporadic, 5-10% of ALS cases are linked to familial mutations making 

these mutations ideal targets for developing mammalian models. We have developed a mouse 

model expressing three familial ALS mutations (A315T, M337V, S379P) in TDP-43 (3XTDP-

43). The tetracycline inducible cell-specific expression system was used to selectively drive 

3XTDP-43 with the human neurofilament heavy polypeptide promoter driving tetracycline-

controlled transactivator protein (NEFH-tTA) in the brain and spinal cord.Motor deficits emerge 

at approximately 35 days with a rapid progression leading to paralysis at death. The 3XTDP-43 

expressing mice show reduced lifespan typically between 44-66 days. Biochemical and 

pathological analysis reveals aggregation of pathological TDP-43. In addition, protein levels of 

glial fibrillary acidic protein (GFAP) were significantly increased in the brain and spinal cord. 

We hope that this model can provide a better understanding of motor neuron disease and other 

TDP-43 proteinopathies. 

Disclosures:  M. Dopler: None. K.E. Cox: None. S. Arezoumandan: None. M. Kotey: 

None. W. Smith: None. T. Petersen: None. C. Preddie: None. M.A. Gitcho: None. 

Poster 

537. ALS Mechanisms and Models I 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 537.25 

Topic: C.06. Neuromuscular Diseases 

Support: ALS Canada 

Brain Canada 

CIHR 

FRQS 



Title: Zebrafish TDP-43 knock-in CRISPR mutants develop a robust ALS-like phenotype 
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Abstract: Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disease that 

is characterized by loss of upper and lower motor neurons which eventually leads to paralysis 

and death within 2-5 years of diagnosis. A pathological hallmark of the disease is the 

cytoplasmic mislocalization of the nuclear RNA binding protein TAR-DNA Binding Protein of 

43 kDa (TDP-43) in motor neurons in ~97% of all ALS cases. Mutations in TARDBP, encoding 

TDP-43, are associated with a small percentage of ALS cases and among these are the mutations 

encoding the A382T (the most commonly found variant) and G348C TDP-43 variants. By using 

the CRISPR/Cas9 mutagenic system, we have developed knock-in zebrafish lines carrying point 

mutations that encode orthologous A382T and G348C variants in Tdp-43. These mutant 

zebrafish were found to have a reduced lifespan compared to their wild-type siblings. As adults, 

they develop a degenerative motor phenotype in both a free swim assay and a swim tunnel which 

was coincident with the loss of large spinal motor neurons and muscle degeneration. 

Furthermore, while Tdp-43 expression levels in the brain are similar between wild-type and 

mutant zebrafish, a compensatory splice variant (tardbpl_tv1) that arises from a tardbp paralogue 

present in the zebrafish genome (tardbpl) was significantly increased, particularly in 

tardbpG347C/G347C brains. Ablation of tardbpl expression altogether led to a ~2-fold increase in 

Tdp-43, which we believe results in a more severe phenotype in animals that harbour tardbp 

mutations. Preliminary data also suggests that tardbpA379T/A379T, but not zebrafish 

tardbpG347C/G347C display greater quantities of insoluble Tdp-43 that is independent of its 

subcellular localization. Lastly, at a pre-symptomatic stage, we performed RNA-sequencing of 

spinal cord tissue from homozygous mutants and found an upregulation of transcripts involved in 

the immune response and inflammation in both mutants. In homozygous tardbpG347C/G347C 

animals, we also found downregulation of transcripts involved in synaptic transmission and 

function, some of which have been previously identified in sporadic ALS patients. Future 

directions include investigation of structural and functional neuromuscular junction defects, as 

well as testing the use of new gene-editing technologies to repair these mutations. 
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Abstract: Amyotrophic lateral sclerosis (ALS) is a progressive and fatal neurodegenerative 

disease characterized by progressive motor neuron (MN) death leading to muscle atrophy and 

paralysis, with 80% of patients dying within 5 years of diagnosis. Recent studies have shown that 

spinal interneurons (INs) may play critical roles in disease onset and progression in different 

ALS animal and human IPS cell models. V3 INs are an important group of excitatory neurons, 

involved in establishing the robustness of the locomotor rhythm by promoting left-right 

synchronization in the spinal cord. In this study we aimed to investigate the changes of V3 spinal 

interneurons in the lumbar spinal cord at different stages of ALS disease using a SOD1G93A 

mouse model. We generated a Sim1Cre/+;Rosa26floxstopTdTom::SOD1G93A mouse line to specifically 

visualize V3 INs by their expression of tdTomoto fluorescent protein. We then studied the 

anatomical distribution, the electrophysiological properties, and their morphologies at the earliest 

age of locomotor maturity (P21), as well as five distinct stages of pre- and post-symptomatic 

disease progression (~P85 to end-stage) (n = 5 for each). Our results showed a 30.3% (p < 

0.0001) reduction in total V3 INs in the lumbar spinal cord of SOD1G93A mice at P21. This 

trend persisted into symptomatic disease stages, with a potentially further substantial decrease by 

the end stage. Even though we found that V3 INs in SOD1G93A mice showed similar intrinsic 

electrophysiological properties to their wild-type counterparts, we did observe a slight but 

significant increase in spike frequency of the SOD1 mutant V3 INs at P21, indicating an 

increased excitability. This change in excitability, however, later converted to a decrease by the 

time of symptom onset and persisted until later stages of the disease. Furthermore, investigation 

into V3 cell morphology showed a significant decrease in the complexity of neurite arborization 

at later stages of the disease in the SOD1G93A mutants compared to their wild-type littermates. 

Our results indicate clear early perturbations in V3 IN properties that change with 

differing trajectories as the disease progresses. These results suggest that V3 INs may play an 

important role in disease onset and progression of ALS, but more research will be required to 

fully elucidate their exact potential contributions to pathology of the disease. 
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Abstract: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder affecting motor 

neurons and has been linked to mutations in TAR DNA-binding protein 43 (TDP43). ALS 

patients exhibit progressive muscle weakness resulting in an eventual loss in voluntary motor 

function, as well as other cognitive and behavioral symptoms. As treatment options are limited, 

patients often die within a few years after diagnosis. TDP43 has been associated with 

mitochondrial impairment. Additionally, a growing body of literature in GWAS studies, animal 

models, and cell culture implicate mitochondrial dysfunction as a central player in the onset of 

ALS and other neurodegenerative diseases. However, studies of ALS using mammalian models 

can be prohibitively costly and time consuming, often spanning hundreds of days. Here, we 

describe behavioral and cellular phenotypes observed in a series of assays using Drosophila 

melanogaster with induced expression of mutant TDP43(G298S) in motor neurons during 

adulthood. We observed decreased lifespan, motor impairment, and changes in mitochondrial 

morphology that are like other ALS models. The phenotypes observed are progressive as in ALS, 

declining with age. Induced expression of TDP43(G298s) in adult Drosophila provides a useful 

tool for in vivo studies of TDP43 pathology, reducing the time and cost required for similar 

experiments with a mammalian model by an order of magnitude. 
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Abstract: The progressive, neurodegenerative disorder amyotrophic lateral sclerosis (ALS) 

usually has a fatal outcome within two to four years after appearance of the initial symptoms. For 

the majority of patients, the aetiology is unknown underlining a continued need for knowledge 

about disease pathogenesis. Based on a screening of Chinese ALS patients, we have developed a 

new genetic mouse model of ALS. This mouse lacks a gene involved in regulation of 

myelination, and white matter changes are a consistent, and early finding in neuroimaging 

studies of ALS patients. Mice were examined in vivo using a behavioural test battery focusing on 

motor abilities (n= 5-8/group, separate groups for M and F, 9 and 14 months). Evoked activity of 

primary- and secondary motor cortices was assessed with microelectrode array (n=3/group and a 

total of 6-8 slabs/group, F only, 10.6 months), and an extensive structural- (n=8-12/group, M and 

F, 10.6 months) and ultrastructural (n=4-5/group, M only, 10.6 months) evaluation of motor 

cortex and white matter was performed using stereological sampling and - analysis principles, 

and machine-learning on 3-dimensional image stacks. Muscles of the lower hind limb were 

evaluated after a double immunohistochemical stain for fast- and slow muscle fibres (n=3-7, F 

only, 10.6 months). At 9 months of age, KO mice presented fine motoric deficits in the beam 

walk task. They had longer latencies to traverse the beam and more two-feet slips from the beam 

than WT mice. Motor learning assessed with rotarod was not affected at this time point. In motor 

cortex layer V, KO mice had decreased mean volume of large motor neurons and the evoked 

electrical activity was impaired. Node of Ranvier length in motor cortex measured in 3D was 

shortened in KO mice but surprisingly, no white matter changes were identified. Cross-sectional 

area of muscle fibres was affected more in slow- than in fast muscle fibres, however, in m. soleus 

(the only of the four examined muscles with a sufficient amount of slow fibres for adequate fibre 

type comparison) the effect of genotype was borderline. At 14 months of age, motor learning 

was affected in KO mice indicating a progressive phenotype. In summary, our mouse model with 

loss of gene X* presents mild changes in motor cortex and muscles compatible with alterations 

seen in ALS patients. This gene may therefore be a contributor to ALS pathogenesis but it cannot 

explain the clinical presentation on its own.* The identity of the gene is known by all authors 
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Abstract: Amyotrophic lateral sclerosis (ALS) is a debilitating, fatal neurodegenerative disease 

that causes rapid muscle wasting. It shares a spectrum of symptoms and pathology with 

frontotemporal lobar degeneration (FTLD). Mutations in the human gene encoding TDP-43 

cause ALS, while mutations in human UBIQUILIN-2 (UBQLN2) cause ALS/FTLD with TDP-

43 positive inclusions. UBQLN2 encodes a ubiquitin-like adaptor protein involved in the 

ubiquitin-proteasome protein degradation pathway. In disease, UBQLN2 and TDP-43 aggregate 

in skein-like inclusions with other ALS and FTLD associated proteins. To understand the 

molecular drivers of neurodegeneration, we have modelled ALS in Caenorhabditis elegans, a 

simple animal model advantageous for its short lifespan, ease of cultivation, thoroughly 

characterized nervous system, and well-established behavioral assays. We have previously 

generated and published a variety of transgenic C. elegans models of ALS-related 

proteinopathies by overexpressing human TDP-43 and/or UBQLN2 with or without disease 

causing mutations. While loss of the C. elegans TDP-43 homolog TDP-1 does not modify 

neurodegenerative phenotypes of UBQLN2 overexpression, we have recently identified a 

mutation in the C. elegans UBQLN2 homolog, ubql-1, which modifies TDP-43 related 

neurodegenerative phenotypes. We will present the ongoing characterization of the complex 

interaction between TDP-43 and UBQLN2 with discussion of the molecular mechanisms 

contributing to neurodegeneration. 
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Abstract: TMS, reflex and nerve excitability studies all indicate an increased motoneurone 

excitability in patients with Amyotrophic Lateral Sclerosis (ALS), which we have confirmed 

with intracellular recording in SOD1 mice models of the disease. However, SOD1 mutations 

account for only a minority (~2%) of ALS patients. What drives the hyperexcitability in the vast 

majority of sporadic cases is therefore unknown. The most common key pathological feature 

found in ~95% of all ALS patients are cytoplasmic aggregates of the protein TDP-43. To test 

whether this is sufficient to drive motoneurone hyperexcitability, we used the TDP-43(ΔNLS) 

mouse model which successfully recapitulates this pathology expressing a mutant human 

TARDBP, TAR DNA binding protein with a defective nuclear localization signal, controlled by 

the tetO, tetracycline operator promoter. After 4 weeks of transgene induction, adult mice (both 

male and female) show a severe ALS phenotype documented by a series of different behavioural 

tests. Re-suppression of the transgene at this point results in a subsequent recovery of motor 

function by 6-8 weeks. In vivo intracellular recordings after 4 weeks induction revealed 

significant decreases in rheobase currents for repetitive action potential firing and increases in 

the gain of spinal motoneurones, both of which returned to normal values after re-suppression of 

the transgene. Anatomical experiments revealed a significant reduction in soma size in induced 

mice, consistent with reductions in input resistance. Also consistent with the increased 

excitability, axon initial segments on both gastrocnemius and soleus motoneurones were 

significantly longer and thinner in the 4-week induced mice. We therefore conclude that TDP-43 

pathology is sufficient to drive a severe but reversible hyper-excitability of spinal motoneurones, 

explaining the excitability changes observed in sporadic patients. 
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Abstract: There is a paucity of in vivo studies on how the onset of motor neurodegeneration in 

amyotrophic lateral sclerosis (ALS) is modified by the influence of environmental factors on the 

endophenotype produced in a genetically vulnerable background. We investigated the role of 

chronic stress on the progression of motor neuropathy in a mouse model of whole-body knock-

out (KO) of the ALS-associated multifunctional adaptor protein optineurin (OPTN). Notably, we 

did not observe a clear ALS phenotype in non-stressed Optn KO mice when compared to wild-

type (WT) mice (n=6 in each group) till 12 months of age. Hence, 9-month-old mice were 

exposed to the chronic variable mild stress (CVMS) paradigm for 3 weeks. At 30 days post 

CVMS, an impairment in neuromuscular strength and motor coordination (evaluated by grip test 

and rotarod test respectively) was observed in Optn KO stressed mice but not in age-matched 

KO control, WT stressed and WT control mice (n=6 in each group) of both male and female 

gender. Disease progression was monitored till 18 months of age. Interestingly, we noted a delay 

in the onset of gross motor deficits (denoted by neurological scoring) in female KO stressed mice 

compared to male KO stressed mice (180 days vs 90 days post CVMS). To study the 

neurometabolic profile, a tracer-based approach was used via infusion of [1,6-13C2]glucose or [2-
13C]acetate followed by 1H-[13C] nuclear magnetic resonance spectroscopy of tissue extract. This 

revealed neuronal glucose hypometabolism and astroglial hypermetabolism in male KO stressed 

mice compared to KO controls. Transcript quantification in motor cortex and lumbar spinal cord 

of male mice at 18 months uncovered the altered expression of markers involved in 

neuroinflammation, dysregulated proteostasis, reactive gliosis and chronic stress-associated 

epigenetic regulators in KO stressed group compared to KO controls. Additionally, upon CVMS 

exposure at an early age (5 months), we found that disease onset in male KO stressed mice (n=7 

in each group) was delayed considerably (4 months post CVMS). Here, bulk RNA-sequencing 

used for studying the disease-associated transcriptome indicated an enrichment of dysregulated 

pathways in ALS signaling, phagosome processes and synaptogenesis signaling in lumbar spinal 

cord, but not in motor cortex of KO stressed mice when compared with KO controls (n=3 in each 

group). In summary, our results suggest that chronic stress in Optn KO mice determines the 

onset of ALS, which possibly progresses in a retrograde manner. Future integrative studies on 

cell type-specific transcriptomic and epigenomic data will reveal how gene-environment 

interaction dictates clinical heterogeneity in ALS. 
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Abstract: The prevalence of neuropsychiatric disorders is increasing, and a major cause of these 

disorders is aberrant neurogenesis. There is growing evidence implicating prenatal exposures as 

a driving factor, and an increasingly common exposure is that of viral infections, due in part to 

the novel coronavirus disease 2019 (COVID-19) pandemic. Along with SARS-CoV-2 RNA 

detection in brain biopsies from fatal cases, up to 80% of hospitalized and 30% of overall 

COVID-19 patients have manifested neurological complications, indicating a possible 

neurotropism of this virus. Importantly, these rates had increased during the Delta variant wave. 

Because the implications of SARS-CoV-2 and resulting inflammation on the brain are still 

poorly understood, it is imperative to gain insight into the mechanism(s) responsible for these 

complications. We hypothesize that SARS-CoV-2 infection and inflammation trigger 

neurodevelopmental changes leading to a disruption of neural structure and circuit 

function in the cortex. Due to the inaccessibility of brain tissue from COVID-19 patients, we 

began to address these questions by using a 3D in vitro model, human stem cell-derived cortical 

organoids. To elucidate the cellular effects of SARS-CoV-2 infection on the development of 

human brain tissue, we first examined the tropism of SARS-CoV-2 in cortical organoids by 

identifying susceptible cell types to infection. We also evaluated viral replication potential and 

the consequential effects on infected cells. We next determined if the pro-inflammatory cytokine 

TNFα influenced infection in organoids by evaluating alterations in viral detection levels, viral 

replication, cell susceptibility, and cell death. Our results showed that SARS-CoV-2 WT and 

Delta variants infected glial cells and choroid plexus cells in cortical organoids within 6 hours, 

but did not replicate or cause cell death (McMahon et al., 2021). TNFα exposure did not alter 

this observed pathology. This study aims to reveal novel insight into the cellular etiology of 

potential neuropsychiatric disorder development from COVID-19 exposure, potentially 

contributing to future therapies and interventions. 
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Abstract: Alzheimer’s disease (AD) is the most common neurodegenerative disorder, but its 

rootcause may lie in neurodevelopment. Familial AD (fAD) is most commonly caused 

byautosomal dominant genetically inherited mutations in Presenilin1 (PSEN1) and has anage of 

onset before 65 years of age. PSEN1, the catalytic component of the gammasecretase, also plays 

a large role in neurodevelopment through regulating Notch signalingand subsequently regulating 

cell fate decisions during neurogenesis. Genetic mutationsin PSEN1 may then be disrupting this 

process through altering Notch signaling andcausing cellular changes that go unnoticed until 

AD-related behavioral changes manifest.Previous work has shown that PSEN1 embryonic 

knockout in mice causes prematureneuronal differentiation, depletion in neural stem cells, and is 

lethal at birth, supportingPSEN1’s crucial role in proper neurodevelopment. While mouse 

models of AD are usefulin studying later stages of AD, there are a great number of differences 

between the mouseand human cortex during neurodevelopment. Using human induced 

pluripotent stem cell(iPSC)- derived cortical spheroids (hCS) allow for modeling the human 

cortex in vitro andallow access to studying the development of the human cortex at the cellular 

level. Weperform CRISPR/Cas9 gene editing in an isogenic iPSC line to generate distinct 

PSEN1mutations that have not been widely studied previously. In contrast to previous reports,we 

observe increased Notch signaling, an increase in neural progenitor cells and reducedneuronal 

differentiation in PSEN1 mutant hCS. We also observe increased size andmorphological changes 

in the hCS harboring PSEN1 mutations, which is blocked bytreatment with a Notch1 specific 

inhibitor, consistent with Notch signaling defects thatdepend on gain of function PSEN1 

mutations. We will be determining if any of theneurodevelopmental changes due to PSEN1 

mutations have further effects on AD-relatedneuropathology. Using this human cell-based 

model, these findings suggest that fADmutations alter neural progenitor expansion and 

neurogenesis during development,possibly predisposing neurodegeneration. 
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Abstract: Herpes simplex virus (HSV) establishes life-long infection by traveling retrograde 

along neuronal axons after primary infection to establish latency in sensory and autonomic 

neuronal cell bodies that directly innervate the genitourinary system. The latent virus can then 

become reactivated by a variety of stimuli, traveling back down neuronal axons to induce 

recurrence of painful lesions. HSV1 and HSV2 are known to reactivate at different frequencies, 

and we propose the autonomic pathways contribute to this occurrence. Within the autonomic 

nervous system, HSV1 shows a preference for the sympathetic whereas HSV2 shows a 

preference for the parasympathetic neurons. To assess the contribution of sympathetic pathways 

in clinical recurrences, female guinea pigs were treated with 6-hydroxydopamine (6-OHDA) 

prior to infection to ablate sympathetic neuronal axons, making them unavailable for infection 

and the establishment of latency. Chemical ablation of sympathetic axons significantly reduced 

clinical recurrences by nearly 75% for HSV1 and by 50% for HSV2 (p &lt 0.001) indicating 

sympathetic pathways are responsible for a significant portion of HSV1 and HSV2 recurrences, 

with a greater impact on HSV1 than HSV2. To identify differences in latency and reactivation 

status in autonomic and sensory neurons, we compared viral gene expression in primary adult 

neuronal cultures from sensory dorsal root and autonomic major pelvic and sacral sympathetic 

ganglia. In contrast to sensory neurons, autonomic neurons supported spontaneous viral 

reactivation without induction stimuli. Further, HSV2 expressed viral genes in a cyclical pattern 

in autonomic neurons, likely contributing to higher frequency of recurrent genital disease. Taken 

together, autonomic pathways contribute to HSV1 and HSV2 clinical recurrences due to an 

inability to establish stable latency of HSV in autonomic neurons. 
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Abstract: Herpes simplex viruses (HSV1 and HSV2) establish latency in peripheral sensory and 

autonomic neurons, from which they can reactivate to cause recurrent disease episodes 

throughout a person’s life. Various stimuli, such as stress or nerve injury, can cause viral 

reactivation, leading to painful skin lesions, ocular disease, benign recurrent meningitis or in 

some cases, encephalitis. However, molecular mechanisms regulating the reactivation process in 

response to different stimuli are unclear. Cortisol (CORT) reactivates HSV1 in sympathetic 

neurons and HSV2 in both sensory and sympathetic neurons. The canonical Wnt-β-catenin 

pathway maintains cell homeostasis and survival and CORT can impair these functions. 

Neurotrophic factors (NTFs) are target-derived ligands that promote neuronal survival, but also 

contribute to the maintenance of HSV latency, as deprivation of NTFs causes latent HSV to 

reactivate. NTFs maintain HSV latency through the PI3K-Akt pathway with GSK3β as one of its 

downstream targets. Our objective was to determine if signals from different reactivation stimuli 

potentially feed into the β-catenin signalosome via effector protein GSK3β to regulate the 

reactivation process in neurons. Using primary sensory and autonomic neurons cultured from 

trigeminal and superior cervical ganglia of adult mice, we established HSV1 and HSV2 latency 

for 7 days, followed by either CORT treatment or NTF deprivation to induce reactivation. 

Western blot analyses demonstrated that total Akt, GSK3β, and β-catenin were significantly 

reduced in HSV-infected neurons (reduced 67-98%, p<0.05), compared to uninfected neurons, 

with significant differences in β-catenin between sensory and sympathetic neurons (83/93% in 

sensory and 88/98% in sympathetic neurons infected with HSV1/HSV2, p<0.05). In sensory 

neurons, both CORT and NTF deprivation increased phosphorylation of GSK3β 3-4-fold, but 

only HSV1-infected neurons, correlated with an increase in β-catenin 4 hrs post treatment, 

suggesting these two stimuli converge on the β-catenin pathway in sensory neurons. In 

sympathetic neurons, β-catenin increased in response to NTF deprivation and decreased in 

response to CORT in uninfected neurons, with no significant changes in Akt or GSK3β. 

However, β-catenin was undetectable in HSV-infected sympathetic neurons. During 

establishment of latency, HSV caused a time-dependent reduction in β-catenin in primary 

cultured neurons, suggesting the virus may suppress this host protein to establish and maintain 



latency in neurons. These findings have broader implications for neuron-specific effects caused 

by viral infections in different types of neurons. 
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Abstract: Up to 80% of patients with acute COVID-19 experience neurological symptoms. 

These symptoms can last long into recovery with 85% of those with post-acute sequelae of 

SARS-CoV-2 reporting them. We previously showed that sensory and autonomic ganglia of the 

peripheral nervous system, discrete brain regions, and the spinal cord are permissive to infection 

with SARS-CoV-2 in K18-hACE2 (hACE2) and wild-type mice. Invasion of these tissues may 

contribute to neurological symptoms of COVID-19, however the role of direct neural entry vs 

that of hematogenous entry, viral replication dynamics in neurons, and potential viral receptors 

beyond angiotensin-converting enzyme 2 (ACE2) have yet to be assessed. To differentiate 

between hematogenous and neural entry into the nervous system, we intranasally infected male 

and female hACE2 and WT mice (n=10 each) with SARS-CoV-2 isolate USA-WA1/2020 and 

collected tissues 18 and 48 hours post infection (n= 5 per group, daily). Peripheral nervous 

system sensory dorsal root (DRG) and trigeminal (TG) ganglia, autonomic superior cervical 

ganglia(SCG), brain regions (olfactory bulb, cortex, hippocampus, brainstem, cerebellum), 

whole brain hemispheres, and spinal cord samples were collected. We detected viral RNA in the 

PNS and CNS of both hACE2 and WT mice as early as 18 hpi, prior to detection in blood of 

only one hACE2 mouse at 42 hpi. Viral antigen was not detected via IF indicating the virus was 

transiting through the nervous system but had yet to replicate. Additionally, to determine viral 

growth curves in neurons, we infected primary neuronal cultures (SCG, TG, DRG) from hACE2 

and WT mice and assessed viral replication via RT-qPCR, IF, and plaque assay up to five days 

post infection (dpi). Neuronal culture studies showed that viral genome replication and release of 

infectious virus occurs in hACE2 and WT neurons, with neuron specific kinetics. Since WT 

neurons with no hACE2 expression became infected, we pretreated primary neuronal cultures 



(SCG, TG, DRG) from hACE2 and WT mice with the neuropilin-1 (NRP-1) antagonist 

EG00229 before infection to assess alternative viral receptors. Inhibition of NRP-1 reduced viral 

RNA by 99.8% and 86.7% in hACE2 and WT DRGs, respectively. Similar reductions of 71% 

and 89% were observed in TGs, and 95% in WT SCGs. Our results show that neuroinvasion 

occurs rapidly via direct neuronal entry prior to viremia, NRP-1 partially mediates neuronal 

entry, and neurons can be productively infected. Our data further underscores the importance of 

assessing the role of nervous system infection in the pathology of COVID-19 as it transitions 

from a pandemic disease to an endemic disease. 
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Abstract: Background: The abruption of ongoing adult hippocampal neurogenesis and 

subsequent loss of neural functions in COVID-19 has been postulated by many authors, 

however, any direct clinical or laboratory evidence is still limited in this regard. We assessed the 

prevalence and pathogenesis of loss of short-term memory, a key hippocampal function, in 

discharged patients of COVID-19. Methods: A total of 209 hospitalized patients with COVID-

19 were followed up post-discharge. The patients were verbally interviewed through a telephonic 

call and were asked about the presence of the symptoms confirming the loss of short-term 

memory, such as increased forgetfulness or a problem with retaining a piece of recent 

information. The time of occurrence and period of persistence of memory loss and presence of 

any other neurological/psychiatric symptoms, or that related to other systems, were noted for 

each case. Further, a retrospective analysis of the hospital data containing clinical, laboratory, 

and therapeutic details for each patient was made and statistically compared with a matched 

cohort having no long covid symptoms. Results: The loss of short-term memory was noted to be 

present in ∼ 12% (25/209) of the followed-up patients. In the majority of the patients (22/25), the 



problem persisted at the time of follow-up (up to one year since the date of discharge). The 

presence of no other neurological or psychiatric symptoms was noted in these patients. However, 

the dysfunction of the other systems such as gastritis, joint pain, and tiredness, have been found 

frequently associated. The retrospective analysis of the hospital data showed no significant 

association with the duration of hospital stay or severity of illness. However, systemic 

inflammation (↑ IL-6, ferritin, ESR, and CRP), vascular thrombosis (↑ PT/INR, ↑ D-dimer, ↓ 

platelets), metabolic derangements (↑ blood sugar and LDH levels, and ↓ uric acid), and 

electrolyte imbalance (↓ Na and Ca, ↑ K) were found as the most frequent associations. 

However, in comparison to the control, no significant differences were noted (p>0.05). 

Conclusion: The loss of short-term memory is a frequent long covid symptom in the survivors 

indicating that abruption of ongoing adult hippocampal neurogenesis may be an actual 

phenomenon in COVID-19. There is no distinct evidence that the systemic presence of 

inflammation, vascular thrombosis, or metabolic derangements are the causal factors leading to 

hippocampal dysfunction. A direct viral invasion of the hippocampal neurogenic niche remains 

an open possibility. 
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Abstract: Neurological manifestations including headache, sensory disturbances, and impaired 

cognition are commonly reported in SARS-CoV-2 infected patients. While the mechanism 

behind these neurological and neuropsychiatric symptoms is not fully understood, many can be 

attributed to hyperexcitability and neurotoxicity in cognitive regulating brain regions including 



the medial prefrontal cortex (mPFC). Similar hyperexcitability/neurotoxicity is also found in 

people living with HIV (PLWH), especially in those diagnosed with HIV-associated 

neurocognitive disorder (HAND, a.k.a. neuroAIDS), which are worsened by chronic cocaine 

(Coc) abuse. Furthermore, substance use disorders (SUD; including cocaine use disorders, CUD) 

are often associated with HAND; while both patient populations suffer worse clinical outcomes 

upon infection with SARS-CoV-2. Collectively, these findings suggest a synergistic consequence 

of these pandemics on functional activity of neurons in the brain. However, it is unknown how 

and to what extent SARS-CoV-2 disturbs the activity of living brain neurons in the context of 

neuroHIV and CUD that may lead to these neuropsychiatric and neurocognitive deficits. To fill 

this knowledge gap, we used two combined animal models: a transgenic (Tg) rat model of 

neuroHIV (HIV-1 Tg rats) and a rat model of cocaine self-administration (Coc-SA). HIV-1 Tg 

rats self-administered Coc for 2 weeks, followed by a forced withdrawal period for 3 weeks 

during which, they underwent drug-seeking behavior assessments at days 3 and 21. Saline-yoked 

HIV-1 Tg rats, as well as non-Tg rats, were used as controls. Immediately following the 

withdrawal, rats were transcardially perfused, their brains were removed and sliced for 

electrophysiology evaluation. Firing of mPFC pyramidal neurons was assessed using whole-cell 

patch-clamping, with or without bath application of SARS-CoV-2 spike protein in a dose-

dependent manner (1, 2.5 and 5nM). We found that there was no significant difference in Coc-

taking behavior (number or volume) regardless of genotype. We also found that firing was 

significantly increased in mPFC neurons from HIV-1 Tg rats and Coc-SA rats; while SARS-

CoV-2 spike protein further facilitated such neuronal hyperactivity. Thus, our data suggests 

SARS-CoV-2 likely enhances the deleterious effects of neuroHIV and/or Coc-SA by enhancing 

hyperexcitability/neurotoxicity in mPFC pyramidal neurons, which may jointly contribute to the 

mechanism underlying the syndemic of HAND/CUD/COVID-19. 
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Abstract: With the emergence of SARS-CoV-2 infection across the globe and the rising record 

of reinfections and relapses, concerns arise regarding multiple symptoms and multi-tissue/organ 

injury that persist long past the time that patients have recovered from the initial stages of 

COVID-19 (Post-Acute Sequelae of SARS-CoV-2 infection, PASC, or long COVID), e.g., 

prominent neurocognitive and neurologic symptoms: "brain fog," mood changes, sleep problems, 

and anosmia/ ageusia. Virus-host interaction provokes the evolutionarily conserved response to 

DNA damage, known as the DNA damage response (DDR). orchestrated by Ataxia-

telangiectasia mutated (ATM), dictating the fate of cells into apoptosis or senescence to prevent 

the replication of a damaged genome. To understand the causal pathogenetic role systemic 

inflammation driven genotoxic stress in long COVID, a vital early step is to develop animal 

models with high construct, face, and predictive validities that can be easily deployed by the 

broad research community. We have successfully developed a human ACE2 Bacterial artificial 

Chromosome (BAC) transgenic mouse model with full-length human ACE2 regulatory regions 

that faithfully recapitulated the structure, tissue distribution, and gene regulation of the human 

gene. To facilitate the analysis of PASC in an ABSL-2 facility, we developed a strategy to model 

the acute or senescence induction phase of SARS-CoV-2 infection that recapitulates the 

signature cytokine storm and acute respiratory distress syndrome (ARDS). Known genotoxic 

stress-inducers: Doxorubicin or Bleomycin, and environmental genotoxic agents (e.g., 

Parkinson's disease (PD)-associated herbicide, Paraquat) exerted strong genotoxic stress and 

senescence phenotypes to facilitate the virus infection, which can be blocked by an ATM 

inhibitor, KU60019. Robust genotoxic stress was also observed in the brain in cortical neurons 

and microglia, with no obvious viral neuroinvasion. Two months after infection, the mice 

manifested long-lasting cognitive deficits and anosmia. Thus, we generated a novel small animal 

model of to study long lasting effects of environmental exposure and SARS-CoV2 interaction 

that can be easily deployed by a broad research community. Exploiting knowledge on 

environmental exposure-host-virus interaction in disease susceptibility, severity and 

manifestation of neurological and neurocognitive PASC will enhance our ability to address the 

long-term clinical outcome of viral infection, as it will shed light on the underlying mechanisms 

of pathobiology at molecular virus-host interfaces. 
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Abstract: Multiple studies show that herpes simplex virus type-1 (HSV-1) contributes to 

Alzheimer’s disease (AD) progression. HSV-1 increases the risk of dementia and infection 

shares similar pathological characteristics as those seen in AD, including amyloid accumulation, 

neuroinflammation, neurodegeneration, and cognitive impairment. In a parallel body of 

literature, early AD is characterized by smell loss that has been associated with amyloid 

deposition in the olfactory epithelium (OE) and olfactory bulb (OB), neurodegeneration, and 

cognitive decline. These studies raise the possibility that HSV-1 disruption of olfactory pathways 

can accelerate AD. Thus, we hypothesize that HSV-1 infection of the olfactory system triggers 

smell loss and pathological processes characteristic of early AD. To test this hypothesis, we 

determined if HSV-1 can infect the olfactory system from the periphery. Mice (5xFAD, AD 

murine model; C57BL/6) were intranasally inoculated with HSV-1 (10e6 PFU/animal, McKrae 

strain) or PBS. Five days post-infection (DPI), immunohistochemical analysis revealed more 

HSV-1 antigen in the OB of the 5xFAD compared to C57BL/6. Surprisingly, C57BL/6 had more 

HSV-1 antigen in brainstem nuclei compared to 5xFAD, particularly in the trigeminal nuclei. We 

also found amyloid deposition was increased in the OE of HSV-1 infected mice compared to 

mock-infected mice. Next, we determined the effects of viral infection on olfactory behavior 

using a food foraging task. Prior to infection, performance on a food foraging task was assessed 

in 5xFAD mice and littermate controls. Mice were then intranasally inoculated as above and 

olfactory deficits (latency to find food compared to pre-infection) were assessed by the food 

foraging task at 10 and 30 DPI. We found the 5xFAD mice had significantly increased latency to 

find food at 10 DPI following infection compared to littermate controls; further, these olfactory 

deficits persisted through 30 DPI. These findings suggest that HSV-1 can accelerate olfactory 

deficits in vulnerable mice with progressive AD pathology and, by extension, may accelerate 

progression to clinical dementia in individuals with familial AD. 
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Abstract: In addition to excessive pulmonary inflammatory responses, SARS-CoV-2 infection 

also causes neurological syndrome in COVID-19 patients. Mechanisms for SARS-CoV-2- 

associated neurological syndromes are multifactorial. Increasing evidence indicates that SARS-

CoV-2 proteins play a crucial role in SARS-CoV-2-associated neuroinflammation. It is our 

hypothesis that the SARS-CoV-2 nucleocapsid (N) protein, a highly immunogenic viral protein, 

promotes microglia activation and resultant neuroinflammation. To test this hypothesis, we 

studied SARS-CoV-2 N-protein on NLRP3 inflammasome activation in primary rat microglial 

cultures using immunocytochemical staining, RT-qPCR, immunoblotting and ELISA. Our 

results showed that treatment of microglia with N-protein (0.1-10 µg/ml) produced a dose-

dependent microglia activation as detected by Iba-1 expression. The N-protein-treated microglial 

cells also exhibited a dose-response in the processing of NLRP3, caspase-1 and IL-1β. 

Immunocytochemical staining and enzyme activity assay revealed that N-protein induced 

NLRP3 and caspase-1 colocalization and increased caspase-1 activity. ELISA analyses 

demonstrated that N-protein significantly enhanced secretion of proinflammatory cytokines IL-

1β, TNF-α, and IL-6. The involvement of N-protein in neuroinflammatory processes was further 

confirmed by the results showing an increased iNOS-mediated NO production. The 

aforementioned effects associated with N-protein were significantly attenuated by either a 

specific NLRP3 inhibitor MCC950 or a caspase-1 inhibitor Ac-YVAD. Taken together, these 

results demonstrated that the N-protein of SARS-CoV-2 promoted microglial NLRP3 

inflammasome activation and resultant neuroinflammatory responses, which may underlie the 

pathogenesis of neurological syndromes seen in patients with COVID-19. 
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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been associated 

with neurological symptoms, including headache, confusion, and loss of taste or smell. 

Reduction in global brain size and other changes in brain structure have also been reported with 

SARS-CoV-2. While there are multiple mechanisms by which SARS-CoV-2 may impact the 

brain, it is suggested that the neurological manifestations are a result of a widespread immune 

response. The objective of the current study was to determine the effects of peripherally 

administered SARS-CoV-2 S1 spike protein (S1) in mice. Male C57BL/6J mice, aged 8-9 weeks, 

were dosed intraperitoneally with 20 µg of S1. To determine the impact on working memory, 

independent groups were tested in a Y-Maze on day 1 or day 3 after S1 delivery. To determine 

the impact on cytokine profile, mice were terminated, and tissue was collected on day 2 or day 4 

after S1 delivery. Plasma and brain tissue were subsequently analyzed using a Luminex 

multiplex assay. Results from the Y-maze showed trends for decreased locomotor activity but 

did not show working memory impairment with S1 administration. Analysis of brain and plasma 

showed pro-inflammatory changes in cytokine profile with S1 administration. Taken together, 

these data provide utility in refining in-vivo models for SARS-CoV-2 and also identify potential 

therapeutic targets for future investigations. 
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Abstract: Over 500 million people worldwide have contracted Covid-19 disease from SARS-

Cov-2 infection. Between 22-32% of those display persistent neurological symptoms of “Long-

Haul Covid” (LHC), whose etiology are still largely unknown, such as brain fog, mood 

disorders, cognitive impairments, and delirium after initial recovery. Even more of concern is 

that a large fraction of those sickened, but not hospitalized, also display LHC neurological 

dysfunction that presents long past the initial recovery. We are testing the hypothesis that certain 

SARS-Cov-2 proteins themselves, distinct from cellular viral infection, cross or disrupt the 

Blood-Brain-Barrier (BBB), leading to a profound and deleterious mal-adaptive inflammatory 

response. In our in vitro experiments, we compared the resulting microgliosis, astrogliosis, 

elevations of various inflammatory biomarkers, and neuronal death after tail-vein injection (i.v., 

5 ug) of the spike (S) protein S1 subunit and the nucleocapsid (N) protein in wild-type (C57/BI6) 

mice. We also are performing in vivo 2-photon microcopy through a glass window over the 

cortex to assay BBB permeability of a large-molecular weight dye-conjugated dextran into the 

parenchyma. Additionally, we are conducting behavioral assays and in vivo electrophysiological 

recordings to determine the effect of these proteins on cognition and brain spatial 

representations. We administer the proteins or vehicle only as above and evaluate memory and 

spatial orientation using an object/place recognition task and a reorientation paradigm. Our data 

indicate that animals injected with the S1 subunit show profound memory and spatial deficits 24 

hr following training. In vivo recordings from retrosplenial cortex, a region important for 

memory and navigation, indicate that animals injected with the S1 subunit lack spatial tuning, 

which parallels the pattern of behavioral disorientation exhibited by this group. The spatial 

confusion persists at least 4 days following the protein injection, suggesting that “Covid-fog” 

could in part be due to the effects of the S subunits themselves. Our results may demonstrate that 

profound inflammation generated by certain SARS-Cov-2 proteins underlie long-term brain 

damage and dysfunction that likely persist long after the resolution of the acute infectious phase 

of the disease. In addition, we will show, in vivo, whether behavioral deficits, such as impaired 

memory and spatial recognition, are due to the same mechanism. We hope our findings will lead 

to novel modes of therapeutic intervention to prevent long-lasting neurological damage in those 

with Covid-19, or to help those who have already been affected. 
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Abstract: Members of the viral family Coronaviridae contain enveloped large positive-sense 

single stranded RNA genomes (~25-32 kb). While these viruses have been known to infect the 

respiratory, hepatic, digestive and central nervous systems of animals and humans, the current 

pandemic, caused by the betacoronavirus SARS-CoV-2, has presented ongoing challenges to the 

health community. Intranasal inoculation of Murine hepatitis virus (MHV-1), a betacoronavirus, 

and naturally occurring pathogen of mice, into the susceptible A/J mouse strain reproduces many 

clinical features of SARS including: high mortality, lung pathology, and uncharacteristically 

high levels of the pro-inflammatory cytokines (a cytokine storm). Thus, this mouse-specific virus 

provides a clinically relevant animal model with which to study coronavirus pathogenesis. 

Previous studies have demonstrated influenza virus infection causes changes in cholesterol 

biosynthesis and myelin genes within various regions of the brain. In this study we sought to 

establish the effect of MHV-1 infection on the expression of proinflammatory gene expression in 

the lung as well as cholesterol biosynthesis and myelin genes in the hippocampus. The study was 

performed by using 6-week-old male and female A/J mice that were inoculated intranasally with 

5000 P.F.U. of MHV-1 and were sacrificed on day 7 p.i. Daily total body weights were recorded, 

mRNA levels of inflammatory genes, as well as viral RNA levels, were assessed in the lungs of 

mice as well as the hippocampus.Mice inoculated with MHV-1 had significantly greater weight 

loss and had increased expression levels of genes involved in inflammation including Ifng, Tnf, 

Il6, Cxcl2, Ccl5, Cxcr2 and Ccr5 as well as viral mRNA in the lungs compared to saline 

inoculated controls. Viral mRNA was detectable in the hippocampus of infected mice. We also 

found that three cholesterol biosynthesis genes, (Dhcr7, Hmgcs1, and Mvd) were significantly 

decreased in the hippocampus of infected mice. Other cholesterol biosynthesis genes were also 

noted to be relatively low as compared to controls. These findings indicate that viral coronavirus 

mRNA can be detected 7 days p.i. in the brains of infected mice, specifically the hippocampus 

which is responsible for learning and memory in mammals. We also have demonstrated that our 

model of coronavirus infection produces the characteristic cytokine profile that has been 

previously reported. Further research into the impact of coronavirus infection on learning and 

memory in a susceptible strain of mice can be critical in elucidating the long-term effects of 

coronavirus respiratory infection. 
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Abstract: For decades, scientist have employed extensive resources to elucidate important gene 

regulators involved in the process of nervous tissue regeneration. Regeneration-competent 

organisms have been studied to learn how to overcome the limitations present in mammalian 

central nervous system (CNS) regeneration. Our laboratory has used the sea cucumber 

Holothuria glaberrima, a deuterostome with amazing regeneration capacities, as a model system 

to study CNS regeneration. Nevertheless, the available techniques to study H. glaberrima 

nervous system at a molecular level are still limited. Hence, we have focused on developing new 

tools, among these a gene silencing method via siRNA transfection for radial nerve cord 

explants. This technique enables us to study the role of specific genes in the regeneration 

process. As a first step in the development of the siRNA we needed to develop an effective 

transfection method. Isolated radial nerve cord explants were electroporated using different 

parameters. Electroporation parameters were explored by altering either electric field strength 

(Volts) or electric field exposure time (msec). Electroporation under the presence of a fluorescent 

reporter dye (Tetramethyl Rhodamine) served as a first quality control filter to assess explant 

morphology, survival, and cell dye permeability. Radial nerve cord explants were electroporated 

with siRNA for Myc transcription factor to determine the possible effect on mRNA levels. 

Parameters tested ranged from 7V to 150V and exposure times of 5 to 65ms. Our results 

demonstrated that the radial nerve cords tolerated a broad electric field with little to no change in 

radial nerve cord morphology. Conversely, exposure times above 55msec or 150V led to 

substantial cell death. Electroporation trials indicated that increasing field strength (up to 80V) 

while lowering the electric field exposure time to 5ms improved the explant dye uptake response 

with no indication of cellular damage. Ongoing experiments are targeted toward optimizing the 

inhibition of Myc expression in order to establish a viable method to transfect H. glaberrima 

CNS in vitro. Successful radial nerve cord explant gene knockout has never been achieved in 

echinoderms, therefore setting up this protocol would help advance the characterization of gene 

function in this important group of animals. 
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Abstract: Cre-driven deletion of phosphatase and tensin homolog (PTEN) in neurons in PTENf/f 

mice reliably enables axon regeneration after spinal cord injury (SCI). Here, we test efficacy of 

an approach using AAV/Cre vectors that are transported retrogradely from an injection site in the 

spinal cord to the majority of neurons that give rise to spinal tracts. We report results of 3 

separate studies that use PTENf/f;RosatdTomato mice in which Cre induces expression of tdT and 

simultaneously deletes PTEN. In two studies, controls were RosatdTomato mice that received 

AAV-retro/Cre; in the other, controls were PTENf/f;RosatdTomato mice that received AAV-

retro/GFP. 8-week old female and male mice received different genome copies (GC) of AAV-

retro at the same time as a dorsal hemisection injury at C5 (12E9 GC: RosatdTomato n=13, 

PTENf/f;RosatdTomato n=12; 6E9 GC: AAV-retro/Cre n=9; AAV-retro/GFP n=7; 3E9 GC: 

RosatdTomato n=15, PTENf/f;RosatdTomato n=25). Forelimb motor function was assessed over time 

using a grip strength meter by individuals who were blind to treatment group. Following SCI, 

average grip strength decreased to <15% of pre-operative control immediately after injury and 

then gradually recovered. In studies involving higher (12E9 GC) and mid (6E9 GC) doses of 

AAV-retro/Cre, PTENf/f;RosatdTomato mice exhibited greater recovery than respective controls. 

Mice that received 12E9, 6E9, and 3E9 GC, recovered to a peak of 74.2%, 21.6%, and 5.2% of 

pre-operative control values respectively. Despite initial recovery, grip strength began to decline 

at around 1 month post injury in PTEN-deleted mice and at 2-3 months post-injury, 35-50% of 

the mice began to exhibit incessant scratching and hindlimb dystonia. These late developing 

pathophysiologies were not observed in un-injured PTENf/f;RosatdTomato mice that received intra-

spinal cord injections of AAV-retro/Cre, indicating that the pathophysiologies are not due to 

PTEN deletion alone, or AAV itself. In addition to retrograde transduction of cells of origin of 

spinal pathways in the brain, some DRG neurons in ganglia near the injection site are also 

transduced. However, co staining for tdT and calcitonin gene-related peptide (CGRP) revealed 

no transduction of CGRP-positive neurons that give rise to C-afferents that mediate nociception. 

We conclude that, although intra-spinal injections of AAV-retro/Cre in PTENf/f;RosatdTomato mice 

can lead to initial improvements in forelimb motor recovery after SCI, there are late-developing 

functional abnormalities with the experimental conditions used here. The mechanisms 

underlying late-developing pathophysiologies remain to be defined. 

Disclosures:  M. Metcalfe: None. O. Steward: E. Ownership Interest (stock, stock options, 

royalty, receipt of intellectual property rights/patent holder, excluding diversified mutual funds); 

OS is a co-founder and has economic interests in the company Axonis Inc, which holds a license 

on patents relating to PTEN deletion and axon regeneration. 



Poster 

539. Promoting Spinal Cord Repair: Genes, Cells, Neuromodulation 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 539.03 

Topic: C.11. Spinal Cord Injury and Plasticity 

Support: Supported by Operational Programme Research, Development and Education in 

the framework of the project “Center of Reconstructive Neuroscience” 

.02.1.01/0.0./0.0/15_003/0000419 

The Charles University Grant Agency (GA UK), project number 320421 

Title: Aav-mediated gene therapy for sensory regeneration after spinal cord injury 

Authors: B. SMEJKALOVA1,2, K. STEPANKOVA1,2, P. JENDELOVA1,2, *L. MACHOVA 

URDZIKOVA1, J. C. F. KWOK3,1, J. W. FAWCETT4,1;  
1Inst. of Exptl. Med., Prague, Czech Republic; 2Dept. of Neuroscience, Charles University, 

Second Fac. of Med., Prague, Czech Republic; 3Fac. of Biol. Sciences, Univ. of Leeds, Leeds, 

Czech Republic; 4Cambridge Univ., Cambridge Univ., Cambridge, United Kingdom 

Abstract: After spinal cord injury (SCI), axons cannot regenerate mostly due to an inhibitory 

environment consisting of the highly upregulated tenascin-C and chondroitin sulphate 

proteoglycans (CSPGs). This suggests that expression of an appropriate integrin isoform, which 

binds and uses tenascin-C as substrate, might enhance axon regeneration after SCI. During 

development, tenascin-C promotes growth of axons in presence of a tenascin-binding integrin, 

particularly α9β1. After SCI, adult neurons do not upregulate an integrin α9 that interacts with 

tenascin-C. In addition, integrins can be inactivated by CSPGs, however, this inhibition can be 

overcome by the expression of an integrin activator, kindlin-1. The aim of this project was to 

achieve sensory axon regeneration in rats with dorsal column crush lesion using viral vector 

delivery of the relevant genes (combination of integrin α9 and kindlin 1 in 3:1 ratio, kindlin 1 

alone or GFP) to the DRG. We addressed two different levels of SCI, C4 lesion with DRG C6 

and C7 injections for forelimb sensory restoration and T10 lesion with DRG L4 and L5 

injections for hindlimb sensory restoration. The animals (Lister Hooded females, n=12/per 

group) underwent dorsal column crush injury with concurrent DRG injections followed by 12 

weeks of behavioural testing. Significant improvement was observed in Von Frey test for 

mechanical perception and Hargreaves test for thermal sensation in treated animals with both, 

cervical and thoracic lesions when compared to controls. Tape Removal Test was improved only 

in treated animals with T10 lesion. Positive behavioural outcome was confirmed by staining for 

cFos below and above lesion and TRPV1 and Kv7.2 channels in DRGs. Histology of 

regenerating axons shows GFP and V5 positive axons from the integrin α9 and kindlin 1 group 

growing above the lesion on tenascin C rich surface. GFP and V5 staining confirmed that 

transport of integrin and kindlin occurred over the full regeneration distance in the regrowing 

axons in the spinal cord, from L4, L5 up to cervical cord. About 40% of axons below the lesion 

regenerated their axons to at least 4cm above the T10 lesion. Axons regenerating above C4 



lesion were partly growing through meninges. In conclusion, the AAV-mediated gene therapy 

leads to sensory regeneration after SCI at C4 and T10 level, as proved by behavioural tests and 

immunohistochemical staining. 
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Abstract: Development and maturation of the central nervous system naturally lead to severe 

loss of its regeneration potential. After injury of adult spinal cord axons, we don´t observe much 

regrowth or formation of new functional connections, which are necessary for correct gait and 

fine movement. Here, we use PI3Kδ gene therapy to show that we can stimulate cortical neurons 

to regenerate their axons and improve behavioural outcomes. PI3Kδ produces PIP3, a key 

signalling lipid regulating motility, protein translation, transport/trafficking and epigenetic 

controls. In mature neurons, much of the growth machinery is excluded from axons, and PI3Kδ 

enables anterograde transport of at least some of such restricted molecules, like the integrins, 

which have been shown to promote growth. We used a model of C4 dorsal column lesion in 

male/female rats and injected the right motor cortex at 4 sites concurrently with a total of 2 µl of 

viral vector mixture of AAV1-hSYN-eGFP + AAV1-hSYN-PIK3CD or with titre matched 

AAV1-hSYN-eGFP only. We allowed rats to survive for 12 or 16 weeks before transcardial 

perfusion. Using fluorescent immunohistochemistry, we evaluated levels of PI3Kδ and GFP in 

40 µm frozen floating brain sections and determined over 80% co-expression as soon as 6 weeks 

after transduction which remained stable at both 12 (n=4) and 16 weeks (n=5). Next, we counted 

GFP labelled axons in 20 µm spinal cord sagittal sections and found hundreds of axons 

extending at least 1.3 cm below lesion after both 12 weeks (n=4) and 16 weeks (n=5) with more 



axons at the later time point, reflected with corresponding regeneration indexes. Rigorous weekly 

behavioural testing for 16 weeks revealed functional improvements in skilled paw reaching, grip 

strength and ladder rung walking in rats treated with PIK3CD (n=15) compared to GFP only 

controls (n=14). Functional recovery of PIK3CD treated rats (n=7) was also confirmed with 

electrophysiological recordings of responses from areas below lesion and in forelimb muscles 

after stimulation of the right pyramid using a tungsten electrode (5 square pulses at 300 Hz) 

when compared to controls. Increasing current amplitudes between 30 and 300 µA were used to 

elicit cord dorsum potentials (CDPs), measured with silver ball electrodes above and below 

lesion (0.5 and 1 cm below), as well as EMG of the left forepaw distal flexor muscles. 

Subsequent re-lesion led to loss of responses. From our data, we conclude that gene therapy 

driven expression of PI3Kδ in cortical neurons induces robust axon regeneration and results in 

significant function restoration. 
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Abstract: Cannabinoids are a promising class of analgesic agents and preclinical studies in 

rodent models suggest they may be particularly potent in relieving spinal cord injury (SCI)-

induced neuropathic pain. However, clinical acceptance of cannabinoids has been limited due to 

CNS side effects. The goal of the proposed studies is to overcome clinical barriers by identifying 

novel cannabinoid peptides. Marine cone snails produce a wealth of selective peptides 

(conopeptides) with analgesic activities. We have previously screened and identified possible 

Conus venom fractions possessing cannabinoid 1 (CB1) receptor activities. The current project 

aimed to obtain a purified venom fraction with CB1 activity and to identify its gene therapy 

potential. Previously identified HPLC fractions from C. Textile, CTex-185 and CTex-195, 

underwent immunoprecipitation to obtain CB1 active components, were analyzed by Mass 

Spectrometry and their sequences were identified. AAV2/8 viral particles encoding CTex-185 or 



CTex-195 sequences were designed and engineered by Vector Builder. Male Sprague Dawley 

rats (220-250g) underwent spinal cord clip compression injury. AAV2/8_CTex-185/ CTex-195/ 

or control GFP were then injected at 4 weeks post SCI using intraspinal, intrathecal, or intra-

DRG routes. Changes in tactile, cold and heat hypersensitivity were monitored weekly up to 10 

weeks. CB1 antagonist AM251 was injected in some rats to evaluate CB mechanisms. CSF 

levels of inflammatory cytokines were evaluated at the end of experiment. Results showed 

analgesic effects of the CTex AAVs via all three injection routes, with DRGs injections 

appearing most potent and prolonged for both transgenes. The CTex-195 produced more robust 

antinociceptive effects overall, particularly in reducing tactile hypersensitivity via the intrathecal 

and intraspinal routes. AM251 partially reduced the analgesic effects of CTex-195. Spinal CSF 

samples taken from the CB1 AAV-treated animals retained CB1 internalization capacity, with 

CTex-195 significantly more potent than CTex-185, and this activity was trypsin sensitive, 

supporting CB1 peptidergic activity. The level of TNFα in CSF and spinal cord homogenates 

was reduced in animals treated with CTex-195, in contrast to elevated levels in SCI animals with 

the control AAV treatment. IL-1β levels were also reduced in both groups of CB1 conopeptide 

treated animals. These finding indicate that the identified C. Tex fractions have the capacity to be 

used in gene therapy to manage chronic SCI pain. This study provides a first step in the 

identification of novel cannabinoid receptor-active substances suitable for gene therapy of 

chronic pain. 
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Abstract: The therapeutic effects of mesenchymal stem cell transplantation in ischemic spinal 

cord injury 

Jinsu Hwang1, Jin Yoo1, Jiyun Choi1, Mahesh Ramalingam1, Eunjae Jang1,2, Choonghyo Kim3, 

Han-Seong Jeong1, Sujeong Jang1,*1Department of Physiology, Chonnam National University 

Medical School, Hwasun, Jeollanam-do 58128, Korea2Biopharmaceutical Research Center, 



Jeonnam Bioindustry Foundation, Hwasun, Jeollanam-do 58141, Korea3Department of 

Neurosurgery, Kangwon National University, College of Medicine, Chuncheon, KoreaThere are 

many paraplegic patients worldwide due to spinal cord injury, and viable options for regenerative 

repair are desperately needed. The therapeutic effects of human adipose-derived mesenchymal 

stem cells (hADSCs) transplantation have been demonstrated in several studies, however, the 

exact underlying molecular mechanism is poorly understood. The aim of this study is to 

investigate the therapeutic potential of hADSCs in experimentally induced ischemic spinal cord 

injury. To evaluate the ADSC treatment and the inhibitory effects of ADSCs on the molecular 

mechanism, mice were subjected to ischemic spinal cord injury following aortic clamping 

surgery for 8 min, and neural-induced ADSCs (NI-hADSCs) were injected into the lesion site for 

1 week after the injury. Motor function was evaluated using the Basso Mouse Scale (BMS) for 8 

weeks. Spinal cord neuropathies and neuron apoptosis were observed by HE and TUNEL 

staining. To validate the hypothesis of the therapeutic effects of hADSCs, neuronal staining and 

analyses of microglia/macrophage activation and molecular signaling pathways were performed. 

We demonstrated that the number of dead cells and microglia/macrophage activation was 

reduced after treatment of hADSCs. Also, Wnt/Notch signaling molecules were observed and the 

expression was increased via the injured model. However, we could not find axonal regeneration 

in the treatment. The result of this study demonstrated that the therapeutic effects of hADSCs in 

ischemic spinal cord injury were partly due to Wnt/Notch signaling pathway. In addition, 

hADSCs could recover the nerve cells and preserve the supporting cells in the spinal cord. 

Disclosures:  J. Hwang: None. J. Yoo: None. J. Choi: None. M. Ramalingam: None. E. Jang: 

None. C. Kim: None. H. Jeong: None. S. Jang: None. 

Poster 

539. Promoting Spinal Cord Repair: Genes, Cells, Neuromodulation 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 539.07 

Topic: C.11. Spinal Cord Injury and Plasticity 

Support: PA Department of Health 4100089346 

NIH/NINDS R01NS121336 

Title: Transplanting embryonic neural progenitor cells to rebuild supraspinal regulation for 

micturition recovery after spinal cord injury 

Authors: K. PATEL, E. OATMAN, *S. HOU;  

Marion Murray Spinal Cord Res. Center, Dept. of Neurobio. & Anat., Drexel Univ. Col. of 

Med., Philadelphia, PA 

Abstract: Traumatic spinal cord injury (SCI) often interrupts spinobulbospinal micturition reflex 

pathways. The loss of descending regulation results in urinary dysfunction. Although a partial 

voiding capability may recover due to intraspinal plasticity of segmental reflex circuitry, the 



emergence of bladder hyperreflexia and detrusor-sphincter dyssynergia (DSD) causes 

incontinence and inefficient voiding, leading to severe consequences such as repeated lower 

urinary tract (LUT) infections and kidney damage. To reestablish supraspinal control of the 

LUT, we transplanted embryonic day 14 (E14) brainstem-derived neural progenitor cells (BS-

NPCs) into the injured spinal cord and evaluated urination. Adult female F344 rats underwent a 

clinically-relevant contusive injury at the 10th thoracic spinal cord (T10). Subsequently, 

disassociated E14 BS-NPCs ubiquitously expressing green fluorescent protein were implanted 

into the lesion site five days post-injury. Naive and injury only rats served as two controls. 

Twelve weeks after SCI and transplantation, anterograde or transsynaptic neuronal tracings were 

implemented with histological analysis to examine the reconnection of supraspinal micturition 

pathways. Bladder cystometrogram (CMG) and external urethral sphincter (EUS) 

electromyography (EMG) recordings were used to evaluate urinary function in urethane-

anesthetized rats. As a result, grafted BS-NPCs survived and integrated with the host spinal cord 

tissue. Differentiated excitatory or inhibitory neurons projected long axons to the caudal somatic 

and autonomic regions. The injection of biotin dextran amine (BDA) into the pontine micturition 

center (PMC) anterogradely labeled axon terminals regenerated into the graft. Transsynaptic 

tracing with pseudorabies virus (PRV) inoculation into the bladder detrusor revealed infected 

neurons in both cellular grafts and the host brainstem. Micturition function assessments suggest 

that the graft mitigates the severity of bladder hyperreflexia to achieve better coordination 

between the detrusor and sphincter. Ongoing studies are testing spontaneous micturition using 

metabolic cages. The results indicate that transplanting BS-NPCs may rebuild supraspinal 

regulation to improve micturition function after SCI. 
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Abstract: Rebuilding supraspinal regulation of sympathetic input to improve cardio-electric 

disorders after spinal cord injury 

Silvia Fernandes, Emily Oatman, Marissa Cusimano, Cameron Trueblood, Shaoping HouMarion 

Murray Spinal Cord Research Center, Department of Neurobiology and Anatomy, Drexel 

University College of Medicine, Philadelphia, PA 19129, United States 

High-level spinal cord injury (SCI) often interrupts supraspinal regulation of sympathetic activity 



to the heart. The loss of balance between autonomic components renders cardiac disorders such 

as arrhythmias. It was previously reported that disruption of serotonergic (5-HT) control of 

sympathetic flow mainly contributes to cardiovascular dysfunction after SCI. To determine if 

transplanting developing 5-HT+ neurons restore this compromised neuronal regulation to 

improve cardiac electrical conduction, embryonic day 14 (E14) raphe nuclei-derived neural 

progenitor cells (RN-NPCs) were transplanted into the lesion of a crushed rat spinal cord at the 

2nd/3rd thoracic (T2/3) level. Animals receiving spinal cord-derived NPCs (SC-NPCs), injury 

alone or naïve served as controls. Ten weeks after cellular grafting, a radio-telemetric system 

was used to record electrocardiogram (ECG) and blood pressure, including 24-h recording for 

heart rate variability (HRV), cardiac arrhythmias during colorectal distention (CRD)-induced 

autonomic dysreflexia, and dobutamine stress tests to mimic exercise. Consequently, 

transplanting either RN- or SC-NPCs significantly increased HRV which were illustrated by 

parameters in both time and frequency domains. Although the grafts did not alter the occurrence 

of various arrhythmias during CRD, both lessened the exacerbation of rhythmic symptoms when 

dobutamine was delivered to excite cardiac sympathetic limb. Histological analysis revealed that 

grafted NPCs survived, well-integrated with the host tissue, and projected numerous axons onto 

the caudal autonomic regions. Furthermore, ongoing study is to examine if inhibition of spinal 5-

HT2A receptors blocks ECG improvements in RN-NPC grafted rats. Ultimately, transplantation 

of NPC may re-establish supraspinal regulation of sympathetic input to enhance cardio-electric 

disorders following SCI. The cellular grafts may exert general neuronal effects rather than a 

specific role in the recovery. 
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Abstract: The chronic border of astrocyte reactivity around sites of spinal cord injury is often 

considered a barrier to axon growth and regeneration, and particularly after chronic SCI. We 

examined the association of chronically injured corticospinal axons with reactive astrocyte 



borders 6 months after SCI. Further, we explored whether a graft of spinal cord neural progenitor 

cells placed 5 months after SCI altered chronic astrocyte reactivity. 18 rats underwent C6 

bilateral contusive SCI; 5 months later, half of the animals received E13-derived spinal cord 

neural progenitor cell grafts and the corticospinal tract was anterogradely traced. Results:. In 

control lesioned animals, we found that even 6 months after injury, injured corticospinal axons 

were closely apposed to the lesion borders (not retracted from the lesion), are were deeply 

embedded within zones of intense GFAP labeling. Animals that received grafts of neural 

progenitor cells after 5 months exhibited a marked reduction of GFAP reactivity when examined 

one month later. Host corticospinal axons regenerated into neural progenitor cell grafts, and 

graft-derived axons extended into the distal host spinal cord. These results indicate that: 1) 

chronically injured host axons do not necessarily undergo retraction from sites of injury, 2) that 

neural progenitor cell grafts attenuate chronic astrocyte reactivity, and 3) chronically injured 

axons regenerate into neural progenitor cell grafts. These findings suggest possible avenues for 

treating chronic SCI. Supported by the Veterans Administration. 
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Abstract: Introduction 

Cell transplantation therapy using human-induced pluripotent stem cell-derived neural 

stem/progenitor cells (hiPSC-NS/PCs) is a new therapeutic strategy for spinal cord injury (SCI). 

The efficacy of hiPSC-NS/PCs transplantation was reported by a number of preclinical studies 

which targeted sub-acute phase as a timing of therapeutic intervention, but no functional 

recovery was observed when transplanted at chronic phase. Rehabilitative training should be 

considered as an important strategy for recovering motor function after SCI. However, 

rehabilitative training was known to be less effective when applied in the chronic phase. A 

combined therapy with hiPSC-NS/PCs transplantation and rehabilitative training is attracting 

attention as a therapeutic option for chronic SCI because they could produce synergistic effects. 



In this study, we investigated the therapeutic effect of the combined therapy of hiPSC-NS/PCs 

transplantation and rehabilitative training. 

Method 

Contusive SCI was induced in NOD-SCID mice, and hiPSC-NS/PCs were transplanted into the 

injured spinal cord of mice at 49 days post injury. The animals were divided into the treadmill 

training (TP+TMT) group and the non-treadmill training (TP) group. After transplantation, the 

TP+TMT group was subjected to treadmill training based on the overload principles for 8 weeks. 

Hindlimb locomotor function of each animal was evaluated weekly using the Basso Mouse Scale 

(BMS) scores up to 105 days post injury. Quadrupedal gait analysis were also performed before 

sacrificing the animals. Their spinal cords were removed and used for histological analyses or 

protein quantifications by capillary electrophoresis. 

Results 

The survival rate of grafted hiPSC-NS/PCs was significantly larger in the TP+TMT group than 

in the TP group. Moreover, the cell differentiation assay of grafted hiPSC-NS/PCs revealed that 

the proportion of NeuN positive neurons were significantly higher in the TP+TMT group than in 

the TP group, and the axons of the engrafted neural cells extended widely from epicenter to 

rostral and caudal. At the lumber spinal cord, Syn1 positive area and 5HT positive fibers were 

increased in the TP+TMT group. Capillary electrophoresis revealed that expressions of BDNF 

and NT3 proteins in spinal cord tissue were significantly enhanced in the TP+TMT group.The 

BMS scores and quadrupedal gait analysis indicated significantly better recovery in the TP+TMT 

group than in the TP group. 

Conclusion 

A combined therapy of hiPSC-NS/PCs transplantation and rehabilitative training has the 

potential to promote functional recovery even when starting this intervention at chronic spinal 

cord injury. 
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Abstract: Spinal cord injury (SCI) often leads to reduced movement or paralysis and abnormal 

activity of the spinal circuits, referred to as spasticity. Recovery of movement after SCI is limited 

due to neuronal damage that results in neuronal signaling conduction failure across the lesion 

site. Cell replacement therapies are a promising approach to restore lost connectivity and re-

establish motor control. On this line, we investigated the role of transplanted spinal neurons, 

including excitatory V2a neurons, to act as neuronal circuit-bridges across the lesion to relay 

signals from supraspinal areas to the spinal cord. 

We grafted mouse embryonic day 11.5 neural stem cells (NSCs) into the spinal cord of mice 

with sacral injuries. To characterize graft size, we transplanted NSCs obtained from transgenic 

HoxB8Cre::R26YFP embryos that fluorescently label all spinal cells below C4. Fluorescent 

images of the graft 4 and 16 weeks post-transplantation showed there is a time-dependent 

increase in the integration of the graft within host tissue. To evaluate the potential role of V2a 

neurons in the recovery of movement, we also transplanted NSCs from transgenic 

Chx10Cre::R26ChR2YFP embryos that specifically mark V2a interneurons. 16 weeks post-

transplantation, grafted V2a neurons extended long axons into the host tissue caudal to the injury 

site where they formed functional synapses. Unilateral optogenetic activation of grafted V2a 

neurons 16 weeks post-transplantation resulted in tail movement with ipsilateral excitatory to the 

stimulation and contralateral inhibition in the inhibition of spontaneous muscle activity on the 

contralateral site. 

In conclusion, this study provides evidence at the anatomical, functional and behavioral levels of 

a functional integration of the grafted cells in the injured spinal cord. Specifically, excitatory V2a 

neurons form microcircuits with physiological features, including excitatory and inhibitory 

functional connections to host motor neurons that results in restoration of movements. 

Mechanisms-based repair strategies hold promise to restore spinal microcircuit function to 

enable recovery of movement. 
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Abstract: We previously demonstrated that human neural stem cells (hNSCs) or multipotent 

neural progenitor cells (hNPCs) grafted into sites of rodent or rhesus primate spinal cord injury 

(SCI) survive, extend axons, form synapses, support host axon regeneration, and improve 

functional recovery (Lu et al., Cell 2012; Lu et al., Neuron 2014; Kadoya et al., Nat Med 2016; 

Rosenzweig et al., Nat Med 2018). To enable translation to human clinical trials, we continue to 

develop this approach, specifically addressing cell source issues and the injury model's clinical 

relevance. 

First, we have developed a human-embryonic-stem-cell-derived Neural Stem Cell line driven to 

a spinal cord identity (H9-scNSC; Kumamaru et al., Nat Methods 2018) as a candidate cell type 

for human translation. Second, we have grafted this candidate cell type into rhesus monkeys two 

weeks after a C7 unilateral spinal cord hemisection (lesion model described in Rosenzweig et al., 

Nat Neurosci 2010). Third, we have grafted this candidate cell type into rhesus monkeys four 

weeks after a more clinically-relevant C6 unilateral spinal cord contusion (lesion model 

described in Salegio et al., J Neurotrauma 2016). 

We find that: 1) H9-scNSC grafts placed into sites of C7 hemisection or C6 unilateral contusion 

SCI survive, extend axons, form synapses, and support host axon regeneration into the stem cell 

graft. 2) Successful H9-scNSC grafts are associated with significant functional improvement in 

both hemisection and hemicontusion models 3 months after injury. 3) Principal Components 

Analysis showed strong correlations between the extent of functional recovery and the extent of 

H9-scNSC graft survival, integration, and growth. 
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Abstract: We have developed a lead candidate cell line for translation to human clinical trials in 

spinal cord injury (SCI): H9 embryonic stem cells (ESCs) driven to a spinal cord fate ("H9-

scNSCs”). These H9-scNSCs partially restore function in rodent and non-human primate models 

of SCI by providing cellular relays across the lesion site. We previously optimized derivation of 

spinal cord NSCs from H9 ESC lines using small molecule-based cellular reprogramming 

(Kumamaru et al, Nature Methods 2018). To support clinical translation, research-grade cells 

and processes must be scaled up in a GMP-compliant format to satisfy FDA and scientific 

standards, including reproducibility, efficacy, and safety. We have now successfully transferred 

our cell reprogramming process to a GMP-compliant clinical laboratory at UCSD, the Advanced 

Cell Therapy Laboratory (ACTL). Four different production runs of cell banks at ACTL using 

GMP-compliant methods have consistently met our genotypic and phenotypic criteria from cell 

production. These GMP-compliant H9-scNSC cell banks mirror our previously generated cell 

lines, exhibiting increased expression of SOX1+ and PAX6+ cells, reduced expression of 

pluripotency markers OCT4 and NANOG and mesodermal markers Brachyury and TBX6. We 

also show increased expression of HOXC6, indicating a cell fate below the C2-3 level. The 

phenotype has been confirmed with flow cytometry indicating increased expression of neural 

lineage surface markers, and absence of contaminating cell types expressing pluripotent and 

mesodermal surface markers. The surface marker expression indicates an NSC population that is 

heterogeneous for both early stage NSCs and later stage neural progenitor cells (NPCs). These 

cells have the capacity to differentiate into mature neurons, shown by the presence of MAP2 and 

Tau+ cells. With this heterogeneous population of scNSC, we hypothesize that these cells can 

differentiate into multiple cell types of a spinalized neural lineage after grafting into a spinal cord 

lesion cavity to form a neural-supportive environment. We demonstrate a highly reproducible 

cell manufacturing strategy that is appropriate for scale up to provide a consistent and abundant 

source of cells to be used in a first-in-human clinical trial for spinal cord injury. 
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Abstract: Spinal cord injury (SCI) is caused by an initial trauma that leads to immune cell 

infiltration and the initiation of an inflammatory cascade that mediates axon degeneration, 

demyelination, neural cell loss including apoptosis of oligodendrocytes, and the formation of 

inhibitory barriers for regeneration. Macrophages are the key players in the neuroimmune niche 

following SCI, playing divergent roles based on their surrounding stimuli. Anti-inflammatory 

cytokines such as interleukin-10 (IL-10) can induce neuroprotective and pro-regenerative 

activation states in macrophages. In this study, we investigated the effect of localized lentiviral 

expression of IL-10 with or without multi-channel poly (lactide-co-glycolide) (PLG) bridge 

implantation on the outcome after spinal cord injury. Combinatorial IL-10 delivery and PLG 

bridge implantation resulted in a synergistic improvement in ipsilateral paw function. 

Transsynaptic pseudorabies virus (PRV) retrograde tracing demonstrated that axons regenerate 

through the PLG bridge and form a synaptic relay between corticospinal neurons as well as the 

paraventricular nucleus of the thalamus and the neuromuscular junction, and that the number of 

connected neurons in the PVN was increased by combined treatment with IL-10 and Bridge 

implant. Our findings support the combination of PLG bridge implantation and IL-10 expression 

as a novel therapeutic strategy for modulating neuroinflammation and promoting motor recovery 

after SCI by reestablishing the damaged circuitry. 
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Abstract: The therapeutic potential of cell transplantation for spinal cord injury is frequently 

compromised by poor survival of grafted cells. Biomaterial-based scaffolds may support cellular 

engraftment in the inhospitable microenvironment of the injured spinal cord. We have previously 

demonstrated that injection of a thermosensitive injectable hydrogel can create an extracellular 

matrix (ECM) in the lesion epicenter that would otherwise become cystic cavities. We expected 

that space-filling effects of the hydrogel would be highly conducive to graft survival. However, 

neural stem cells (NSCs) delivered as a complex with the hydrogel barely survived the 

transplantation with frequent graft failures. Accumulating evidence suggests that mechanical 

stimuli transmitted to cell membranes can significantly affect cellular behaviors. Therefore, we 

hypothesized that hydrogel mechanical stiffness may be a critical factor to regulate the survival 

of NSCs transplanted within the hydrogel complex. We first established an in vitro culture 

system where E14 spinal cord derived NSCs were grown on hydrogel substrates with different 

stiffness ranging from 0.2 to 25 kPa. NSCs grown on rigid substrates showed an increase in the 

spreading area and cellular perimeter, indicating an improvement in cellular adhesion. This was 

accompanied by a significant increase and decrease in the percentage of living and dying cells, 

respectively. We found that NSCs express several mechanosensitive ion channels, which allow 

calcium currents in response to mechanical stress. The extent of calcium oscillations was 

markedly increased in NSCs grown on 25kPa hydrogel compared to those on 0.2 kPa. 

Pharmacological inhibition of mechanosensitive channels using GsMTx4 significantly attenuated 

the stiffness-dependent improvement in NSC adhesion and survival in vitro. Finally, 

transplantation of NSCs with a varying percentage of hydrogel showed a concentration-

dependent increase in the areas of NSC grafts, demonstrating that modulation of hydrogel 

mechanical stiffness can improve the survival of transplanted NSCs. 
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Abstract: Mitochondrial dysfunction following spinal cord injury (SCI) is attributed to increased 

oxidative stress and inflammation that lead to irreparable functional deficits. Acute 

mitochondrial transplantation via intraspinal injections improves mitochondrial bioenergetics of 

injured tissues 24 hr post-injury, but not behavioral measures. Since technical limitations of 

invasive delivery lead to accumulation at injection sites that rapidly reduces mitochondrial 

integrity ex vivo, we pursued a subdural delivery route utilizing thermogelling erodible 

hydrogels that can be fabricated to degrade at a controlled rate in vivo to deliver healthy 

mitochondria at and around the injury site. We first established that hydrogel composed of 

methylcellulose (1%) and hyaluronic acid (1%) releases ~80% of mitochondria by 1 hr and 

preserves their integrity at 37°C. To track mitochondrial uptake into host cells, we transplanted 

either Mitotracker Red (MTR)-labeled mitochondria or genetically modified mitochondria 

tagged with red fluorescence protein (RFP) derived from SH-SY5Y human neuroblastoma cells. 

Results showed that following transplantation, MTR dye leaks from transplanted mitochondria 

and labels host mitochondria non-specifically. Alternatively, RFP-tagged transgenic 

mitochondria were taken up into both rat PC-12 and human SH-SY5Y cells by 2 hr, with time-

dependent increases in uptake up to 24 hr, which was confirmed by presence of dose-dependent 

human mitochondrial DNA (mtDNA) in PC-12 cells. Compared to intraspinal injections, 

intrathecal delivery of RFP-tagged mitochondrial within hydrogels showed widespread cellular 

incorporation with a lack of host parenchyma glial cell or brain macrophage activation (OX-42+) 

at the delivery sites. Notably, human mtDNA was detected 24 hr after intraspinal or subdural 

mitochondrial transplantation in both naïve and injured spinal cords. In summary, subdural 

delivery of mitochondria within erodible hydrogels is effective in localized rostro-caudal 



dispersion and host cellular uptake. Ongoing experiments are assessing the dose- and time-

dependent effects of intraspinal vs subdural mitochondrial delivery on cellular bioenergetics and 

cell-specific internalization. 
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Abstract: Spinal cord injury (SCI) leads to debilitating sensory and motor deficits that greatly 

limit patients’ quality of life. This work aims to develop a mechanistic understanding of how to 

best promote recovery following SCI to create future treatments. Electrical spinal stimulation is 

one promising approach to promoting recovery in both animal models and humans with SCI. 

Optogenetic stimulation is an alternative method of stimulating the spinal cord that allows for 

targeted stimulation of specific cell types of interest. The present work investigates the effects of 

neuron-specific optogenetic spinal stimulation on forelimb recovery, axonal growth, and 

vasculature in rats after a cervical spinal cord injury. Adult rats received a moderate cervical 

hemicontusion (C4) followed by injection with an optogenetic viral vector (AAV2-hSyn-ChR2-

YFP) ipsilateral and caudal to the lesion site at C6. Afterwards, rats began rehabilitation 5x/week 

on the skilled forelimb reaching task. At 4 weeks post-injury, rats received a microLED implant 

to illuminate the C6 spinal cord to deliver neuron-specific optogenetic stimulation that excludes 

direct glial activation. Stimulation began at 6 weeks post-injury and occurred in conjunction with 



activities to promote forelimb use. Following 6 weeks of stimulation, rats were perfused and 

tissue stained for GAP-43 (axonal growth), laminin (vasculature), and Cresyl violet and myelin 

(lesion magnitude). The location of viral transduction and transduced cell types was also 

assessed. Neuron-specific optogenetic spinal stimulation significantly enhanced recovery of 

skilled forelimb reaching after SCI. As expected, the original lesion magnitude greatly affected 

the recovery level achieved by optogenetic stimulation. We also found significantly greater 

GAP-43 labeling at the stimulation site and at the lesioned segments following optogenetic 

stimulation, indicating enhanced axonal growth in those regions. Laminin staining indicated that 

vasculature was significantly enhanced throughout the cervical spinal cord following stimulation, 

suggesting that optogenetic stimulation promotes angiogenesis. Viral transduction of opsins that 

enable optogenetic stimulation occurred within an evenly mixed population of glutamatergic and 

GABAergic synapses. The findings from this study indicate optogenetic spinal stimulation 

improves forelimb reaching behavior, axonal growth, and angiogenesis following SCI. Future 

studies will utilize these mechanisms to develop the next generation of spinal cord injury 

therapies to promote recovery of function after injury. 
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Abstract: Chemogenetic tools like Designer Receptors Exclusively Activated by Designer 

Drugs (DREADDs) offer a means to continually modulate the excitability of specific sets of 

neurons. Interestingly, prior work in sensory neurons showed that both chemogenetic activation 

and silencing resulted in increased growth from injured axons, indicating a potentially complex 

relationship between neural activity and axon growth. Here, we tested the effect of chronic 

chemogenetic stimulation on corticospinal tract (CST) sprouting and on forelimb function. To 

specifically target CST neurons, AAV2-retro- DIO-hM3Dq-mCherry or matched mCherry 

control was injected to the cervical spinal cord of adult Emx-Cre transgenic mice. Pilot studies 



verified selective expression in CST neurons and found that both IP injections of CNO and 

administration of clozapine resulted in long term elevation of neural activity in CST neuron as 

assessed by cFos immunohistochemistry. In subsequent experiments, mice received viral 

injections, were pre-trained on a pellet retrieval task, and then received unilateral pyramidotomy 

injury to selectively ablate the right CST. Mice then received continual clozapine via drinking 

water and weekly testing on the pellet retrieval task, followed by cortical injection of EGFP 

tracer to assess cross-midline sprouting by the spared CST. Immunohistochemistry for cFos 

verified elevated CST activity in hM3Dq-treated animals at the time of sacrifice, eight weeks 

post-injury, and PKCy immunohistochemistry verified unilateral ablation of the CST in all 

animals. Despite the chronic elevation in CST activity in hM3Dq-treated animals, however, both 

groups showed similar levels of cross-midline CST sprouting and similar success in the pellet 

retrieval task. These data indicate that long term elevation of activity in CST neurons does not 

affect compensatory sprouting or directed forelimb movements. Ongoing work is testing the 

impact of Gi-DREADD activation on axon regeneration and functional recovery after 

pyramidotomy. 
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Abstract: Producing skilled movements in humans and many animals requires the corticospinal 

tract (CST), the direct motor pathway connecting the cerebral cortex with the spinal cord. Spinal 

cord injury results in CST damage and leads to spinal interneuron degeneration, a phenomenon 

termed transneuronal degeneration (Jiang et al 2018; J Neurosci 2018). Complement protein C1q 

triggers this process and induces microglia, the innate immune cells of the CNS, to phagocytose 

non-apoptotic cholinergic (Pitx2) and glutaminergic (Chx10) spinal interneurons. These 

interneuron classes are essential to the spinal motor circuit as they receive direct CST inputs and 

synapse onto motor neurons to produce muscle contraction. Yet, it is unknown if CST neural 



activity is necessary, or if descending brainstem pathways can provide sufficient neural activity 

to prevent transneuronal interneuron degeneration after CST injury. We hypothesize that indirect 

cortical-brainstem pathways can provide neural activity to prevent transneuronal degeneration, 

and that general neural excitability of the local spinal circuit can also maintain spinal interneuron 

survival. Using Designer Receptor Exclusively Activated by Designer Drugs (DREADDs) in 

C57Bl/6J mice to enhance neural activity, we examined the role of indirect cortical-brainstem 

pathways and local spinal motor circuitry in preventing transneuronal degeneration of 2 

interneuron classes after a bilateral CST lesion (biPTX). Mice either underwent bilateral 

injections of excitatory DREADDs in motor cortex or cervical enlargement. At appropriate 

timings of transfection (motor cortex, 3 weeks; cervical enlargement, 2 weeks), all mice received 

biPTX. Clozapine nitric-oxide (CNO) was administered for 10 consecutive days beginning 24 

hours post-surgery to activate DREADD+ neurons. We observed biPTX induces significant 

degeneration of Pitx2 and Chx10 interneurons (p=0.0001), while significantly increasing 

phagocytic microglia density (p<0.0001). For both motor cortex and spinal cord DREADD 

transfection, we observed combined biPTX and CNO treatment significantly reduced Pitx2 and 

Chx10 interneuron degeneration and decreased phagocytic microglia density (p<0.0001) 

compared to that of the biPTX-only group. On-going experiments assess grip strength for motor 

recovery and serum cytokines for markers of inflammation among experimental groups. Pitx2 

and Chx10 mouse Cre lines will evaluate cell-specific DREADD activation. Together, our results 

support our hypothesis and imply that excitatory DREADD neuromodulation ameliorates 

transneuronal degeneration and modulates the innate immune system after CST injury. 
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Abstract: Spinal cord injury (SCI) typically results in an immediate loss of neurological 

function due to massive disruption of endogenous neural circuitry. One of the debilitating 



consequences of SCI that affects more than two-thirds of individuals living with SCI is the 

development of neuropathic pain. Previous work in rodent SCI pain models has established that 

maladaptive hyperactivity within primary nociceptors of the dorsal root ganglion (DRG) occurs 

as early as 24 hours after SCI, contributing to the onset of neuropathic pain. This not only results 

in sensory dysfunction but also undermines locomotor recovery. We hypothesized that silencing 

the activity of nociceptors early after injury will improve long-term functional outcomes. To test 

this hypothesis, we utilized inhibitory Gi-DREADDs (Designer Receptors Exclusively Activated 

by Designer Drugs) to selectively silence nociceptors during the acute phase of SCI in adult 

female Sprague Dawley rats. We delivered AAV6-Gi-DREADD to lumbar DRG nociceptors 

through bilateral intrasciatic injections, then performed thoracic contusion SCI 4 weeks later. 

Immediately following SCI and continuing for 14 days post-injury, Gi-DREADDs were 

activated through oral delivery of agonist clozapine-N-oxide (CNO). We performed sensory and 

motor behavioral assessments weekly up to 10 weeks post SCI. Gi-DREADD expression was 

restricted to small-diameter nociceptors including CGRP+(Calcitonin Gene Related Peptide), 

substance P+, and IB4-binding (Isolectin-B4) neurons. Through analysis of behavioral outcomes, 

we observed significantly higher thermal withdrawal thresholds, and greater hindlimb locomotor 

recovery in subjects that received acute nociceptor silencing, compared to controls. Histological 

assessments of spinal cord tissue suggest a trend showing reduced lesion volume and increased 

CGRP+ axon sprouting in Gi-DREADD treated subjects compared to control animals. Together, 

these findings suggest that nociceptor silencing early after SCI may promote beneficial plasticity 

in the acute phase of injury that can impact long-term functional outcomes. 
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Abstract: Spinal cord injury (SCI) can have dramatic, life-changing impact due to irreversible 

loss of motor, sensory, bowel, bladder, and sexual functions. The impact is so debilitating that 

even very small improvements in function lead to huge gains in quality of life. In the past 

decade, epidural spinal cord stimulation (SCS) with flexible microelectrode arrays has garnered 

interest as a possible route to functional restoration for SCI. Currently, epidural SCS employs a 

bulky paddle array that limits its utility. The stimulation is non-focal because the fatty dura 

dissipates part of the stimulation voltage and the cerebrospinal fluid in the subarachnoid space 

shunts current to other areas. These limitations are further amplified by the inability of such 

systems to operate near the ventral side of the spinal cord due their bulky size. Ventral access is 

important because it permits closer proximity to motor efferent fibers, thereby increasing 

efficiency of muscle stimulation. Given these limitations of epidural SCS, we aimed to develop a 

novel stimulation approach allowing for easy access to the ventral spinal cord. We hypothesized 

that a thin, high-channel count cuff-like microelectrode array would provide high-density 

coverage to all aspects of the spinal cord, including the ventral surface, which has not been 

accomplished with prior state of the art. First, we developed an electrode design and implantation 

technique that allows for consistent wrapping of the electrode around the spine. Next, we built a 

computational model of the rat spinal cord with the wrap-around electrode in place and identified 

optimal bipolar stimulation parameters. We stimulated the rat spinal cord circumferentially, 

varying the stimulation contacts in a semi-random order, and recorded EMG signals from four 

muscle groups in the lower limbs. We showed that stimulating the ventrolateral side of the spinal 

cord required lower activation thresholds to generate a muscle response and that our stimulation 

approach was able to activate muscle groups with high selectivity. We quantified our 

measurements by calculating muscle recruitment curves and muscle selectivity indices, relying 

on methods previously described in literature.In summary, we developed a novel, wrap-around 

microelectrode array to deliver focal stimulation to the rat spinal cord. In the long term, this 

stimulation approach holds the potential to allow patients to regain motor function. As for 

immediate impact, the wrap-around electrode will serve as a tool to understand spinal cord 

function by probing motor pathways of the spine in ways not previously attainable. 
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Abstract: Spinal cord stimulation (SCS) can treat lower urinary tract (LUT) dysfunction in 

spinal cord injury (SCI) and other etiologies of neurogenic bladder dysfunction. Animal and 

clinical studies showed success in ameliorating LUT dysfunction, but significant gaps remain in 

our understanding of the mechanisms through which SCS modulates the LUT. The objective of 

this study was to use electrical stimulation to map the spatial distribution of locations over the 

lumbosacral spinal cord that evoked activity in the external urethral sphincter (EUS), as well as 

in the pudendal, pelvic, and sciatic nerves. Male (n=4) and female (n=6) spinally intact Sprague 

Dawley rats were implanted with cuff electrodes on the pudendal, pelvic, and sciatic nerves to 

record evoked neural activity (ENG), and a bipolar electrode was placed over the EUS to 

measure EMG. A high-density 15-channel electrode array with five rows of contacts was placed 

over the L4-S2 spinal cord for epidural SCS. We stimulated the spinal cord at amplitudes of 10-

400 µA to measure EUS EMG responses. After gallamine administration, SCS was delivered at 

amplitudes of 10-1000 µA. We calculated stimulus-triggered averages for each SCS location and 

amplitude. Based on conduction velocities and distance from the stimulating electrode to the 

recording electrodes, we estimated the latencies for neural fiber types and used a mixed-effects 

model to determine relationships between stimulation location, stimulation amplitude, and 

activation of the EUS and peripheral nerves. Evoked EUS EMG and peripheral nerve ENG 

activity was observed between 2-60 ms after stimulation, increased in an amplitude-dependent 

manner, and was similar in both male and female rats. SCS over L4 evoked short latency EUS 

EMG activity (2-12 ms), while more caudal SCS (L6-S2) evoked both short latency (2-12 ms) 

and longer latency (12-30 ms) EUS responses. Rostral (L4) SCS with amplitudes between 10-

200 µA activated Aβ fibers in the sciatic nerve. SCS over L6-S1 at amplitudes between 10-200 

µA evoked robust responses of Aβ and Aδ fibers in the pudendal nerve, and, at amplitudes above 

600 µA, weak responses of Aδ fibers in the pelvic nerve. The early EUS response to SCS over 

L4 suggests activation of descending efferent projections to the EUS, while SCS of L6-S2 

evoked both direct and indirect EUS responses. These results provide insights into the 

mechanism of action of SCS effects on LUT function and enhance our understanding of SCS 

location and stimulation parameters when considering therapeutic design to improve LUT 

function. 
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Abstract: Therapeutic ultrasound has been indicated as a promising non-invasive treatment for 

pain management, yet various potential aspects and underlying mechanisms for neuropathic pain 

treatment still remain unclear. To investigate the therapeutic role of ultrasound stimulation 

targeting the spinal cord for neuropathic pain treatment, in this study, we developed a low-

intensity continuous theta-burst ultrasound (cTBUS-200Hz)stimulation and accessed how it 

systematically modulates the behavioral responses as well as alters the spinal molecular level in 

partial crush injury (PCI) model. As a result, following 10 daily sessions of cTBUS-

200Hztreatment, a significant increase in mechanical sensory thresholds was observed during 

and post-cTBUS-200Hztreatment, indicating a reduction of pain sensitivity. Consistent with 

previous studies demonstrating spinalBDNF as a key modulator in central sensitization and 

inflammatory pain, we also found an increment of BDNFprotein accumulation at the spinal L4-

L5 lumbar sections in the peripheral injured groups, while it was significantly reduced in 

ultrasound-treated groups. Intriguingly, glial cells had been shown to contribute to the 

development and maintenance of neuropathic pain by controlling the spinal disinhibition and 

inducing hypersensitivity. We showed that low-intensity cTBUS-200Hz stimulation suppressed 

reactive astrocyte activity during chronic pain by reducing ambient GABA and increasing 

proBDNF levels [3], further electrophysiology studies are required to confirm whether ultrasonic 

stimulation can convert the switch ofGABAergic responses from being inhibitory to excitatory. 

As dorsal horn parvalbumin neurons activation after nerve injury alleviates mechanical pain, we 

additionally found the upregulation of activated dorsal horn parvalbumin neurons under low-

intensity cTBUS-200Hz stimulation in the neuropathic pain model. Taken together, our results 

suggest that low-intensity continuous theta-burst ultrasound stimulation can efficiently attenuate 

the mechanical allodynia in neuropathic pain, thus contributing to the clinical application of 

ultrasonic technology in pain management. Keywords: Neuropathic pain, theta-burst 

stimulation, BDNF, reactive astrocytes, parvalbumin. 
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Abstract: Traumatic spinal cord injury (tSCI) is characterized by a near complete loss of blood 

flow at the injury epicenter and substantial disturbance of blood flow in the penumbral zone, 

resulting in additional ischemia and cell death. The penumbral region is thought to expand with 

time after injury, resulting in a larger area of damaged tissue during the secondary phase of SCI. 

Indeed, the tissue at risk of damage and death during the secondary phase of the injury is the 

target for neuroprotective therapies. Here we examined the blood flow characteristics of this 

important penumbral region using innovative ultrafast contrast-enhanced ultrasound imaging 

(CEUS). Following a T7-T9 laminectomy to produce an acoustic window, CEUS imaging was 

acquired at baseline, and following a contusion SCI (150 kDyn) at acute (1 hour), 3, and 14 days 

post injury (dpi) timepoints. Intravital CEUS imaging showed a 3-fold increase in the area of 

perfusion deficit (1.62 ± 0.08 mm2 to 4.05 ± 0.28 mm2) of the contusion at 3 dpi, along with 

marked alterations in surrounding macrovascular (>75 um) morphology. Specifically, ventral 

central sulcal arteries (CSA) were displaced 19°± 1° degrees rostral to and 44°± 5° degrees 

caudal to the contusion, combined with an increase in tortuosity of ventral CSAs extending 

caudally from the lesion. Marked distortion of the dorsal macrovasculature (i.e. lengthening and 

bowing) was also observed at 3 dpi. We also performed standard histological analysis of the 

tissue collected to characterize the development of the lesion with time after the injury. Group 

analysis of the histological studies revealed that the lesion volume expanded from 0.47 ± 0.10 

mm3 at the acute time-point to 4.41 ± 0.60 mm3 at 3 dpi, and increased further to 4.85 ± 0.56 

mm3 by 14 dpi. Importantly, both intravital CEUS imaging and histology demonstrates that the 

majority of injury expansion occurs within 3 dpi. Additional histological and ultrasound imaging 

studies are currently underway to further characterize and evaluate the cellular and molecular 

changes within the tissue regions at risk of progressive damage identified by CEUS after SCI. 

Results obtained from this project have the potential to identify tissue at risk for secondary 

damage after an acute ischemic injury and to serve as an imaging biomarker for injury 

stratification for neuroprotective therapies. 
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Abstract: Spinal cord stimulation (SCS) has recently emerged as a promising solution for 

functional rehabilitation following traumatic spinal cord injury (SCI). In fact, by adjusting 

electric pulse parameters and electrode position in relation to the spinal cord, epidural SCS has 

shown potential in restoring locomotion following complete SCI. However, to date, the biggest 

challenge remains to determine the optimal location of electrodes on the spinal cord to generate 

specific and selective muscle contractions, which considerably limits this technology. We 

hypothesize that ventral stimulation will directly activate lumbosacral motoneurons and achieve 

higher selectivity in muscle activations compared to the typical dorsal approach. While ventral 

and dorsal epidural SCS have been studied, there is limited evidence directly comparing the two 

approaches. The aim of this study is to rigorously map motor responses to both dorsal and 

ventral epidural SCS onto an accurate 3-dimensional representation of the spinal cord. We 

studied 4 cats with a spinal transection at T12-T13 and 5 spinal-intact cats. We obtained high-

resolution axial 3T-MRI images of the lumbosacral spinal cord for each cat to build a 

personalized 3D model of their spinal cord. Then, under anesthesia, we installed a 120-electrode 

grid dorsally and multiple flexible electrodes ventrally to cover spinal segments from L2 to S1. 

Bipolar stimulations were sent to pairs of electrodes while gradually increasing the stimulation 

amplitude. For each stimulation, we recorded electromyographic (EMG) responses from 32 

hindlimb muscles as well as leg movements from video cameras. Through a finite element 

analysis using personalized 3D spinal cord models and documented position of the electrodes, 

we calculated the current density distribution on the entire lumbosacral spinal cord following 

every stimulation to create maps of SCS motor responses. We could trigger selective muscle 

activations by varying stimulation electrode location and amplitude. These maps will help 

determine optimal electrode locations for restoring locomotion following traumatic SCI. 
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Abstract: Motivation Spinal cord injury (SCI) causes devastating sensory and motor 

dysfunction and life-long sensorimotor impairment. Epidural electrical stimulation (EES) has 

been shown recovery of voluntary control of lower limb motor function for patients with 

American Spinal Injury Association (AIS) A or B. This study aimed to investigate whether EES 

improves lower limbs function for the cervical level of chronic SCI patients with AIS C or D as 

well. Methods Four cervical level chronic SCI patients with AIS C or D were enrolled (AIS C = 

2, AIS D = 2), and the range of post-injury years was from 1.5 to 10 years, and the average age 

was 56.25 ±7 years at the time of implant. Three individuals revealed gait instability and walking 

with assistance and one could not stand or walk independently with minimal motor activity. 

They received an individualized rehabilitation program plus multi-mode electrical stimulation 

treatment for 36 weeks. This study used surface electromyography (EMG) to measure lower limb 

muscles and applied GAITRite walkway systems to evaluate gait. Results The improvement 

percentage of walking gait was more than 30% for patients with 1.5 to 3 injury years (35% - 

92%). In contrast, the patient with 10 years SCI showed trivial improvement. Nevertheless, the 

analysis results of muscular activity indicated a significant increase (P < 0.05) under EES 

treatment. Moreover, one patient with AIS C improved to AIS D. Conclusion We observed that 

EES enables faster recovery of lower limb function for patients with C or D, but there were still 

some factors lead to variable improvement. We found that longer duration injury (injury 

year≧10 years) might cause EES to improve neuroplasticity obscurely in corticospinal motor 

circuitry. However, EES for activating spinal cord circuitry under EMG analysis all showed 

significant enhancement. We suggested that SCI patients with long-term injury might need 

combinational therapeutic approaches to facilitate effectiveness of EES and enhance 

corticospinal circuit motor plasticity. 
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Abstract: Pain is an unpleasant emotional perception driven by the transformation of sensory 

neural signals into affective-cognitive information in cortical regions, including the anterior 

cingulate cortex (ACC). Opioid action in the ACC lessens aspects of the aversive quality of pain 

through mu opioid receptors (MOR). We hypothesized that MOR-expressing and functionally 

nociceptive ACC neurons represent a crucial neural circuit cell-type to pain affect and 

pathological attention to chronic pain. Using single nuclei RNA sequencing of murine ACC 

(n=20 adult male mice), we found three cell-subtypes of Slc17a7 glutamatergic neurons were the 

most transcriptionally active to noxious stimuli. Transcriptional activity was identified by 

weighted expression of 139 immediate early genes (IEGs) and differential gene expression 

(DGE) analysis between nuclei from uninjured and chronic neuropathic pain mice. These cell-

subtypes all co-expressed Oprm1 along with single genetic identifiers of layer-specific 

ensembles in L2/3 IT, L5 ET, and L5 PT neurons, respectively. Gene ontology analysis revealed 

DGEs from neuropathic pain ACC nuclei were almost entirely related to synaptogenesis and 

plasticity mechanisms. To gain genetic access to ACC nociceptive-Oprm1 ensembles, we 

developed an intersectional approach combining genetic elements of IEGs and Oprm1 with 

retrograde viral recombinases. Thus, this approach drove expression of circuit mapping tools and 

optogenetic actuators with activity-, molecular-, and projection-dependency. To mimic opioid 

analgesia, we are starting studies in which ACC MOR+ nociceptive cell-types are inhibited with 

an iC++ opsin (on-going study, n=~25 adult male and female mice). Concurrently with this 

inhibition, pain-related behaviors are captured using a novel deep-learning system for unbiased 

pose-estimation of nocifensive behaviors. Our unpublished work will provide insight into the 

output projections of nociceptive ACC cell-types and subcortical input to this region. Notably, 

there is a possible reciprocal circuit between a subpopulation of medial basolateral amygdalar 

nociceptive cells and ACC L2/3 cell-types. Identifying the local cortical and brain-wide structure 

of the specific cell-type networks underlying opioid analgesia can aid the development of circuit-

targeted treatments for pain with improved selectivity and reduced addiction liability. 

Disclosures:  N.M. McCall: None. B.C. Reiner: None. R. Crist: None. J. Wojick: None. G.J. 

Salimando: None. M. Kindel: None. J. Stucynski: None. M. Kim: None. C. Ramakrishnan: 

None. K. Deisseroth: None. G.F. Corder: None. 

Poster 

540. CNS Pain and Touch Mechanisms in Preclinical Models 



Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 540.02 

Topic: D.02. Somatosensation – Pain 

Support: NIH/NIGMS DP2 1DP2GM140 923-01 (Corder) 

5T32DA028874-11 (Salimando) 

Title: The contribution of a parabrachial nucleus-to-central amygdala circuit to fentanyl 

withdrawal and hyperalgesia 

Authors: *L. WOOLDRIDGE1, G. J. SALIMANDO2, C. RAMAKRISHNAN3, K. T. BEIER4, 

K. DEISSEROTH3, G. F. CORDER2;  
1Univ. of Pennsylvania Neurosci. Grad. Group, Univ. of Pennsylvania Neurosci. Grad. Group, 

Philadelphia, PA; 2Dept. of Psychiatry, Univ. of Pennsylvania, Philadelphia, PA; 3Departments 

of Psychiatry and Behavioral Sci. and Bioengineering, Howard Hughes Med. Institute, Stanford 

Univ., Stanford, CA; 4Univ. of California, Irvine, Irvine, CA 

Abstract: Agonists for the mu opioid receptor (MOR), such as fentanyl, remain a frontline 

option for moderate to severe pain management. However, a range of highly aversive side effects 

limit their long-term clinical use, including dependence and withdrawal, as well as a paradoxical 

potentiation of pain known as opioid-induced hyperalgesia (OIH). Preclinical studies have 

associated neural hyperactivity in the capsular central amygdala (CeC) in opioid withdrawal and 

OIH. The molecular and functional cell-types in the CeC and the connected circuitries 

contributing to opioid withdrawal and OIH are not fully understood. Here, using a mouse model 

of fentanyl dependence, we characterized an opioid withdrawal-activated CeC population and 

tested its necessity to produce the behavioral correlates of withdrawal and OIH. To produce 

dependence, mice were given fentanyl (0.02 mg/mL) or untreated water (control) in their 

homecage drinking water supply for 8 days. By day 6, fentanyl-drinking mice increased 

mechanical and thermal hypersensitivity compared to both their pre-fentanyl baselines and to 

control mice, indicating the development of fentanyl-induced hyperalgesia. Furthermore, 

naloxone administration (1 mg/kg) on day 8 induced classic murine signs of withdrawal in 

fentanyl-drinking but not control mice. Fentanyl withdrawal also induced robust cFOS 

expression in the central amygdala, particularly in the anterior portion of the CeC, indicating that 

this region is highly active during opioid withdrawal. Fluorescent in situ hybridization 

(RNAScope) revealed substantial overlap between withdrawal-induced Fos and Prkcd mRNA, 

suggesting that the withdrawal-activated population overlaps with the pronociceptive CeC 

population expressing Protein Kinase C-delta (CeCPKCd). The MOR-rich parabrachial nucleus 

(PBN) sends a strong excitatory projection to the CeC, to transmit ascending threat-related and 

nociceptive signals from the spinal cord. Monosynaptic input tracing with a modified rabies virus 

in PKCd-Cre mice suggested that MOR-expressing PBN neurons (PBNMOR) send monosynaptic 

inputs to CeCPKCd neurons. Collectively, these data indicate a PBNMOR-CeCPKCd circuit and 

suggest a role for the CeCPKCd pronociceptive subpopulation in driving CeC hyperactivity during 

opioid withdrawal. Future studies will examine the the ability of PBNMOR inputs to the CeCPKCd 

population to drive opioid dependence- and OIH-related behaviors. 
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Abstract: Most pain experiences are perceived as aversive and are highly modifiable by 

attention, context, and experience. This shared and dynamic affective feature among pain types 

suggests the existence of a common and distributed set of neural circuits in the brain for 

transforming nociception into negative affective information. We recently identified a key neural 

ensemble in the basolateral amygdala (BLA) required for pain affective behaviors. However, it is 

not resolved how and to what function this BLA circuit integrates with cortical structures for 

pain perception, or how these integrated circuits are modulated during chronic pain states. 

Taking a whole-brain view, using immediate early gene mapping in combination with an 

activity-based rabies viral tracing screen, in iDisco++ cleared tissue, we identified several brain 

regions that directly synapse onto the BLA nociceptive ensemble with increased labeling during 

the chronic pain state, which is indicative of persistently elevated levels of activity that 

correspond to elevated intrinsic excitability. Among these sensitized input regions was the 

anterior insular cortex (AIC).To determine the functional role of this AIC->BLA circuit in pain 

we employed an intersectional genetic approach to silence these projection neurons using a viral-

transduced inward rectifying potassium channel. We found that inhibition of AIC->BLA cell-

types prevented sensitization of nocifensive behaviors following repetitive noxious thermal 

stimulation, and decreased sensitivity to noxious thermal stimuli in a temperature place-

preference assay, without changes to overall locomotion. Our results raise the possibility that the 

AIC might shape the excitability of subcortical circuits such as the BLA to drive top-down 

facilitation of pain chronification. We are now exploring inhibition of this circuit prior to a 

chronic pain-inducing injury for its contribution to neuropathic pain development, and further 

investigating the molecular, genetic, physiological underpinnings of the larger connected 

pathways with the AIC and BLA. 
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Abstract: Opioid analgesics engage mu opioid receptor (MOR) signaling across multiple brain 

regions to alleviate pain. Notably, the ventrolateral periaqueductal gray (vlPAG) plays a dual 

functional role for both nociceptive processing and robust antinociception. However, the 

molecular identity, signaling dynamics, and plasticity of MOR+ neurons in vlPAG, as well as 

their role in acute and chronic pain, remains unclear. Here, we characterized the nociceptive 

MOR+ neural populations in the vlPAG to gain insight into the molecular markers and temporal 

dynamics that define this functional ensemble. To this end, we employed mouse and viral genetic 

approaches to capture, monitor, and manipulate vlPAG cell-types at the intersection of 

nociception and molecular MOR expression across acute and inflammatory pain states. Using the 

targeted recombination in active populations (TRAP) approach, we found a gradient in pain-

active vlPAG neurons that increased posteriorly, suggesting spatial heterogeneity in vlPAG with 

respect to pain processing. Next, we distinguished molecular markers of pain-active vlPAG 

MOR+ neurons, such as Vglut2 and Vgat, while further defining the projection targets of MOR+ 

cells using TRAP. Capitalizing on a MOR promoter-driven viral vector, we used in vivo fiber 

photometry imaging to record calcium transient activity reported by fluorescence of the 

genetically encoded calcium indicator GCaMP6f in MOR+ vlPAG neurons. With this approach, 

we discovered that vlPAG MOR+ neurons broadly demonstrate increased calcium activity in 

response to acutely noxious stimuli that was suppressed by morphine. Additionally, calcium 

activity in this population was enhanced following induction of Complete Freund’s Adjuvant 

inflammatory pain. In contrast to the MOR+ population, optogenetic activation of 

enkephalinergic neurons in vlPAG produced antinociception during hotplate exposure indicating 

a potential local microcircuit that blunts the activity of MOR+ neurons and associated pain 

behavior. Experiments employing chemogenetic manipulation of vlPAG MOR+ neurons are 

ongoing, which test our hypothesis that inhibition of vlPAG MOR+ neurons will be 

antinociceptive while activation of the same neurons will be pronociceptive. In total, we have 

uncovered important properties of MOR+ neuronal populations and pathways in the vlPAG, a 

critical nociceptive brain region. These data will inform targeted interventions to selectively 



modulate pain-related neurocircuitry and thereby mitigate the harmful effects of prescription 

opiates. 
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Abstract: Why does the experience of pain hurt, feel unpleasant, and lead to protective 

behaviors? A key first step to understand this aversive aspect of pain is to functionally and 

genetically identify nociceptive neurons connected across affective-motivational neural circuits, 

and how injury and chronic pain alter the dynamics of these nociceptive cell-types. We recently 

identified a nociceptive subpopulation of negative valence basolateral amygdala (BLA) neurons 

essential for pain aversion. Here, we used targeted recombination in active populations (TRAP) 

mice to genetically capture nociceptive BLA neurons (nociTRAP) and to test their necessity and 

sufficiency to produce nociceptive hypersensitivity and negative affective behaviors. Next, we 

imaged bulk fluorescent calcium activity of nociTRAP and negative valence Rspo2+ BLA somas 

and axon terminals in a downstream target of nociTRAP BLA neurons—the nucleus accumbens 

Shell (NAcSh)—across the transition from acute to chronic neuropathic pain. Broadly, aberrant 

activity of the NAcSh has been linked to motivational deficits in chronic pain, yet much remains 

unknown regarding specific NAcSh nociceptive cell-types or their modulation by BLA 

nociceptive neurons. Surprisingly, we found Rspo2+ BLA axon terminals, which spread across 

the anterior-posterior axis of the NAcSh, are largely inhibited in response to highly-salient 

noxious and non-noxious stimuli. Using histological methods, we found a previously unreported 

posterior medial NAcSh subnuclei—anatomically encompassed by the Islands of Cajella granule 

cell clusters—that contains numerous nociTRAP neurons. This region, which we termed the 

“NAcre” (named after the inner shell layer of mollusks), receives projections from nociceptive 

BLA neurons. Importantly, the majority of acute nociTRAP NAcre neurons also display 

increased immediate early gene FOS expression to light touch following a peripheral nerve 

injury, revealing consistent activation across pain states independent of stimulus sensory 



modality. Finally, we found nociTRAP NAcre neurons, while molecularly heterogeneous, were 

primarily medium spiny neurons expressing dopamine receptor 2 and kappa opioid receptor 

mRNA. In total, the NAcre is a nociceptive subregion of the posterior medial NAcSh that 

receives transmissions from the BLA and may be involved in pain-related kappa opioid aversion 

processes. Further work will determine the necessity and sufficiency of the NAcre and the BLA 

axon projections it receives for affective-motivational behaviors in acute and chronic pain states. 
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Abstract: Our sensory systems respond not only to external sensory information but also to self-

generated information caused by our movement. For example, we feel less when we move. This 

phenomenon is known as sensory attenuation. Although the sensory attenuation of cutaneous 

afferent input to the CNS is well documented, that of a proprioceptive afferent signal is not. 

Furthermore, it is unclear if the comparable modulation of afferent sensory input could also be 

triggered by the non-motor-related events, e.g., action observation. To address these questions, 

we recorded somatosensory-evoked potentials (SEPs) from Brodman's area 3a (BA3a) by 

applying electrical stimuli to the cuff electrode implanted in the deep radial nerve (DR: muscle 

afferent of wrist extensor) (DR-SEPs) and that from BA3b from the superficial radial nerve(SR: 

cutaneous afferent from wrist dorsum)(SR-SEPs) while monkeys performing reaching and 

grasping (self-movement) (n=2), and observing person sitting in front of monkeys performing 

the same task (action observation)(n=1). During self-movement task, we found that the size of 

DR-SEPs (p < 0.01), not only the SR-SEP (p < 0.01), was significantly suppressed in the 

movement phase compared to the pre-movement control period (inter-trial-interval; t-test). 

Therefore, we conclude that the cortical SEPs evoked by muscle and cutaneous afferents show 

sensory attenuation during movement execution. Interestingly, we also found two contrasting 

results between DR- and SR-SEP's modulation during the self-movement and action observation 

tasks. First, while the onset of DR-SEP attenuation was after the movement initiation, that for 

SR-SEP attenuation is before the movement onset in the self-movement task (p < 0.01). Second, 



while we found no difference in the size of DR-SEPs during the task, the size of SR-SEPs was 

consistently larger throughout the action observation task; and that was also a more significant 

pre-movement control period during the self-movement task, both compared with the inter-task 

interval period. These differences between DR-SEPs and SR-SEPs suggest the differential source 

of sensory gain modulation to the primary sensory cortex's proprioceptive and cutaneous sensory 

input. While the sensory attenuation of the proprioceptive input could be driven robustly by the 

efference copy of volitional motor command, the cutaneous signal could be more flexibly 

modulated depending on its value for current and future movement. 
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Abstract: Neuropathic pain evokes typical symptoms such as allodynia or hyperalgesia that 

persists for days or years, and the enhancement of synaptic plasticity deteriorates the symptoms. 

The insular cortex (IC) is involved in pain perception, and the neural plasticity in the IC can be 

induced by nerve injury. Although many treatments have been developed to attenuate the 

neuropathic pain, the side effects and tolerance remained. Therefore, many prospective cases of 

brain stimulation in neuropathic pain have reported the pain-relieving effect. However, the 

fundamental mechanisms of brain stimulation, especially the IC stimulation (ICS), are still 

elucidated. This study aimed to investigate the pain-relieving effect induced by ICS in 

neuropathic rats and elucidate the mechanisms of the synaptic plasticity modulation through ICS. 

Behavioral tests were conducted to observe the pain-relieving effects in neuropathic rats. 

Western blot was performed to identify the changes in the expression level of synaptic plasticity-

related receptors such as the subunit of N-methyl-D-aspartate receptor (NMDAR), and α-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) after ICS. Proteomics was 

conducted to detect specific proteins which contributed to pain attenuation by ICS among the 

groups. Consequently, neuropathic pain was alleviated by ICS at 50 Hz-120 µA. Although ICS 



was stopped, the alleviation effect was maintained for 4 days. The expression level of NR2A 

which is a subunit of NMDAR was not changed between groups. However, the expression levels 

of AMPAR and NR2B was significantly decreased in ICS group than sham stimulation group. 

Bioinformatics analysis of proteomics suggested that collapsin response mediator protein 2 

(CRMP2) was markedly altered between the groups. These results inferred that the ICS reduced 

the long-term potentiation (LTP) and CRMP2 could attenuate LTP accompanied by neuropathic 

pain following neural injury. 
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Abstract: Chronic pain and major depressive disorder are two pathologies with a strong 

comorbidity. The anterior cingulate cortex (ACC) is a brain structure involved in both 

pathologies. Its activity appears important in the development of anxio-depressive like behaviors, 

but the underlying mechanisms remain unclear. While most studies try to explain modification in 

activity with plasticity in glutamatergic (GLU) cells, we characterized the activity of GABAergic 

(GABA) cells and the effect of the inhibition on GLU cells in the ACC of a mouse model of 

chronic pain-induced depression (CPID). We used adult male mice that underwent a sciatic nerve 

constriction surgery as an experimental model of neuropathic pain. Control animals had the 

nerve exposed but not constricted. Eight weeks after surgery, animals presented mechanical 

hypersensitivity and anxio-depressive like behavior. All animals received an injection in the 

ACC of an adeno-associated virus encoding the light-sensitive channel Channelrhodopsin 2 

(ChR2) under the mDlx enhancer for selective expression in GABA neurons. The ACC activity 

was studied by recording single cell activity in vivo in animals anaesthetised with urethane and 

isoflurane. Recordings were performed with an all-glass micro-optrode allowing simultaneously 

extracellular electrophysiological recordings and optogenetic stimulations. Locally delivered 

light stimulations allowed identification of the cell types and to characterize their 

electrophysiological properties. Recordings were obtained from 28 animals with CIPD and 30 



control animals. We found that GABA cells of CPID animals were less able to sustain firing to 

repetitive light stimulation than those of control animals (P < 0.05; 2-ways ANOVA). 

Consistently, putative GLU cells of CPID animals were less inhibited by increasing frequency 

stimulation than those of control animals (P < 0.05; 2-ways ANOVA). Finally, a subset of GLU 

cells displayed a rebound of activity after being inhibited and that rebound was larger in CPID 

animals than in controls (P < 0.001; non-linear regression test). The results indicate that, in the 

CPID model, GABAergic inhibition in the ACC is impaired and this appears linked to changes in 

intrinsic excitability of GABA neurons. The inhibition of GLU cells appear to be also reduced 

because of rebound excitation following optogenetic inhibitory control. These findings could 

lead to the implementation of a new treatment for depression induced by chronic pain allowing 

re-establishing a physiological activity level. 
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AbstractThe amygdala, being a central hub for processing and tuning pain signals, has been 

implicated in many debilitating chronic pain conditions. We have recently shown that 

dysregulation of GluD1-Cbln1 signaling in the central amygdala contributes to aversive and 

affective behaviors in inflammatory and neuropathic pain. Specifically, downregulation of 

GluD1 and Cbln1 was found in the central amygdala in pain models. Administration of Cbln1 

through intra-cerebroventricular (icv; 1.5ug/1.5ul) and intra-central amygdalar (iCeA; 

250ng/0.5ul) route in the inflammatory pain models were found to be highly effective in 

relieving pain. In contrast, recombinant Cbln1 was ineffective in reducing pain-related behaviors 

in GluD1 KO mice demonstrating GluD1-dependent action of Cbln1. In the present study, we 



explored the physiological role of Cbln1 in normal animals and the structural-functional aspect 

of GluD1-Cbln1 signaling relevant to the pain pathway. Administration of recombinant Cbln1 in 

normal wild type animals increased the hypersensitivity and decreased the paw withdrawal 

threshold. This effect was completely abolished by iCeA co-administration of D-serine. 

Moreover, D-serine by itself did not produce any significant effects when administered into CeA 

in control wild type animals. These results imply that D-serine potentially reduces the 

hypersensitivity caused by Cbln1 in wild type animals. The effect of D-serine was in agreement 

with our previous results which showed that the D-serine blocked the analgesic effect of the 

Cbln1 in the CFA injected WT animals. In the ongoing studies we are exploring the dependency 

of the D-serine’s effect through GluD1. 
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Abstract: Grey matter volume (GMV) changes due to chronic pain have been extensively 

studied in humans, showing the cingulate and insular cortices to be the main areas of the brain 



undergoing a change in GMV within two months after onset of chronic pain. However, the 

underlying neurobiological mechanisms behind the development of chronic pain and changes in 

GMV are poorly understood. The goal of the project was to investigate the cellular 

underpinnings of GMV alterations in chronic pain and provide a basis for novel strategies for 

prevention and therapy of this debilitating disease. 

In a longitudinal study design, a MRI-compatible chronic cranial window was implanted on top 

of the prefrontal cortex of male mice expressing eGFP in all cell nuclei (HIST1H2BB/EGFP, 7-9 

weeks old), allowing in vivo two photon volumetric imaging and analysis of all cell nuclei as 

well as the reidentification of the same imaging location over time. MRI imaging (voxel-based 

morphometry, diffusion tensor imaging) was performed in parallel to in vivo two-photon 

imaging of the anterior cingulate cortex (ACC) at different timepoints up to 12 weeks after the 

induction of chronic neuropathic pain with the spared nerve injury model (SNI). Additionally, 

behavioral paradigms were employed during acute pain and progression towards chronic pain to 

capture emotional effects of pain. Using a combination of distinct nuclear features (intensity, 

morphological and texture) of the eGFP signal, a deep learning neural network was trained with 

ground truth data to reliably identify different cell types (neuronal, astroglial, oligodendroglial, 

microglial and endothelial) based on their respective nuclear features. Preliminary analysis of 

behavioral data show depressive and anxious behavior phenotypes in SNI mice. Analysis of 

imaging data reveals differences between sham-operated and SNI mice regarding nuclei 

properties and tissue volume, which correlate significantly with GMV change and behavior. 

Furthermore, employing the newly developed nuclei classification algorithm, changes caused by 

chronic pain affecting a few specific cell types could be identified. 

In summary, this study established a novel multi-modal imaging approach suitable to provide a 

more comprehensive understanding of the cellular mechanisms underlying changes in GMV 

caused by chronic pain, to answer major open questions in the field of pain research. 
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Abstract: Chronic pain is an abnormal pain sensation that persists longer than the temporal 

course of natural healing. It interferes with the emotional well-being of the patient and leads to 

several comorbidities, such as anxiety and depression. It has been hypothesized that chronic pain 

is due to abnormal, maladaptive neuronal plasticity in the structures known to be involved in 

pain perception (Bliss et al. 2016). This means that nerve injury would trigger long-term 

potentiation of synaptic transmission in pain-related areas (Zhuo et al. 2013). Our hypothesis is 

that the aforementioned maladaptive plasticity in these brain areas could be key mechanisms for 

the development of comorbidities, such as anxiety and depression. This study aimed at 

identifying, using functional ultrasound (fUS) imaging, how the functionality of brain networks 

is altered in link with neuropathic pain and/or the associated comorbidities. We measured the 

functional connectivity (FC) at rest in awake, head fixed animals: I) naïve, II) subjected to 

neuropathic pain (2W cuffing of the sciatic nerve), or III) during the emergence of either anxiety 

(8W) or IV) depression (12W).The experiments were performed in awake, head-restrained 

animals. We measured functional connectivity at rest, transcranially, in 3 different sagittal planes 

overtime. N=20 mice (n=9 Sham and n=11 neuropathic) were included in the study and each 

animal was re-imaged several times and overall, n=98 acquisitions were generated (n=47 Sham 

and n=51 neuropathic). Our results show alterations of the intrinsic connectivity between control 

(Sham) and neuropathic (NP) mice (treatment effect), in specific regions of the ‘pain network’ at 

2W. More precisely: in the neuropathic group, the connectivity between the different subregions 

of the insula (AID, AIP, AIV) and as well between somatomotor regions is increased compared 

to the sham group.On the other hand, at the following time points (8W and 12W) the FC changed 

but similarly changing in both groups, suggesting a time effect that could be interpretated as 

linked to the aging of the animal, more than to a treatment effect. In conclusion, the results at 2W 

supports our hypothesis that the ‘pain network’ undergoes a maladaptive plasticity during the 

development of neuropathic pain. However, the changes associated with comorbidities are more 

complex and suggest that an ageing affect might be involved as well. 
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Abstract: The insular cortex (IC) is essential for regulating nociception and is associated with 

pain behavior. However, analgesic effects of glial inhibition in the IC have not yet been 

explored. The aim of this study was to investigate pain-relieving effects after glial inhibition in 

the IC during the early or late phase of pain development. The effects of glial inhibitors in early 

or late phase of neuropathic pain were characterized in astrocytes and microglia expressions in 

the IC of an animal model of neuropathic pain. Changes in withdrawal responses during different 

stages of inhibition were compared and morphological changes in glial cells with purinergic 

receptor expressions were analyzed. Inhibition of glial cells had an analgesic effect that persisted 

even after drug withdrawal. Both GFAP and CD11b/c expressions were decreased after injection 

of glial inhibitors. Morphological alterations of astrocytes and microglia were observed with 

expression changes of purinergic receptors. These findings indicate that inhibition of glial 

activity in the IC alleviates chronic pain, and that purinergic receptors in glial cells are closely 

related to chronic pain development. 
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Abstract: While the expression and/or availability of forebrain neurokinin-1 receptors (NK1Rs) 

are altered in chronic pain in both human and rodent, their function in chronic pain, especially 

neuropathic pain remains unclear. The NK1R are canonical receptor for substance P (SP) and 

have been extensively studied for their role in nociception, especially in the spinal cord and 

brainstem. Interestingly, the NK1R in the forebrain medial septum (MS) are localized 

exclusively on cholinergic neurons. The septal cholinergic neurons project both to the medial 

prefrontal cortex (mPFC) and the hippocampus. All three regions, namely MS, the mPFC and the 

hippocampus are implicated in nociception. In the present study we have explored the hypothesis 

that a NK1R-cholinergic neurons axis in the septo-hippocampus mediate experimental 

neuropathic pain. In this context, our investigations show that optogenetic stimulation (20Hz, 

25mW) of septal cholinergic neurons in mice, or intraseptal microinjection of SP (2ug/ul, 0.5ul) 

in rat evoked hyperreflexia in uninjured animals. The hyperreflexia was marked by a decrease in 

paw withdrawal threshold (PWT) to mechanical stimuli and the paw withdrawal latency (PWL) 

to thermal stimuli. The hyperreflexia was attenuated by systemic atropine sulphate (5mg/kg, 

i.p.), an antagonist at muscarinic-cholinergic receptors. This suggests that SP excites septal 

cholinergic neurons to evoke aversive behaviour. Consistently, intraseptal SP also evoked a 

conditioned place avoidance. Furthermore, intraseptal microinjection of L-733,060 (0.0176ug/ul, 

0.5ul), an antagonist at NK1Rs, or bilateral microinjection of atropine (0.007ug/ul, 0.5ul) or 

mecamylamine (2ug/ul, 0.5ul), an antagonist of nicotinic receptor, into dorsal hippocampus (DH) 

attenuated peripheral hypersensitivity (PH) in chronic constriction injury model (CCI) of 

neuropathic pain. While pre-emptive destruction of septal cholinergic neurons prevented the 

development of PH. Collectively, the preceding suggests that an axis of septal NK1R-cholinergic 

neurons with DH mediate the development and maintenance of experimental neuropathic pain. 

Interestingly, the antinociceptive effect of intraseptal L-733,060 was submaximal, partially 

reducing PH and the cellular responses in forebrain mPFC but not spinal cord. While 

microinjection of cholinergic antagonists into DH reversed PH and attenuated cellular changes in 

both forebrain and spinal cord. Thus, while nociception-induced activation of septal NK1R 

evoke a submaximal nociception, the nociception-induced cholinergic activation evokes a 

maximal nociceptive drive through downstream DH. 
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Abstract: Pain is an unpleasant sensory experience triggered by noxious stimuli, which 

provokes essential protective behaviors against life threatening events. Changes in neural activity 

within distinct regions of the anterior cingulate cortex (ACC) are known to be linked to many 

psychological and motor functions and have also been shown to take part in regulating pain-

related behaviors. Yet, there is very limited understanding on the mechanism by which the ACC 

regions assign the emotional condition to nociceptive information to generate pain aversion at 

neural circuit and cellular levels. Here we investigate the functionality of the neural circuits 

potentially regulating pain behaviors by focusing on pain-activated neurons in the ACC using c-

Fos-2A-iCre (TRAP2) mice combined with neuroanatomy and chemogenetics under a chronic 

pain condition. We observed that the application of light touch, generally a non-painful stimulus 

for naïve animals on injured hindpaw prominently increases c-Fos expression in the ACC 

compared to that in uninjured mice. Selectively inhibiting these pain-activated ACC neurons via 

hM4Di receptors (an inhibitory DREADD, Designer Receptors Exclusively Activated by 

Designer Drugs) reduced affective pain, as demonstrated by the development of conditioned 

place preference. Interestingly, these chronic pain-dependently activated ACC neurons 

represented are responsible for regulating sensory pain. In neuroanatomical analysis using 

TRAP2 mice crossed with Ai9 (Cre-dependent tdTomato reporter) mice combined with a 

retrograde tracer, we also found a greater percentage of specific activated ACC circuits in 

chronic pain animals compared to non-injured animals. These findings provide us with 

information about the ACC circuitries potentially regulating distinct pain behaviors under 

chronic pain conditions. 
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Abstract: Pain is initiated by the activation of nociceptors that innervate the skin and internal 

organs. Nociceptive signals are propagated into the spinal cord and then transmitted to the brain 

by spinal cord projection neurons (PNs). These spinal PNs are attractive therapeutic targets for 

pain treatment because nociceptive signals emanating from the periphery are channeled through 

these spinal cord output neurons en route to the brain to produce pain sensations. 

Spinoparabrachial (SPB) neurons, a major population of spinal PNs that innervate the lateral 

parabrachial nucleus of the pons, represent an ideal neuronal population for developing new 

approaches to treat pain because they convey touch and pain information to higher brain centers 

that control the affective aspects (i.e., emotional “feelings”) of touch and pain. Previously, we 

showed that Tacr1+ and Gpr83+ SPB neurons form two largely-nonoverlapping subdivisions of 

the SPB pathway that cooperate to convey tactile, thermal and noxious signals from the spinal 

cord to the brain. To further define the contribution of each SPB subdivision to pain sensation 

and associated behavioral responses to noxious stimuli, we have begun to examine the effects of 

acute silencing of Tacr1+ and Gpr83+ SPB neurons, individually or simultaneously, on 

nocifensive behaviors using a newly generated dual recombinase-dependent SYP1-miniSOG 

mouse line that enables selective, light-dependent silencing of synaptic transmission. In addition, 

to determine if neuropeptide signaling mediated by either TACR1, GPR83 or both in the spinal 

cord is required for pain transmission, we also have begun to examine acute and neuropathic pain 

behaviors following spinal cord-specific deletions of the Tacr1 and Gpr83 genes using mouse 

lines that harbor conditional alleles of Tacr1 and Gpr83 in conjunction with spinal cord specific 

Cre lines. Collectively, these behavioral analyses will provide insights into the functions of 

Tacr1+ and Gpr83+ SPB neurons and neuropeptide signaling mediated by the TACR1 and 

GPR83 GPCRs in acute and neuropathic pain and may reveal novel therapeutic targets for 

treating pain. 
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Abstract: In both clinical settings and in preclinical models, specific electroencephalographic 

(EEG) frequencies increase during high pain states. In collaboration with the NIH HEAL 

Initiative Preclinical Screening Platform for Pain (PSPP) we conducted a longitudinal evaluation 

of the EEG for pain signatures in the spinal nerve ligation (SNL) model of pain in male and 

female Sprague Dawley rats for a period of 120 days following SNL surgery. Naïve, Sham and 

SNL rats were implanted for EEG recordings. Ligation of the L5 and L6 spinal nerves was 

performed as described in Kim and Chung (1992). Gait analyses and paw withhold threshold 

were also analyzed and reported elsewhere. EEG recording was performed in freely behaving 

rats for ~22 hours and analyzed to identify quiet wake epochs using an automated wake 

classifier. Quiet wake epochs were detected using an in-house developed algorithm based on 

Recurrent Neural Networks. The algorithm was trained with rat EEG data scored by humans for 

10-s epochs corresponding to resting wake periods (defined as alertness with no locomotor 

behavior) and removed epochs with artifact. Absolute Theta (4-8 Hz), Low gamma (30-50 Hz), 

and High gamma (65-100 Hz) power was extracted from wake periods using a MATLAB 

program written by Carl Saab and colleagues (Saab et. al, 2012, 2013). For normalization, we 

selected a period with stable quiet wake behavior (the first 6 h of the dark phase) and generated 

mean pre-SNL EEG power. To minimize inter-subject variability, each subject’s post-SNL 

frequency power data was normalized by their corresponding pre-SNL baseline. All statistical 

analysis were conducted using the Linear Mixed Model with random intercepts and random 

slopes on Time nested within Session (day). A significant and sustained S1 EEG theta power was 

observed in the female SNL group as compared to the Naïve and Sham groups. There was a 

transient elevation of S1 theta in female Sham rats following surgeries (D7-D21) as compared to 

the naïve controls. A trend for an elevated theta power in PFC in the males failed to reach 

significance. Low and high Gamma did not show any significant changes in the SNL model. 

These data and any other relevant ongoing analyses will also be discussed. 
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Abstract: During food deprivation, food intake must be prioritized over non-essential behaviors 

to ensure survival. For example, protecting an injury from further damage is important, but 

cannot come at the expense of starvation. We have recently demonstrated that hunger suppresses 

persistent pain through a hypothalamic-to-parabrachial circuit that is activated during caloric 

deficit. Agouti-related protein (AgRP)-expressing neurons in the arcuate nucleus projecting to 

the lateral parabrachial nucleus (lPBN) suppress behavioral pain responses in several models of 

persistent and chronic pain. AgRP neurons projecting to the lPBN suppress persistent pain 

through the release of neuropeptide Y (NPY) onto the Y1 NPY receptor. We have determined 

that the site of action is on Y1 receptor (Y1R)-expressing neurons in the lPBN. lPBN Y1R 

neurons are activated during pain and are anatomically positioned to integrate pain and hunger 



information. In addition, Y1R neurons condition a strong place avoidance and are required for 

proper expression of pain behavior. Hunger or AgRP neuron stimulation selectively attenuates 

Y1R neuron activity during long term inflammatory pain but not during acute nociceptive 

stimuli. Together, our work suggests that lPBN Y1R neurons are integrating hunger and 

nociceptive information to prioritize food intake over the response to persistent pain to promote 

survival. 
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Abstract: Pain is a complex experience with sensory, emotional and cognitive dimensions. We 

recently reported the discovery of a discrete ensemble of neurons in the basolateral amygdala 

(BLA) that encodes, and is causally responsible for, pain negative emotions (i.e., the unpleasant 

quality of pain) (Corder, Ahanonu et al., Science, 2019). To determine the molecular identity of 

nociceptive amygdalar neurons, we profiled the gene expression of individual neurons active 

during nociception using single-cell RNA-sequencing (scRNA-seq). We labeled active neurons 

using the TRAP2;Ai14 reporter system, in which induction of the immediate-early gene c-Fos 

results in tdTomato expression in neurons during administration of 4-OHT. To generate activity 

in nociceptive circuits, we used an established model of pain, injecting the algogen formalin into 

the left hindpaw. Cells of the amygdala were dissociated and sorted into 384-well plates, and the 



libraries were processed with SmartSeq2. From 13747 sequenced cells, we selected 9695 high-

quality cells for further analysis. We distinguished neuronal (5092) from glial (4603) cells based 

on clustering and analysis of known markers Snap25 and resolved GABAergic and glutamatergic 

subpopulations of neurons by expression of Gad1 and Gad2 versus Slc17a7 and/or Slc17a6, 

respectively. We classified 17 major neuron types and 28 subtypes of amygdalar neurons. 

Mapping the spatially resolved patterns with which the marker genes defining cell types are 

organized establishes a comprehensive amygdalar neuron atlas. 

Next, we integrated our scRNA-seq results with published literature regarding the function and 

cell types of amygdalar neurons to guide the discovery of amygdalar analgesic drugs. For 

example, we identified Rspo2-expressing BLA neurons that serve well-established functions in 

negative valence-related behaviors. We initially focused our search for therapeutic targets on 

enriched G protein-coupled receptors (GPCRs), which are highly druggable biological targets. 

We have tested agents engaging these GPCR targets in several pain assays to determine their 

potential clinical utility. Our data suggest that several of the target GPCRs indeed show 

antinociceptive activity. Considering our prediction that the tested drugs modulate multiple pain-

related pathways, we derived a combination strategy of three drugs that synergize to enhance 

analgesia. Together, our findings establish the molecular structure of the nociceptive amygdala 

and identify highly druggable targets for the development of analgesics against pain 

unpleasantness across pain types. 
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Abstract: Motor cortex stimulation (MCS) reduces pain experience in chronic pain patients. 

However, how motor cortex modulates activity in pain circuits to induce analgesia is not known. 

Here, we engineered a miniature transcranial magnetic stimulation (TMS) device that models the 

human subjects' most commonly used non-invasive stimulation technique to investigate MCS-

induced analgesia mechanisms in mice. Similar to TMS devices used in the clinic, this device 

induces a magnetic field of ~1 Tesla by passing an electric current through an electromagnetic 

coil. We tested this TMS device in a mouse model of trigeminal neuropathic pain induced by the 

constriction of the infraorbital nerve. Strikingly, we observed that TMS targeting the mouse 

motor cortex decreased reflexive and affective-motivational pain behaviors in a dose-dependent 

manner for up to two weeks. Furthermore, subcutaneous injection of naloxone, a nonselective 

opioid receptor antagonist, prior to TMS of the motor cortex blocked MCS-induced analgesia. 

This result suggested that MCS relies on endogenous opioid signaling, either during or after 

stimulation, to reduce pain. Thus, we next used viral and genetic tools to identify candidate brain 

regions activated during MCS, focusing on several pain experience-related areas such as the 

amygdala, periaqueductal gray (PAG), and rostral ventromedial medulla (RVM). Our data, 

alongside fMRI studies in human subjects, suggested that descending pain control pathways 

might contribute to MCS antinociception. To determine whether opioidergic descending pain 

control pathways are required for MCS to generate analgesia, we injected naloxone intracranially 

into the RVM before MCS treatment. Mice injected with naloxone but not vehicle into the RVM 

showed no pain reduction, suggesting endogenous opioid signaling in the RVM mediates MCS 

antinociception. Together, this research describes a new device to model TMS in rodents and 

establishes the molecular and circuit mechanisms by which MCS generates analgesia. 

Collectively, these approaches provide a promising route to developing optimized 

neurostimulation protocols for treating chronic pain patients. 
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Abstract: The observation of another undergoing a painful or stressful experience elicits 

emotional and physiological events that are detectable by analyzing general neural activation in 

the cingulate cortex and requires neural activity in insular neurons to elicit approach behavior. At 

a neurophysiological level, the endogenous opioid receptor system plays an important role in 

attention to social visual cues, endogenous pain modulation and pain perception; however, the 

role of opioid receptors in modulating empathetic or social approach behavior has not well 

characterized. Here, we examined the role of mu (MOR), delta (DOR), and kappa opioid 

receptors (KOR) in modulating social approach behaviors towards a sibling in pain. Systemic 

blockade of opioid receptors (MOR, DOR and KOR) all reversed social preference for a female 

sibling in pain. C-fos expression was elevated in the midcingulate cortex (MCC) of females 

interacting with a sibling in pain compared to controls. Treatment with a MOR, DOR or KOR 

antagonist also reduced c-fos in the MCC. Inactivation of the ACC resulted in reversed approach 

behaviour in female siblings, indicating that the ACC is necessary for social approach to a 

sibling in pain. Together these findings point towards distinct modulation of pain-related 

behaviours due to social context. 
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Abstract: Introduction: Lesion studies show that ablating the anterior insula attenuated facial 

expressions of pain as measured by the Mouse Grimace Scale (MGS), while leaving the intensity 

of pain unchanged as measured via reflexive behaviour. Our aim was to replicate this finding 

using chemogenetics, in service of a broader goal of mapping the neuroanatomical and 

neurochemical basis of grimacing behaviour and pain affect. 

Methods: We expressed inhibitory designer receptors [designer receptors exclusively activated 

by designer drugs (DREADDs)] in the anterior insula of adult male and female CD-1 mice. After 

4-6 weeks of viral transfection, we evaluated pain behaviour in these mice using the acetic acid 

(AA) abdominal constriction test Abdominal constrictions (i.e., writhing behaviour) and facial 



grimacing (via the MGS) were captured using videos collected for 30 minutes both before 

(baseline) and immediately after an intraperitoneal (i.p.) injection of 10 ml/kg of 0.9% acetic 

acid immediately followed by either the DREADD-activating ligand clozapine-N-oxide 

(CNO+AA) or vehicle solution (VEH+AA). Results: Mice that received CNO+AA showed 

significantly attenuated grimacing compared to mice that received VEH+AA. There was no such 

difference in abdominal constrictions (writhing). 

Conclusions: Chemogenetically inhibiting the insula to control the affective component of pain is 

a crucial step in illuminating circuit-type and cell-type specificity in different aspects of the pain 

experience. Ongoing research using Cre lines will allow us to identify with specificity and 

directionality, a proposed pain network wherein we can map the circuitry involved in different 

aspects of the pain experience. 
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Abstract: Pain is a complex experience consisting of sensory, affective-motivational, and 

cognitive dimensions. Hence, identifying the multiple neural pathways subserving these 

functional aspects is a valuable task. The role of the dentate gyrus (DG) as a relay station of 

neocortical afferents in the hippocampal formation (HF) in the mediation of antinociceptive 

responses induced by lateral hypothalamus (LH)-stimulation in different animal models of pain 

is still a matter of controversy. Adult male Wistar rats weighing 220-250 g were unilaterally 

implanted with two separate cannulae into the LH and DG. Intra-DG administration of the 

orexin-1 receptor (OX1R) antagonist, SB334867, or the orexin-2 receptor (OX2R) antagonist 

TCS OX2 29 was performed just 5 min before intra-LH carbachol microinjection. Animals then 

underwent the tail-flick test as a model of acute pain and the formalin test using injection into the 

plantar surface of the hind paw as a model of persistent pain. The results showed that OX1R and 

OX2R antagonists dose-dependently decreased antinociceptive effects of carbachol in both tail-

flick and formalin tests. In addition, the results obtained from the tail-flick test demonstrated the 

more prominent role of OX1R in the DG in carbachol-induced antinociception compared to that 



of OX2Rs in this region. According to the formalin test results, the preventive effect of 

SB334867 or TCS OX2 29 on carbachol-induced antinociception was approximately equal in 

both early and late phases of formalin nociception. Pain modulatory role of the orexinergic 

system through a neural pathway from the LH to DG region suggests an alternative approach to 

developing more efficient therapeutic agents in the clinical setting. 
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Abstract: Objectives & rationale  

Stressful life events are known to exacerbate pain states but the underlying mechanisms linking 

pain with stress remain inadequately understood. A common regulator of stress and pain is the 

FK 506 binding protein 51 (FKBP51). FKBP51 modulates the glucocorticoid receptor (GR) 

sensitivity and is therefore important for the regulation of the stress response. Recently our lab 

has shown that FKBP51 is expressed in rodent central pain circuits and plays a key role in the 

development of chronic pain states, with mice lacking the protein FKBP51 being less 

hypersensitive after hind-limb joint inflammation or nerve damage than wild-type controls. 

Here, we explored whether stress in adulthood could exacerbate inflammation-induced 

hypersensitivity, hypothesising that FKBP51 contributes to the underlying mechanisms of the 

comorbidity between stress and pain. 

Methods  

Adult male C57BL6 mice were exposed to either restraint stress alone (1h per day for 3 

consecutive days), or restraint stress and subsequent hind-limb inflammation, induced by intra-

plantar injection of the inflammatory agent Complete Freund’s Adjuvant (CFA). Mechanical 

thresholds were assessed using Von Frey filaments. Blood, brains and spinal cords of 

experimental mice were collected to investigate molecular mechanisms using ELISA, RT-qPCR, 

IHC, RNAscope and DNA methylation arrays. 

Results & conclusion  



Restraint stress alone induced mechanical hypersensitivity in the hind-limb in C57BL6 WT male 

mice, which resolved approximately one week after the end of the restraint and was accompanied 

by an increase in blood corticosterone levels and spinal upregulation of stress-related genes, 

including FKBP5. 

Furthermore, restraint stress induced a latent state of hypersensitivity, with prior stress leading to 

an increase in duration of hyperalgesia following hind-paw inflammation compared to 

inflammation alone. Prior stress also led to changes in central pain circuits as it increased 

inflammation-induced spinal expression of (1) the immediate early gene, cFos, and (2) FKBP5. 

Crucially, blocking FKBP51 during the restraint stress period, using the specific FKBP51-

inhibitor SAFit2, did not alter stress induced hypersensitivity, but prevented the exacerbation of 

inflammation-induced hypersensitivity. 

Ongoing DNA methylation analysis focusing on stress-induced changes to the FKBP5 gene 

methylome are likely to reveal a role for epigenetic alterations in this form of priming. 

In conclusion, this study provides further understanding of the interactions between stress and 

pain and strengthens our hypothesis that FKBP51 drives the exacerbation of pain states by stress. 
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Abstract: Combination therapy is a pharmacotherapeutic strategy for the treatment of various 

clinical disorders, especially pain, which remains as a public health challenge. This study was 

achieved to assess the interaction between metformin and carbamazepine orally administered in 



the rat model of formalin test. Female Wistar rats (220-300 g) were injected into the dorsal 

surface of the right hind paw with 50 µ g of 1% formalin. This substance induced a flinching 

pain-related behavior, the reduction of such behavior is considered as antinociception. The 

percent of antinociceptive effect was determined by the oral administration of metformin (30-

1000 mg/kg), topiramate (10-300 mg/kg), and their combination. To analyze the nature of the 

interaction, isobolographic analysis was used in a fixed-dose radio combination (0.5:0.5), on the 

basis of their ED50 values: metformin (908.63 ± 280.87 mg/kg) and carbamazepine (198.94 ± 

56.01 mg/kg). The metformin- carbamazepine combination significantly reduced the number of 

flinches in the second phase of the formalin test. For the isobolographic analyses, the theoretical 

effective dose 50 for the combination (ED50 T) was 553.79 ±143.21mg/kg. Experimentally, the 

effective dose 50 (ED50 E) was significantly lower (460.58 ± 50.57mg/kg), indicating the 

presence of synergism for the combination. Results show that the oral coadministration of 

metformin and carbamazepine can interact synergistically and could provide a therapeutic 

alternative for inflammatory pain. 
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Abstract: Inflammatory pain is the most common pain affecting the quality of life and imposing 

a significant economic burden. Thus, novel therapeutic strategies are required. Melatonin has 

been shown to have an antinociceptive effect. Their administration, together with other drugs, 

could enhance the antinociceptive effect. This study assessed the antinociceptive effects of 

melatonin in combination with paracetamol and N-palmitoylethanolamide (PEA). In this study, 

we used the formalin test to determine the antinociceptive effects in mice. Melatonin, 

paracetamol, and PEA were administered intraplantar (paw) alone or combined to mice. A 



concentration-response curve was generated to determine the concentration needed to reach 30% 

of the maximal antinociceptive effect (EC30). Melatonin, paracetamol and PEA induced a 

concentration-dependent antinociceptive effect in both phases of the formalin test, being PEA 

more potent (EC30 = 7.4 ± 0.2 μg/paw) than melatonin (EC30 = 20.5 ± 3.1 μg/paw) or 

paracetamol (EC30 = 41.8 ± 2.6 μg/paw). Melatonin coadministered with paracetamol or PEA 

induced antinociceptive effect concentration-dependent. Isobolographic analysis showed that 

melatonin combinations with paracetamol or PEA induced a synergistic interaction. The 

experimental values of EC30 were significantly smaller than those calculated theoretically. Hence 

we concluded from this study that combined melatonin and paracetamol or PEA produced 

synergistic antinociception that may be helpful in facilitating clinical management of acute 

nociceptive pain. 
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Abstract: Snow mountain garlic (SMG) has promising medicinal properties and has shown 

some degree of remedial effects against hypertension, arteriosclerosis, diabetes, cancer, and 

immunomodulatory activity. However, there is no scientific evidence to corroborate its analgesic 

effect. The objective of the present study was to evaluate the antinociceptive effect of lyophilized 

Snow mountain garlic in a pain model. Methods. The vegetal material was obtained from a local 

market. An aqueous extract of garlic was obtained by crushing it and the extract obtained was 

lyophilized, and resuspension in a known volume of water was used for evaluation of the 

antinociceptive effect. The antinociceptive activity was evaluated in rats in which nociception 

was induced intraplantar with 5% formalin. Flinching nocifensive behavior was counted in both 

phases induced-formalin injection, neurogenic and inflammatory. Results. The intragastric 

administration of aqueous extract lyophilized SMG (100 mg/kg) showed (an antinociceptive 



effect) and significantly decreased the flinching experimental values in the inflammatory phase. 

Conclusión. Our results indicate for the first time the antinociceptive activity of aqueous extract 

lyophilized SMG in inflammatory pain. 
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Abstract: Objectives: Vacuum phenomenon (VP) in degenerated intervertebral discs (IVDs) was 

reported to be associated with lumbar spinal instability, potentially leads to low back pain (LBP). 

This study aimed to elucidate the relationships among VP, clinical findings, and pain-related-

molecule expression in human degenerated IVDs. Methods: Degenerated-IVD samples from 35 

patients (23 men and 12 women) including 19 with lumbar spinal stenosis, 10 with adult spinal 

deformity, and 6 with IVD herniation during spinal interbody fusion surgery were harvested. 

Harvested IVD-derived mononuclear cells were obtained and pain-related molecules, including 

tumor necrosis factor alpha (TNF-alpha), interleukin (IL)-6, calcitonin gene-related peptide 

(CGRP), microsomal prostaglandin E synthase-1 (mPGES1), and nerve growth factor (NGF), 

were determined, using real-time polymerase chain reaction (RT-PCR). We also recorded 

preoperative clinical findings, including Oswestry Disability Index (ODI) and visual analogue 

scale (VAS) of LBP, and the presence of VP in computed tomography scan images. Further, we 

compared pain-related molecules expression and clinical findings between the VP (-) and (+) 

groups, and evaluated the correlations among clinical finding and each pain-related molecules 

expression.Results: In the VP (+) group, mPGES-1 levels were significantly higher than in the 

VP (-) group. Additionally, mPGES-1 expression was significantly correlated with CGRP and 

NGF expression (r=0.56, r=0.39;p<0.05). In addition, NGF expression was significantly 

correlated with TNF-alpha and IL-6 expression (r=0.88, r=0.42;p<0.05). However, clinical 

findings including ODI and VAS of LBP were not associated with the presence of VP and any 



pain-related molecules expression.Conclusion: Because the patho-mechanism of LBP might be 

multifactorial, LBP scores were not associated the presence of VP as well as any pain-related 

molecules expression in the present study. On the other hands, the presence of VP might be 

associated with the up-regulation of mPGES1 in IVDs. mPGES1 potentially leads to the 

expression of CGRP and NGF, and NGF also leads to the expression of inflammatory cytokines 

in human degenerated IVDs, potentially leading to chronic discogenic LBP. 
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Abstract: RNA stability permeates neurobiology. Yet, the contribution of a dominant pathway 

of RNA metabolism termed nonsense-mediated decay (NMD) in pain is unclear. NMD 

safeguards against translation of mRNAs that harbor premature termination codons. It also 

controls the stability of roughly 10% of typical protein-coding mRNAs. NMD hinges on the 

activity of a conserved kinase designated SMG-1. We sought to determine the role of SMG-1 

and NMD in pain. We found that SMG-1 is expressed in sensory neurons throughout the DRG. 

We identified SMG-1 targets in DRG neurons using high-throughput sequencing. We analyzed 

multiple features present in mRNA to establish the characteristics of NMD substrates in DRG 

neurons. The most dominant feature was structural content in the 3’UTR. This implies that 

factors that bind to structured motifs likely recruit NMD machinery to specific mRNAs. We 

identify numerous NMD targets linked to pain including components of the integrated stress 

response such as ATF-4. We found that inhibition of SMG-1 with a small molecule results in 

hyperalgesic priming in mice. Given that ATF-4 is targeted by NMD, we next asked if priming 

was due to activation of the integrated stress response. Indeed, a small molecule inhibitor of the 

integrated stress response called ISRIB prevented priming triggered by inhibition of NMD. 

Collectively, our results indicate that (i) inhibition of NMD is pro-nociceptive, (ii) priming 

induced by NMD blockade requires the integrated stress response, (iii) and structure is a defining 



feature of NMD targets. This work establishes a clear link between NMD and pain-associated 

behaviors in mice. 
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Abstract: Introduction/Aim. Conditioned hyperalgesia has been found in male (but not female) 

mice and humans after a single pairing of an environmental context with pain. The aim of this 

study was to investigate the neurochemical mediation of this phenomenon with a focus on 

cholecystokinin (CCK), a neurotransmitter that has previously been demonstrated to affect 

nocebo hyperalgesia in humans. Methods. A conditioning paradigm with one training and one 

test day was used. On the training day, following the determination of thermal pain sensitivity 

(radiant heat paw-withdrawal test), a tonic noxious stimulus (intraperitoneal injection of 0.9% 

acetic acid; 10 ml/kg) was paired with a particular testing context. On the test day, mice were re-

tested for thermal pain sensitivity either in the same or in a different context. Mice were 

randomly assigned to one of the following drug conditions: nonspecific CCK receptor antagonist 

proglumide (50 mg/kg); CCK-B antagonist LY-225910 (1 mg/kg); CCK-A antagonist 

loxiglumide (10 mg/kg) or saline. Drugs were administered immediately before the tonic 

stimulus on the training day and at the start of the test day. Results. A significant increase in pain 

sensitivity was observed in saline-treated male but not female mice tested in the same context on 

the test day. This conditioned hyperalgesia was blocked by LY-225910 and proglumide, but not 

affected by loxiglumide. All drugs had no effect on pain in female mice. 

Discussion/Conclusions. LY-225910 and proglumide block conditioned hyperalgesia in male 

mice, indicating that CCK-B and not CCK-A receptors are involved in mediating this 

phenomenon. CCK-B receptors are distributed primarily in the central nervous system and CCK-

B has various psychophysiological functions, such as regulation of anxiety and memory. 

Ongoing studies are attempting to elucidate whether the effect of CCK on conditioned 

hyperalgesia are mediated by stress or memory. 
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Abstract: The relationship between sleep and pain is bidirectional since insufficient sleep can 

precede and exacerbate pain while pain can disturb the quality of sleep [1]. It has been estimated 

that up to 68% of patients with chronic neuropathic pain (NP) suffered from severe sleep 

disturbance [2]. However, the effects of chronic NP on the sleep architecture remain poorly 

understood. In this study, we wanted to assess the effects of well characterized spared nerve 

injury (SNI) mouse model of NP on sleep-wake cycle using telemetric electroencephalography 

(EEG). Experiments were performed for control sham, SNI and EEG+SNI C57BL female and 

male mice (n=3 animals/gender/group). EEG-recordings were done at the baseline and 7, 14 and 

21 days after the ligation of tibial and peroneal nerves. Spike 2 was used for sleep scoring to 

quantify the duration of wakefulness, REM and non-REM sleep before and after SNI. 

Mechanical and thermal hyperalgesia were assessed using Von Frey filament test, dynamic test, 

acetone test and hot and cold plate tests. Behavioral testing was conducted at the baseline and 3, 

7, 14, 21 days after SNI. After 24 days the mice were sacrificed and prefrontal cortex, 

hypothalamus, periaqueductal grey, dorsal root ganglions (L3-L5) and lumbar spinal cord were 

collected for qPCR analysis. The SNI and EEG+SNI groups showed significantly reduced 

mechanical pain thresholds 7 days after nerve ligation compared to sham operated mice. 

EEG+SNI females showed cold hyperalgesia on the acetone test 7 days after SNI as well as SNI 

males with reduced latency at the cold plate test. EEG recordings showed some changes in sleep 

architecture 7 days after SNI compared to baseline. Both female and male mice had decreased 

amount of REM sleep and increased amount of wakefulness during the 36 h recording compared 

to their baseline. Interestingly, decreased REM sleep in male was pronounced only during the 

dark time, while female had decreased amount of REM sleep throughout the recording period. In 

conclusion our results provide a detailed insight into the effects of neuropathic pain on sleep-



wake cycle in mice and might be highly relevant to better understand the mechanisms behind the 

comorbidity between sleep and pain. 

1. Palada V, Gilron I, Canlon B, Svensson CI, Kalso E. The circadian clock at the intercept of 

sleep and pain. Pain. 2020 

2. Lampl C, Schweiger C, Haider B, Lechner A. Pregabalin as mono- or add-on therapy for 

patients with refractory chronic neuropathic pain: a post-marketing prescription-event 

monitoring study. J Neurol. 2010 
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Abstract: Pain during infancy have dire consequence both short and long term. Procedural pain 

is induced as tests and treatments are needed when premature and mature babies are admitted to 

NICU. Sadly, pain management is either not available or not adequate. Sweet solutions have 

been shown to decrease some of this pain, as well as prevent negative sequalae of neonatal pain. 

Mechanism of sweet solution induced pain relief is largely unknown yet. Previous research from 

our lab had shown a comparable antinociceptive effect of sucrose solution to common 

analgesics. This work is an extension of our previous research to explore the effects of sucrose 

solution on Sprague Dawley rats; males and females rats were included. Induced repetitive 

nociceptive stimulation during infancy model was employed; briefly, a small needle was inserted 

and removed quickly in rat pups’ paws during their first two weeks of life. Sucrose or saline 

were applied to the tongues of these pups just before noxious stimulation. At adulthood, a battery 

of behavioral tests was run in sequences to explore deficiencies and inadequacies that result from 

this nociceptive stimulation. By employing both male and female rats we aimed to examine sex 

differences if any. Biochemical markers were tested to add to our knowledge of the mechanisms 

of sweet induced analgesia. 
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Abstract: Glycine receptors (GlyRs) are pentameric chloride-permeable ion channels. GlyRs are 

key regulators of motor activity, muscle tone, sensory processing, and pain control. Previous 

studies using chronic pain models have shown alterations of the glycinergic inhibition at the 

level of the dorsal horn. These studies, for example, have shown a critical role of the alpha3 

GlyR subunit on the maintenance of chronic inflammatory pain. However, the role of the alpha1 

GlyR subunit in chronic pain has not been yet established. Using a genetically modified mouse 

line carrying two-point mutations within the large intracellular domain of the alpha1 GlyR which 

render the receptor resistant to modulation by G protein βγ subunits (i.e. alpha1 GlyRKK385-

386AA mice), we explore whether this signaling pathway have a role on sensory processing and 

on chronic pain. To this end, we performed behavioral studies in male and female wild-type and 

alpha1 GlyRKK385-386AA mice. We first analyzed the baseline nociception by measuring 

thermal and mechanical thresholds with Hargreaves test and Von Frey filaments, respectively. 

Both assays showed no differences between wild-type and alpha1 GlyRKK385-386AA mice 

(P=0.3726 (mechanical) and P=0.7466 (thermal), male mice). In addition, both mice groups 

displayed an undistinguishable response to noxious mechanical stimulation (P>0.9999, male 

mice). We next used the chronic constriction injury (CCI) of the sciatic nerve as a model of 

neuropathic pain and the Complete Freund Adjuvant (CFA) model to induce peripheral 

inflammation. The subcutaneous injection of CFA into the left hind paw showed a differential 

time course of pain sensitization between wild-type and alpha1 GlyRKK385-386AA mice. 

Interestingly, both male and female alpha1 GlyRKK385-386AA mice displayed a more sustained 

mechanical pain hypersensitivity (P< 0.0001, male mice). On the other hand, the time course of 

the neuropathic sensitization elicited by the sciatic ligation showed no significant differences 

between both mice groups (P= 0.0884, male mice). Altogether, our findings suggest that the 

regulation of alpha1 GlyR by G protein βγ plays a role in the maintenance of chronic 



inflammatory pain. On the other hand, this signaling pathway appears to be not related with 

acute nociception or with chronic neuropathic pain. 
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Abstract: Low back pain (LBP) is a global health concern with approximately 85-95% of the 

cases lacking an identifiable pathological etiology. Approximately 25% of acute cases of LBP 

progress into chronic LBP making it the leading cause of years lived with disability. Unresolved 

inflammation within soft tissues is among the reported contributors to the transition from acute to 

chronic musculoskeletal pain via excitation of nociceptors and tissue acidosis. Additionally, 

nerve growth factor (NGF) has been proposed to contribute to the pathophysiology of chronic 

pain through indirect modulation of inflammatory cytokines. Purpose: To determine pro- and 

anti-inflammatory changes in the CSF induced by NGF intramuscular injections in an animal 

model of muscular LBP. Methods: Female Sprague Dawley rats (N=13; 212.3-266.1 g) were 

unilaterally injected with either NGF (50 μl; 2.0 μM) or phosphate buffer saline (50μl; control) 

on Days 0 and 5 in the left multifidus muscle under isoflurane anesthesia (1-2%/2L O2). On Day 

17, animals (n=6-7/group) were anesthetized, and CSF collected via cisterna magna puncture. 

Samples were stored at −80°C until assay analysis was performed. Frozen, undiluted samples 

containing a minimum of 75 uL were analyzed in duplicates via the rat cytokine/chemokine 27-

Plex Discovery Assay (RD27 - Eve Technologies®) and the mean values used to determine the 

concentration of 27 inflammatory markers. Differences in inflammatory marker concentration 

between experimental groups were determined by t-test and a value of p < 0.05 was considered 

statistically significant. Results: No significant differences in cytokine/chemokine 

concentrations between groups were found at Day 17 (p > 0.05). Conclusion: These preliminary 

findings suggest a limited role of CSF cytokines and chemokines to the maintenance of muscular 

pain in this NGF-induced LBP model at later stages. In previous female rat studies using this 

same NGF LBP model, bilateral trunk mechanical pain was present by Day 7 and fully resolved 

by Day 21. One plausible explanation for the limited contribution of inflammatory markers in 



this LBP model could be that CSF collection on Day 17 was beyond the timeframe of peak 

inflammation and nearing mechanical pain resolution. To better define their role, temporal 

effects of NGF on CSF and plasma cytokine/chemokine regulation in this NGF and other 

muscular models of LBP should be investigated to enhance our understanding of the 

pathophysiological mechanisms responsible for the transition from acute to chronic LBP. 
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Abstract: Nociceptors rely on post-transcriptional modes of gene control. For example, noxious 

stimuli can induce rapid translation in nociceptors. In prior work, we examined translational 

efficiency on a genome-wide basis in DRG neurons using ribosome profiling. We found that a 

single motif was highly enriched in the 3’UTRs of preferentially translated mRNAs. It contains 

an AU-rich element bound by HuR. Here, we show that HuR is expressed broadly throughout the 

PNS. To determine the role of HuR in pain, we made use of a recently described small molecule 

inhibitor termed CMLD-2. It reduced spontaneous firing of mouse and hiPSC derived sensory 

neurons. Furthermore, inhibition of HuR in vivo with CMLD-2 blocks hyperalgesic priming. 

Elimination of HuR from sensory neurons similarly reduces hyperalgesic priming. Collectively, 

this work reveals HuR as a key factor involved in nociceptive plasticity. 
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Abstract: Nociception is referred to as neural encoding of noxious signals, allowing this 

information to be detected and propagated from the periphery to higher centres. To allow this 

process to be managed efficiently, signals emanating from various painful stimuli must be tightly 

controlled and regulated to allow ‘beneficial’ pain sensation. An emerging mechanism for 

controlling specificity of pain signaling, are sensory signaling complexes assembled within vast 

areas of close apposition between the endoplasmic reticulum and plasma membrane (<30nm) 

known as ER-PM junctions. Examples of such signaling complexes in dorsal root ganglion 

neurons (DRG) include: (1) Anoctamin 1 (ANO1) with inositol triphosphate receptors (IP3R) and 

(2) Ca2+-release activated channel (CRAC) proteins STIM1 and Orai1 in inflammatory pain. We 

recently identified junctophillin 4 as an essential scaffold for the CRAC complex but with 

regards to ANO1-IP3R coupling, it is currently unknown which linker or scaffolding proteins (if 

any) are involved with forming these junctional complexes. Extended Synaptotagmin 1 (Esyt1), 

a Ca2+-dependent junctional protein known to reduce the distance between the ER and PM in a 

dynamic manner, is a binding partner of ANO1 and has been proposed to play a role in ANO1 

trafficking to the PM. Therefore, we hypothesised that Esyt1 may be involved in ER-PM 

junction formation where ANO1-IP3R complexes are formed. To this end, we performed 

immunohistochemistry in DRG and trigeminal ganglia (TG), which revealed high expression 

levels of Esyt1, mainly in small-diameter neurons. Proximity ligation assay (PLA) was also 

conducted to assess proximity between ANO1, IP3R and Esyt1. There was a level of proximity 

between both ANO1-Esyt1 (1.62 ± 0.136 puncta per cell (ppc), n=65) and IP3R1-Esyt1 (21.0 ± 

2.68 ppc, n=82) under control conditions. Interestingly, an inflammatory mediator bradykinin 

(BK) significantly increased the number of puncta between ANO1-Esyt1 (11.2 ± 1.29 ppc, 

p<0.0001, n=93 neurons) however, the number of puncta between IP3R-Esyt1 was significantly 

reduced (7.41 ± 0.678 ppc, p<0.001, n=75 neurons), indicating robust, stimulus-dependent 

rearrangements within the ANO1-containing signaling complex upon stimulation. Live cell total 

internal reflection fluorescence (TIRF) microscopy performed in DRG neurons overexpressing 

Esyt1-GFP revealed that BK, significantly increased the TIRF signal (0.11 ± 0.02 ΔF/F0, n=6) 

suggestive of ER movement towards the PM or Esyt1-GFP translocation closer to the PM within 

existing ER-PM junctions. So far, these data suggest that Esyt1 may play an active role in BK-

induced inflammatory signaling. 
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Abstract: A hyperexcitable state and spontaneous activity of nociceptors following spinal cord 

injury (SCI) have been suggested to play a primary role in the development of SCI-induced 

neuropathic pain (SCI-pain). Previous work showed that the increased activity of T-type calcium 

channels induced by the injury is responsible for driving nociceptors’ hyperexcitability and their 

spontaneous activity (Lauzadis et al., J Neurosci. 2020 Sep 16;40(38):7229-7240). The aim of 

this work is to test the hypothesis that the increased activity of the CaV3.2 isoform induced by 

the injury is responsible for driving nociceptors to a hyperexcitable state and for promoting the 

development/maintenance of SCI-pain. Wild type and CaV3.2-/- mice were used in this study. 

SCI was performed by a midline spinal cord contusion at T10 by using an Infinite Horizon 

Impactor (50 kilodynes, 1-s dwelling time). The patch clamp technique was used in dissociated 

dorsal root ganglia (DRG) neurons isolated from SCI, sham, and naïve mice. The mechanical 

allodynia was assessed with the von Frey filaments by using the up-down method with the 50% 

threshold. The conditioned place preference (CPP) paradigm was used to assess the spontaneous 

pain. In wild type mice, the 50% mechanical threshold dropped from 1.66±0.19 g (pre-injury) to 

0.85±0.20 g (post-SCI). TTA-P2 (10 mg/kg, a blocker of T-type calcium channels) rescued the 

50% mechanical threshold to 1.36±0.15 g at 1-hour post-injection. In CaV3.2-/- mice, the 50% 

mechanical threshold dropped from 1.34±0.12 g (pre-injury) to 1.14±0.19 g (post-SCI). TTA-P2 

(10 mg/kg) rescued the 50% mechanical threshold to 1.32±0.17 g at 1-hour post-injection. The 

same cohort of wild type and CaV3.2-/- SCI mice were subjected to the CPP paradigm. Wild 

type SCI mice showed an increase in the TTA-P2-paired chamber of 52±36 sec and a decrease in 

the vehicle-paired chamber of -62±33 sec. CaV3.2-/- SCI mice showed an increase in the TTA-

P2-paired chamber of 30±76 sec and an increase in the vehicle-paired chamber of 12±108 sec. In 

current-clamp recordings from nociceptors isolated from wild type SCI mice, the frequency-

current (FI) relationship was reduced from 16±2 Hz in control (with 100 pA current injection) to 

9±3 Hz in 1 µM TTA-P2 (with 100 pA current injection). In nociceptors isolated from CaV3.2-/- 

SCI mice, the FI relationship was reduced from 10±4 Hz in control (with 100 pA current 

injection) to 8±3 Hz in 1 µM TTA-P2 (with 100 pA current injection). Taken together, our data 

suggest that the increased activity of CaV3.2 calcium channels induced by the injury plays a 

primary role in driving SCI-nociceptors to a hyperexcitable state and contributes to chronic 

neuropathic pain following SCI. 
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Abstract: Strawberries has promising medicinal properties and has shown some degree of 

remedial effects against cancer, cardiovascular disorders, diabetes, obesity and numerous 

infections. However, there is no scientific evidence to corrobate its analgesic effect. The 

objective of the present study was to evaluate the antinociceptive effect of lyophylized 

strawberries in a pain model. Methods. Strawberry freeze-dried was obtained from Frutas Lio by 

Alpafe. The antinociceptive activity was evaluated in rats in which nociception was induced 

intraplantar with 5% formalin. Flinching nocifensive behavior was counted in both phases 

induced-formalin injection, neurogenic and inflammatory. Results. The intragastric 

administration of Strawberry freeze-dried (100 mg/kg) showed significantly decreased in the 

flinching experimental values in the inflammatory phase (antinociceptive effect). Conclusion. 

Our results indicate for the firs time the antinociceptive activity of Strawberry freeze-dried in a 

inflammatory pain. 
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Abstract: Introduction: Repeated stress is maladaptive and promotes negative outcomes 

including negative hedonic states. Hyperalgesic priming in preclinical models might provide 

mechanistic insights regarding pain chronification. In this paradigm, a first hit stimulus produces 

neural adaptation and induce sensitization to a subsequent subthreshold second hit stimulus. In 

mice, three episodes of stress produces hyperalgesic priming, but the underlying mechanisms 

remain unclear.Objective: As stress engages kappa opioid receptors (KOR), we hypothesized 

that repeated systemic administration of U-69593 or nalfurafine, non-biased and biased KOR 

agonists, respectively, could mimic hyperalgesic priming of repeated stress. We hypothesized 

that the priming effect of KOR agonists was independent of signaling bias and that KOR-induced 

priming would be female selective and dependent upon PRL-induced nociceptor 

sensitization.Methods: Mice received three daily doses of intraperitoneal U-69593 or nalfurafine 

as a “first hit” stimulus followed by assessment of periorbital allodynia and circulating prolactin. 

Sixteen days later, a subthreshold dose of inhalational umbellulone, a TRPA1 agonist, provided 

the second hit and periorbital allodynia was assessed. Cabergoline, a dopamine D2 agonist, was 

administered to inhibit circulating PRL in additional cohorts. PRL receptor (PRLR) isoforms 

were quantified in the V1 region of the trigeminal ganglion after repeated doses of U-69593 

using Western blot. In addition, current clamp recordings were performed from cultured sensory 

neurons following overnight exposure to 50nM PRL and excitability was assessed. 

Experimenters were blind to treatments and mice were randomly divided into control and 

experimental groups. Results: In both sexes, KOR agonists increased circulating PRL and 

produced a transient allodynia. Hyperalgesic priming, revealed by umbellulone-induced 

allodynia in animals previously treated with KOR agonists, occurred in both sexes. Repeated U-

69593 triggered PRLR-L downregulation in trigeminal neurons of female mice. Umbellulone-

induced allodynia was prevented by cabergoline co-treatment during priming in female, but not 

male, mice. Furthermore, sensory neuron excitability was dramatically enhanced following 

exposure to overnight PRL in female mice but was only minimally affected in 

males.Conclusions: Hyperalgesic priming therefore occurs in both sexes following either biased 

or non-biased KOR agonists. However, a PRL/PRLR-dependent sexual dimorphism is observed 

only in female nociceptors possibly contributing to the female-prevalence of stress-related pain 

disorders. 
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Abstract: Persistent hyperactivity of primary nociceptors contributes to diverse forms of chronic 

pain. Much is known about mechanisms that maintain persistent nociceptor hyperexcitability 

(e.g., Garza Carbajal et al., 2020, J Neurosci 40:6522; Bavencoffe et al., 2022, J Neurosci, in 

press), but little is known about induction mechanisms. However, some parallels have been noted 

between processes that can induce long-lasting nociceptor hyperexcitability and cell signaling 

mechanisms involved in memory formation (e.g., Weragoda et al., 2004, J Neurosci 24:10393; 

Price et al., 2015, Prog Mol Biol Transl Sci, 131:409). To test the hypothesis that cellular 

processes important for the induction of late long-term synaptic potentiation (L-LTP) and 

memory in the brain can also induce long-term hyperexcitability (LTH) of dissociated nociceptor 

somata, we have used an in vitro model to test whether nociceptor LTH can be induced by cAMP 

signaling involving PKA activity, CREB activity, gene transcription, and protein synthesis. 

DRG neurons from adult male rats were dissociated and cultured overnight. Beginning 1 h after 

dissociation, neurons were incubated for 6 h with a Gs-coupled serotonin receptor (5-HT4R) 

agonist, prucalopride. Other neurons received co-treatment with either a PKA inhibitor, H89; a 

CREB inhibitor, 666-15; a transcription inhibitor, actinomycin D; or a translation inhibitor, 

cycloheximide, at concentrations reported to block induction of hippocampal L-LTP. Whole-cell 

patch recordings under current-clamp were made 12-24 h after washout. Early treatment with 

prucalopride induced LTH manifested as an increase in incidence of ongoing activity (OA) 

shown as repetitive firing of action potentials (APs) when neurons were depolarized artificially 

to -45 mV for 30 s. Blocking 5-HT4Rs with a specific inhibitor, GR113808, overnight beginning 

immediately after prucalopride washout failed to prevent LTH. Co-treatment during induction by 

prucalopride with H89, 666-15, actinomycin D, or cycloheximide significantly reduced LTH. 

Specific electrophysiological manifestations of LTH (including changes in resting membrane 

potential, AP voltage threshold, and depolarizing spontaneous fluctuations of membrane 



potential) induced in vitro will be compared to those reported previously in diverse persistent 

pain models. 

Our results support the hypothesis that conserved, memory-related mechanisms can induce 

persistent, pain-related nociceptor activity. This simple, in vitro preparation enables detailed 

examination of potential induction mechanisms, and might reveal new therapeutic targets for 

preventing the transition to chronic pain. 
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Abstract: Prostatitis is a common painful urological problem in the United Arab Emirates and 

worldwide. Of these patients, 90% suffer from nonbacterial chronic prostatitis/chronic pelvic 

pain syndrome (CP/CPPS), a chronic pain condition classified as NIH category III prostatitis. 

Although it is not a life-threatening condition, the symptoms significantly affect the quality of 

life in these patients, and effective treatments are sparse. The main objective of this study was to 

determine the molecular mechanism of pain in CP/CPPS by investigating the expression of pain 

transducer ion channels namely acid-sensing ion channel type 3 (ASIC3), purinergic channel 

type 3 (P2X3), and transient receptor potential vanilloid type 1 channel (TRPV1) in the dorsal 

root ganglia (DRG - Lumbar 5 and Lumbar 6) of prostate inflamed rats and compare their 

expression with non-inflamed rat tissue using immunohistochemistry and RT-PCR. Prostatitis 

was induced in male Wistar rats by injecting 3% carrageenan into the prostate. The results 

showed an increased expression of the three channels in the L5-L6 DRGs prostate-inflammed 

rats. Using fluorescent immunohistochemistry, the percentage of fluorescent cells were 

determined and compared between the two study groups. For the TRPV1 and P2X3 expression, 

the prostate-inflamed group showed statistically significant increased expression in the L5 and 



L6 DRG compared to the control group (TRPV1; p= 0.012 and p=0.04 for L5 and L6 DRG 

respectively, P2X3; p= 0.03 and p=0.001 in L5 and L6 DRG respectively) while a higher level of 

ASIC3 expression, that was statistically not significant (p = 0.075 and 0.08 for L5 and L6 

respectively). Furthermore, the RT-PCR results showed that the mRNA levels of all the three 

channels were significantly increased in the L5-L6 DRG of prostate-inflamed rats (p= 0.007 

(ASIC3); p=0.003 (TRPV1); p=0.01 (P2X3). The expression fold change values for ASIC3, 

P2X3, and TRPV1 were 2.89, 1.7, and 3.81 respectively. Our results suggest a significant 

involvement of molecular receptors - ASIC3, TRPV1 and P2X3 in mediating the generation of 

pain in rats with carrageenan-induced prostatitis. If these findings translate to humans, these ion 

channels can be targeted to develop new drugs to treat pain in patients with NIH category IIIA 

CP/CPPS. 
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Abstract: In collaboration with the NIH HEAL Initiative Preclinical Screening Platform for Pain 

(PSPP), we evaluated clinically used analgesics, including morphine, gabapentin, duloxetine and 

ketoprofen through the tiered approach established to profile potential novel analgesics. First, 

pharmacokinetic studies were conducted to guide dosing, select the route of administration, and 

to determine the time course, supporting subsequent behavioral studies. Next, the modified Irwin 

(n=4) and rotarod tests (n=10) were conducted to evaluate potential neurologic, physiologic, and 

fine motor effects that may impact outcome measures in the pain models. Following side effect 

profile assessment, efficacy was evaluated in the plantar incisional pain (n=10) and L5/L6 spinal 

nerve ligation (SNL; n=10) models. The rat plantar incisional pain model is an established model 

of acute post-operative pain induced by incision of the skin and the plantaris muscle (Brennan et 

al. 1996). The model is characterized by transient hind paw tactile allodynia and spontaneous 

guarding behaviors. SNL is a model of peripheral neuropathic pain resulting from chronic nerve 

compression in which tactile and cold allodynia are produced (Kim and Chung, 1992). All 



experiments were conducted in a blinded manner with both sexes included. Power analysis was 

used to determine the group sizes for the various assays. The results of these studies of clinically 

used analgesic standards demonstrate the validation of the models and endpoints within the PSPP 

program and highlight the goal of providing a robust platform to accelerate the discovery and 

preclinical development of non-opioid, non-addictive treatments for pain. 
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Abstract: In collaboration with the NIH HEAL Initiative Preclinical Screening Platform for Pain 

(PSPP), we evaluated the abuse liability properties of oxycodone in the intravenous self-

administration and conditioned place preference (CPP) tests in male and female Sprague Dawley 

rats. Intravenous drug self-administration took place in sound attenuated operant chambers (Med 

Associates, VT) where rats pressed an active lever that delivered the test compound 

intravenously through a jugular vein catheter. Rats were allowed to self-administer saline 

(negative control), morphine (0.6 mg/kg/infusion) or oxycodone (0.01, 0.03, 0.06 and 0.1 mg/kg) 

by pressing the active lever on an FR3 schedule. Acquisition training lasted 20 days. In male and 

female rats, oxycodone (0.03, 0.06 and 0.1 mg/kg/infusion) showed higher infusion rate 

compared to saline. In the CPP study, an independent group design (N=16) was used for both 

male and female rats with five treatment groups (saline, cocaine 15 mg/kg, and oxycodone 1, 3 

and 5 mg/kg) injected intraperitoneally (IP). Perceptive cues were applied to create a distinctive 

texture and visual features for the two compartments. A 10-day protocol was used in this study. 

The study was videotaped on Day 1 (baseline) and on Day 10 (bias test). The time spent in the 

different chambers was scored by an experimenter blinded to the treatment. Days 2-9 of the test 

were conditioning days in which differentiation between “drug compartment” and “saline 

compartment” was achieved. Rats were treated with saline on days 2, 4, 6 and 8, and with either 

cocaine or oxycodone on days 3, 5, 7, 9. Animals were confined in the “drug compartment” or 

“saline compartment” immediately after drug administration for 20 minutes. Compared to saline, 

cocaine, used as the positive control, induced significant CPP. Oxycodone (1, 3 and 5 mg/kg; IP) 

induced even larger bias between the two compartments (P<0.001) in both male and female rats. 

These data confirm the high abuse potential of oxycodone in male and female rats and both 

assays can be used to screen the potential abuse liability of novel therapies as part of the NIH 

HEAL Initiative’s PSPP program towards discovering novel non-addictive analgesics. 
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Abstract: The nucleotide-binding oligomerization domain (NOD)-like receptor 3 (NLRP3) has 

been proposed as a key regulator of inflammation and pain in fibromyalgia (FM). However, no 

studies have been conducted in animal models or in FM patients investigating the mechanism of 

increased NLRP3 activity in widespread pain conditions. Elucidating these mechanisms could 

identify novel therapeutic targets to treat pain. We utilized a novel model of inherited, persistent, 

hyperalgesia, the Dahl S rat (SS), to test our hypothesis that inherited increases in reactive 

oxygen species (ROS) and toll-like receptor 4 (TLR4) activity could be responsible for increased 

NLRP3 activity and pain. We used both pharmacologic (dexamethasone, NLRP3 inhibitor 

MCC950, ROS scavenger Tempol) and genetic approaches (SS-NcF2-/- and SS-TLR4-/-) to 

inhibit the activities of TLR4, NLRP3 and ROS and measured their effects on mechanical paw 

withdrawal thresholds (Randall-Selitto test) in SS rats. Dexamethasone dose-dependently 

increased paw-withdrawal thresholds of SS rats (15%-29% increase compared to control, 

P<0.0001), indicating the involvement of systemic inflammation. Similarly, the NLRP3 inhibitor 

MCC950 also produced a significant increase in the paw withdrawal thresholds (13%-42% 

increase compared to control, P<0.0001). To begin to test why NLRP3 activity might be 

elevated, we found that scavenging ROS using tempol attenuated the SS rat hyperalgesia (30%-



62% increase compared to control, P<0.0001). In addition, higher mechanical nociceptive 

thresholds were also observed in the NcF2-M1 knockout rats (17% increase compared to the SS 

rat, P<0.0001). This strain lacks the gene for p67phox, the activator of the NADPH oxidase 

Nox2 responsible for the increased ROS production in SS rats. Finally, paw-withdrawal 

thresholds were also higher in TLR4 knockout rats (12% increase compared to the SS rat, 

P<0.001) suggesting a role of this receptor in SS rat hyperalgesia. Together, the results suggest 

that chronic systemic inflammation contributes to the low mechanical nociceptive threshold 

phenotype observed in SS rats, in a mechanism involving NLRP3 and its upstream mediators 

TLR4 and ROS. Future studies are needed to directly test the effects of ROS and TLR4 on 

NLRP3 activity in SS rats. The findings support the use of the SS rat as a strain to investigate 

how inflammation pathways contribute to conditions involving inherited chronic pain conditions. 
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Abstract: Arnica Montana (Arnica) is an herbaceous perennial plant that has been traditionally 

used intreating trauma, bruises, inflammation, or tissue injuries. However, the molecular 

mechanisms of Arnica’s medicinal properties are largely unknown. The objective of this study is 

to evaluate the effects of the Arnica extracts on post-operative pain in CD-1 mice. The extracts 

were made by mixing Arnica powder with one of the following solvents: 100% ethanol, ethanol: 

water (7:3,v/v), methanol, and acetone. The extracts were dried at room temperature and mixed 

in PCCAVersaBase gel at 1% by weight, with or without 1% of resveratrol. The analgesic effect 

of Arnica extracts was tested in a post-operative pain model in CD-1 male and female mice. 

Mice were treated with gel alone, gel with 1% Arnica extract, or gel with 1% Arnica extract + 

1% resveratrol (a generally recognized as safe compound) for one hour under anesthesia after the 

paw incision surgery. After recovered, the von Frey assay was performed at 3, 5, 24, and 48 

hours after surgery. We found that all Arnica extracts exhibited analgesic effects to reduce the 

post-operative pain. However, the co-treatment with resveratrol only enhanced the activity of 

ethanolic aqueous (7:3) extract and acetone extracts. The tissues around the incision have been 

harvested for measuring the concentration of pro-inflammatory mediators, such as interleukin 



(IL)-1β, IL-6, and tumor necrosis factor alpha (TNF-α) using Western Blot. These findings 

further confirm the activity of Arnica on pain relief and will provide a better understanding of the 

mechanism of analgesic effect of Arnica. 
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Abstract: Alpha 2 adrenergic receptor (α₂-AR) agonists offer an effective, non-opioid analgesic 

strategy. While clonidine remains the best characterized α₂-AR agonist, it is limited in its 

widespread use by side effects including hypotension and sedation which limit patient 

compliance and clinical utility. Guanabenz (GB) is an FDA-approved antihypertensive and has 

been shown to be an effective analgesic in pre-clinical models of pain. Its use, however, is also 

limited by sedative side effects. We therefore sought to develop a library of GB-based α₂-AR 

agonists and characterize their analgesic efficacy, side effect profile, kinetics, and α₂-AR subtype 

affinity. 

Methods: We designed and synthesized novel GB analogues with an intent to differentiate their 

analgesic properties from the sedative side effects. To determine dose ranges, female and male 

ICR mice (21-30 g) were injected intrathecally with substance P to induce transient scratching 

and biting behaviors. Mice were pre-treated with either in-class control, the parent compound 

GB, or the newly developed α₂-AR agonists as single agents or in combinations and the 

maximum percent effect (%MPE) in reduction of the Substance P (SP)-induced scratching and 

biting behaviors was calculated as compared to saline control. Following MPE calculation, high 



effective [LSS1] doses were tested in the rotarod motor coordination assay and open field assay 

to investigate motor impairment and sedation. Additionally, these compounds were assessed in 

models of neuropathic pain (spared nerve injury), low back pain (SPARC-null transgenic 

mouse), and inflammatory pain (complete Freund’s adjuvant (CFA) injection). 

Results: We observed that increasing doses of the GB-based, α₂-AR agonists were effective 

when delivered singly or in combination in reducing transient scratching and biting pain 

behaviors in the sub-acute SP assay. The efficacy of the GB-based compounds was inhibited by 

idazoxan but not naloxone co-administration, supporting action at α₂-AR and not opioid 

receptors. The GB-based compounds were also effective at reducing expression of pain behavior 

in acute (inflammatory, and chronic (low back pain, neuropathic pain) rodent models of pain. 

Additionally, the compounds showed attenuated sedation as compared to the parent compound, 

GB and a positive in-class control, clonidine. Pursuit of guanabenz-related analogs may represent 

an improved non-opioid analgesic strategy and an alternative to opioid for the management of 

chronic pain. 
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Abstract: Objective: Chronic pain is a major health problem in the health care system. It is well 

established that chronic pain, such as inflammation pain, neuropathic pain, and cancer pain, is an 

expression of neural plasticity both in the peripheral nerve system (PNS) and in the central nerve 

system (CNS). Chronic neuropathic pain is caused by a lesion or disease of the somatosensory 

(peripheral and/or central) nervous system. In this study, we evaluated boldine, an alkaloid 

derived from the bark and leaves of the Chilean tree Peumus boldus, for its capacity to reduce 

neuropathic pain induced by peripheral nerve injuries, and potential underlying mechanisms. 

Methods: 4-month-old C57BL6 mice were administered with boldine or vehicle, and subjected 

to spared nerve injury (SNI). Pain phenotypes including mechanical allodynia, thermal 

preference and spontaneous pain were measured using Von Frey filament test, thermal gradient 



test (TGT) and dynamic weight bearing (DWB) test, respectively. Brain and spinal cord were 

harvested 14 days post injury (dpi), RNAs were extracted and subjected to qPCR. To test the 

effect of boldine on inflammasome signaling, astrocytes and microglia were stimulated with LPS 

and treated with boldine. Major components of the NLRP3 inflammasome and inflammation 

markers were quantified by qPCR. Results: Our in vivo studies conducted in a mouse model of 

SNI suggest that boldine administration leads to a significant reduction of nerve injury-induced 

mechanical pain hypersensitivity. As measured by DWB, boldine also significantly prevents the 

SNI-induced decrease of ipsilateral weight support at 7 dpi. Temperature preference along a 

continuous temperature gradient (16-55°C) was also performed. Before injury, animals show a 

baseline of temperature preference at 34.7°C. At 14 dpi, sham-operated animals still show a 

temperature preference at 34.7°C, while SNI animals spend much less time around 34.7°C and 

appear more often at colder zones (16-22°C) instead. SNI animals that received boldine 

administration demonstrate a temperature preference at 32.7°C, suggesting that boldine has a 

beneficial effect on improving the temperature preference deficit induced by SNI. The behavioral 

changes are accompanied with decreased expression of some inflammation markers in the brain 

and spinal cord including CCL2, IL-1β and TNF-α. In vitro studies in astrocytes and microglia 

cells show that boldine could drastically inhibit the NLRP3 inflammasome activation and IL-1β 

expression. Conclusion: Oral administration of boldine could alleviate spare nerve injury-

induced neuropathic pain, possibly through inhibiting the NLRP3 inflammasome activation. 
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Abstract: Neuropathic pain (NP), a disease of the somatosensory nervous system, afflicts many 

people and adequate management with the current pharmacotherapies remains ineffective. NP is 



associated with excess levels of glutamate, which overstimulates post-synaptic glutamate 

receptors and increases pain transmission. Excitatory amino acid transporters (EAATs) remove 

extracellular glutamate and, thus, are crucial for the regulation of excitatory and nociceptive 

transmission. EAATs are downregulated in NP states, suggesting a potential target for 

therapeutic treatment. We have identified a series of potent, selective, positive allosteric 

modulators (PAMs) that increase the activity of EAAT2, the main transporter responsible for 

glutamate clearance in the CNS. Preliminary data in male rats showed an anti-nociceptive effect 

of our lead EAAT2 PAM compound, NA-014, after spared nerve injury (SNI), a clinically 

relevant model of NP. We extended these studies to mouse models of NP and included additional 

behavioral assays. We hypothesized that NA-014 would provide anti-nociception in mice after 

peripheral nerve injury. In male mice, NA-014, was tested for anti-nociception at 7, 14 and 21 

days after SNI surgery. Mice (n =6/group) were administered NA-014, gabapentin (positive 

control) or vehicle via IP. Behavioral testing (pre-surgery, and before and after compound 

administration) included Von Frey to measure mechanical allodynia and dynamic weight bearing 

(DWB) to measure spontaneous pain behavior. Mice administered NA-014 (100 mg/kg) 

demonstrated a tolerance to increasing forces of Von Frey filaments compared to vehicle (p < 

0.05) on day 7 after SNI, but not on days 14 and 21 days. Conversely, mice administered 

gabapentin showed a significant difference in pain thresholds compared to vehicle at all time 

points. These results suggest EAAT2 PAMs, with further optimization, are a potential early pain 

therapy after nerve injury. In DWB, SNI animals demonstrated a decrease in weight-bearing on 

the injured paw after SNI, which was not reversed by NA-014 or gabapentin at any time point, 

suggesting the DWB assay requires further optimization. In future studies we will increase the 

group size and include the mechanical conflict-avoidance assay to study EAAT2 PAMs on the 

motivational and affective aspects of pain. Our future studies will also include female animals to 

investigate sex differences. Finally, we will investigate different NP models (e.g., taxol 

administration, a model of chemotherapy-induced neuropathy). Overall, increasing the efficacy 

of EAATs may serve as a novel way to successfully treat those suffering from NP. 
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Abstract: “Pepducins” represent an innovative strategy in targeting G protein-coupled receptors 

(GPCRs), a highly successful protein target class in drug development. Unlike traditional 

orthosteric ligands, pepducins interact at the intracellular receptor-effector interface and 

modulate GPCR signaling by acting as allosteric agonists or allosteric modulators. They are 

composed of an N-terminal palmitic acid and a peptide sequence mimicking one of the 

intracellular loops of a GPCR of interest. We previously designed a series of pepducins derived 

from the first intracellular loop of the human neurotensin type 1 receptor (hNTS1), a class A 

GPCR that mediates many neurotensin (NT) effects, including analgesia and hypotension. 

Notably, these pepducins have been shown to relieve pain in animal models of acute, tonic, and 

chronic pain. Here, we further investigate the cellular and functional actions of this pepducin 

series. First, we demonstrated that our pepducins inhibit orthosteric binding of 125I-labeled NT in 

CHO-K1 cells stably expressing hNTS1, at high concentrations (≥10 μM). Using BRET-based 

biosensors, we also found that they preferentially promote GαoA and Gα13 activation over β-

arrestin recruitment, and inhibit NT-mediated β-arrestin recruitment. Thus, they appear to act as 

both biased allosteric agonists and negative allosteric modulators of NTS1. Moreover, despite its 

inability to promote β-arrestin recruitment, this pepducin induced NTS1 internalization (33%, 1 h 

post-stimulation), as detected using a β-lactamase-fused construct. Additionally, since NTS1 has 

been reported to self-assemble into homomeric complexes, and form heteromeric complexes 

with the apelin GPCR APJ, we used BRET to monitor NTS1-NTS1 and APJ-NTS1 interactions. 

Our data confirm that, in both cases, this dimerization process is constitutive, rather than ligand-

induced. Interestingly, pepducin treatment (100 μM) enhanced NTS1 homomerization. When 

injected systemically in rats, this pepducin exerted more potent hypotensive effects at 55 

nmol/kg than NT(8-13) did at the same dose, with a sustained mean drop in blood pressure of 30 

mm Hg. Finally, an alanine scan of this NTS1-derived pepducin, tested on CHO-hNTS1 cells 

using the Electric Cell-substrate Impedance Sensing (ECIS) method, revealed that the N-terminal 

RKK motif is critical for pepducin action. In summary, our data show that the NTS1-derived 

pepducin series allosterically modulates NTS1 receptor function, and can be used to design novel 

NT-based drugs. 
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combination in experimental models in rats 
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Abstract: Pain is the third most common cause of medical care. Although the pharmacological 

management of pain offers significant relief, in some chronic diseases that occur with 

inflammatory pain and neuropathic pain, treatment with this type of drugs is not completely 

successful and the adverse effects associated with them, and their high cost limit its use. It is for 

these reasons that it is necessary to continue with the search for novel therapeutic alternatives 

that not only solve the problem of pain, but also minimize the presence of adverse effects and 

their cost. A viable option is to combine drugs used to treat pain and inflammation. The logic 

that underlies this strategy is based on two considerations. First, individual drugs do not always 

provide satisfactory relief: the combination of drugs that act by different mechanisms can 

increase their effectiveness. Second, individual drugs that provide satisfactory relief can cause 

adverse effects at the same time. The combination of drugs may allow the reduction in the 

amount of individual components to achieve the same effect with a lower incidence of adverse 

effects. Clearly, this is true if the interaction of drugs is in favor of the desired effect, rather than 

toxicity. This study aims to assess the antinociceptive, antineuropathic and anti-inflammatory 

effect of the diclofenac-folic acid combination in experimental models in rats. Isobolographic 

analysis showed that diclofenac and folic acid combination produces a synergistic 

antinociceptive effect in the formalin test in Wistar rats. Potency of the combination was 

approximately 4 times greater than expected from the addition of individual drug effects. On the 

other hand, administration of 30.87 mg/kg of diclofenac plus 11.62 mg/kg of folic acid produces 

a significant anti-inflammatory effect on carrageenan-induced edema and an anti-allodynic and 

antihyperalgesic effect in rats. This synergistic effect could be useful clinically because 

therapeutic efficacy is enhanced without exacerbating the adverse effects of diclofenac, since the 

combination of both drugs does not damage gastric mucosa. Additionally, in this study it was 

found that opioid receptors participate in the antinociceptive effect produced by diclofenac and 

folic acid combination. In conclusion, diclofenac and folic acid combination could result in a 

good pharmacological strategy to treat inflammatory pain and neuropathic pain. 
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Abstract: Humans use various strains of Cannabis that contain several hundred different 

compounds that are not either ∆9-tetrahydrocannabinol (THC) or cannabidiol (CBD). β-

caryophyllene (BCP) is a sesquiterpene found in the essential oils of Cannabis. Despite some 

early studies, the extent to which these compounds produce pain relief in assays of acute and 

persistent pain is unclear. Further, the effects of BCP on pain-evoked behaviors and pain-

depressed behaviors has never been evaluated. We hypothesized that BCP would inhibit acute 

pain, mechanical allodynia, and thermal hyperalgesia. We also hypothesized that BCP would 

restore pain-depressed wheel running activity in male Sprague-Dawley rats with inflammatory 

pain. We administered varying doses of BCP and evaluated their antinociceptive effects on the 

hot plate and tail-flick tests in adult male Sprague-Dawley rats. One intraperitoneal injection of 

30 mg/kg BCP produced antinociception on the hot plate test and the tail-flick test approximately 

15 minutes after injection. Vehicle and doses of 3 mg/kg and 10 mg/kg did not produce 

antinociception on the hot plate and tail-flick tests. Three different doses of BCP (10, 30, and 

100 mg/kg) or vehicle were administered to rats via an intraperitoneal injection after hindpaw 

inflammation induced by an intraplantar injection of Complete Freund’s Adjuvant (CFA). 

Neither the low dose (10 mg/kg) nor the medium dose (30 mg/kg) of BCP reversed mechanical 

allodynia of the inflamed hindpaw after intraperitoneal injection. However, a high dose of BCP 

(100 mg/kg) reversed mechanical allodynia on the von Frey test; however, this dose did not 

reverse thermal hyperalgesia. A hindpaw injection of 0.1 mL CFA decreased wheel running 

activity as is consistent with a painful stimulus. However, no dose of BCP restored pain-

depressed wheel running. These same doses of BCP did not affect wheel running in uninjured 

control rats. Therefore, a high dose BCP produces pain relief, although it only does so against 

mechanical allodynia. No dose of BCP restores normal activity. Therefore, although pain may be 

eliminated following BCP administration, a return to normal levels of activity may not be 

possible, which raises questions about the utility of BCP to treat pain. Future studies of the pain-

relieving effects of Cannabis constituents must include tests of many pain-related behaviors to 

understand dose-response relationships and their therapeutic potential. 
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Abstract: Neuropathic pain is one of major clinical problems since it can influence more than 

7% population in the world. Current treatments of this debilitating disorder have limited 

efficiency and/or produced severe adverse effects. The evidence demonstrated that maladaptive 

changes of nerve injury-associated genes in dorsal root ganglion (DRG) are critical for 

neuropathic pain genesis. Long non-coding RNAs (lncRNAs) are considered to be gene 

transcriptional regulators. Here, we reported a nerve injury-specific lncRNA (NIS-lncRNA) for 

its upregulation in injured DRG exclusively in response to peripheral nerve injury. We 

demonstrated that NIS-lncRNA had two splice variants, full length 435 nt variant 1 and 2,469 nt 

variant 2, in mouse DRG, a full-length 429 nt NIS-lncRNA in rat DRG and a full length 1,263 nt 

NIS-lncRNA in human DRG. Expression of NIS-lncRNA was low or undetectable under normal 

conditions, but its expression was dramatically upregulated in injured DRG neurons after 

peripheral nerve injury. This upregulation occurred on day 3 post-nerve injury and persisted for 

at least 28 days after nerve injury. NIS-lncRNA was not detected in satellite glial cells and 

microphages/monocytes in injured DRG. Blocking nerve injury-induced upregulation of NIS-

lncRNA through DRG microinjection of NIS-lncRNA siRNA in CD1 mice or AAV5-Cre in NIS-

lncRNAfl/fl mice attenuated the development and maintenance of neuropathic pain. Mimicking 

this upregulation through DRG microinjection of AAV5 expressing full-length NIS-lcnRNA or 

their variants led to neuropathic pain-like behaviours in mice with the absence of peripheral 

nerve injury. Our findings suggest that DRG NIS-lncRNA upregulation is required for 

neuropathic pain induction and maintenance. 
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Abstract: Nerve injury-induced dysregulation of pain-associated gene expression in dorsal horn 

ganglion (DRG) is considered molecular basis of neuropathic pain genesis. Long noncoding 

RNAs (lncRNAs) are key regulators of gene transcription. We recently identified a novel and 

native lncRNA specifically responded to peripheral nerve injury in DRG, named nerve injury-

specifc lncRNA (NIS-lncRNA). Our preliminary data demonstrated that nerve injury-induced 

upregulation of NIS-lncRNA in injured DRG neurons contributed to neuropathic pain 

development and maintenance. However, the mechanism underlying this phenomenon is still 

unclear. Here, we showed that blocking NIS-lncRNA upregulation attenuated the nerve injury-

induced increase in the C-C chemokine ligand 2 (CCL2) in injured DRG. Mimicking nerve 

injury-induced NIS-lncRNA upregulation elevated CCL2 expression and increased CCL2-

mediated excitability in DRG neurons. Moreover, NIS-lncRNA bound to not only the promoter 

region of Ccl2 gene but also to Fused in sarcoma (FUS, an RNA-binding protein). FUS also 

interacted with Ccl2 gene promoter and could trigger its transcriptional activity. Thus, 

upregulated NIS-lncRNA recruited more binding of increased FUS to the Ccl2 gene promoter and 

augmented Ccl2 transcription in injured DRG. Given that CCL2 in DRG neurons is an 

endogenous initiator in neuropathic pain and that NIS-lncRNA co-expressed with FUS and CCL2 

in DRG neurons, NIS-lncRNA participates in neuropathic pain likely by promoting FUS-

triggered DRG CCL2 expression and may be a novel target in neuropathic pain management. 
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Abstract: MicroRNAs (miRNAs) are small single-stranded non-coding RNAs which regulate 

gene expression intracellularly. Extracellular miRNAs are also present in various body fluids 

including serum and cerebrospinal fluid (CSF), and emerging evidence has implied secreted 

miRNAs may serve as biomarkers for diseases. Extracellular miRNAs may have biological roles 

via interactions with specific surface receptors. Recently, extracellular let-7b was found to 

induce apoptosis of cortical neurons via activation of neuronal toll-like receptor (TLR7) 

contributing to neurodegenerative disease1. However, the unique role of extracellular let-7b in 

modulating cell signaling in nociceptive transmission is virtually unknown. TLR7 expression in 

immune cells regulates innate and adaptive immunity, but neuronal signaling from TLR7 is not 

well understood. Using immunohistochemistry staining and RNAscope in situ hybridization, we 

find TLR7 is expressed in primary sensory neurons of dorsal root ganglion (DRG) from different 

species, including mouse, monkey, and human. Calcium imaging and patch clamp recording 

each reveal that let-7b can rapidly activate nociceptor neurons across species through TLR7. 

Computational simulations indicate that let-7b core sequence GUUGUGU interacts with TLR7, 

and GUUGUGU is sufficient to activate nociceptors and elicit spontaneous pain via TRPA1 ion 

channel. Extracellular application of let-7b further activates TLR7 and TRPA1 in nociceptor 

central terminals, enhancing excitatory synaptic transmission in spinal dorsal horn neurons via 

presynaptic modulation. Spinal blockade of endogenous let-7b reduced pathological pain in 

mice. Let-7b also produced potent and TRPA1-dependent nociception in monkeys. Collectively, 

our findings reveal an unconventional signaling by miRNAs through TLR7 in nociceptive 

sensory neurons across species. This study provides new insights into miRNA function in cell 

signaling and pain and identifies let-7b as a novel neuromodulator. 
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Abstract: A neurodegenerative disease accompanying impairment of cognitive and motor 

function is a disease caused by neuronal cell death of particular subsets of neurons, unlike the 

normal aging process. Alzheimer’s disease is characterized by brain impairment, memory loss, 

and cognitive impairment that starts slowly and progressively worsens, resulting from the 

accumulation and aggregation of amyloid-beta (Aβ). However, the Aβ monomer form is rather 

neuroprotective. A recent study has shown that endogenous Aβ in the spinal cord attenuates pain. 

Although various types of cells regulate pain threshold in the spinal cord, specific cell types and 

mechanisms that mediate Aβ’s analgesic effect are unknown. Our study has shown that Aβ 

inhibits TRPV1 activation in vivo as well as in vitro. Indeed, peripheral administration of Aβ 

alleviated heat hyperalgesia in the mouse SNI model. We confirmed that this TRPV1 inhibitory 

effect is mediated via Low-density lipoprotein receptor–related protein-1 (LRP1) by using 

chemical and genetic inhibition of LRP1. Also, we identified that Src homology region 2-

containing protein tyrosine phosphatase 2 (SHP2) contributed to TRPV1 inhibition following 

LRP1 activation. Furthermore, we verified that TRPV1 inhibition by LRP1 activation using α2 

macroglobulin (α2M), a potent LRP1 agonist. α2M also inhibited TRPV1 activation in vitro and 

in vivo levels and activated the SHP2 pathway. Our study found a new mechanism for alleviating 

chronic pain by modulating the peripheral LRP1-SHP2-TRPV1 pathway. 
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Abstract: Previously, we showed spontaneous pain after peripheral nerve injury was associated 

with intermittent synchronized firing of spatially clustered neurons in the DRG (as observed with 

in vivo Ca2+ imaging using GCaMP6s expressed in sensory neurons) and depended on 

sympathetic nerve sprouting in the DRG. We now report that cluster firing and spontaneous pain 

may be induced by blood vessel movements within the DRG in mice with peripheral nerve 

injury. I.p. injection of the vasoconstrictor phenylephrine (PE) significantly increased 



spontaneous pain behaviors and cluster firing in mice with spared nerve injury (SNI; day 21-35). 

PE did not increase single-neuron spontaneous firing or induce cluster firing in normal mice 

without peripheral nerve injury. Tracing experiments suggested that injured neurons, not those 

with intact axons, participated in the cluster firing. Effects of PE on spontaneous pain and cluster 

firing were reduced by siRNA-mediated knockdown of mechanoreceptor Piezo2 in lumbar 

DRGs 3-5 days prior. siRNA efficacy was confirmed by Western blotting. The short term siRNA 

injection did not affect Piezo2 levels in the neuroma, providing further evidence for the DRG as 

the site of action. In addition, cluster firing could be induced by local injection of PE into the 

DRG. PE-induced cluster firing and spontaneous pain behaviors were also reduced by 

knockdown of floxed Piezo2 in the DRG mediated by virally expressed Cre. Effects of i.p. or 

local PE on cluster firing could be reduced by local DRG application of 2 blockers of 

mechanically activated channels (GsMTx4 plus (d-)GsMTx4). These blockers also reduced 

baseline cluster firing. We hypothesized that PE induces vasoconstriction in the DRG, 

mechanically stimulating Piezo2. After SNI, we observed abundant Piezo2-positive sensory 

nerve sprouting inside the DRG. In other experiments, we used a glass micropipette to gently 

poke blood vessels on the DRG surface, evoking local vasoconstriction directly. In the DRGs 

from SNI but not normal mice, this induced cluster firing, which was also reduced by Piezo2 

blockers. Gently poking the DRG cellular area did not induce cluster firing, only single neuron 

activation. The percentage of mechanical pokes that evoked cluster firing was also reduced by 

Piezo2 siRNA mediated knockdown. A second vasoconstrictor, angiotensin II, could also evoke 

spontaneous pain and cluster firing when injected systemically. We propose that vasoconstrictors 

acting on blood vessels inside DRG mechanically activate Piezo2 channels in nearby sensory 

fibers/neurons, and evoke cluster firing in the DRG after SNI, thus increasing spontaneous pain 

behaviors. 
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Abstract: The role of GABAA modulation in both the spinal cord and dorsal root ganglia (DRG) 

of rodents in nociception was previously studied in chronic preclinical pain models, however 

similar studies in an acute incisional model are lacking. The main goal of this study is to 

investigate the changes in GABAA A2 subunit expression within the dorsal root ganglia (DRG) 

after plantar skin incision in rats and determine potential therapeutic benefit of direct DRG 

application of GABAA modulators. For this purpose, we used a novel neuroactive steroid and 

positive modulator of neuronal GABAA receptors (3-alpha, 5-alpha)-3-hydroxy-13,24-cyclo-

18,21-dinorchol-22-en-24-ol (aka CDNC24). Acute incisional pain was induced in Sprague 

Dawley female adult rats and mechanical threshold was measured using electronic Von Frey for 

both hind paws in triplicates before and after incision and compound application. Thirty 

nanograms or 100 nanograms CDNC24 or equal volume (30 microL) of vehicle (25% 2-

hydroxypropyl-beta-cyclodextrin), was applied in a blinded manner directly onto the right L5 

DRG at the same time as the paw incision surgery. Western blot analysis was performed on 

acutely dissected lumbar DRGs (L4-L6) collected on post-operative day (POD) 2 or 10. Post-

incisional hyperalgesia in naïve animals lasted for approximately 5 days, with POD 2 showing 

the most pronounced mechanical hyperalgesia (n=15). Mechanical thresholds recovered back to 

baseline level by POD 10. Western blot analysis showed about 25% (±10%) reduced protein 

expression of the GABAA receptor A2 subunit in the ipsilateral side on POD 2 (n=12). In 

contrast, no difference in expression of the A2 subunit was seen in sham incised animals (n=12) 

or in incised animals at POD 10 (n=15). Direct DRG application of CDNC24 effectively 

alleviated hyperalgesia at 30 ng /30 microL (n=7) on POD 1, and at 100 ng /30 microL dose 

(n=8) up to POD 4 when compared to vehicle. In contrast, CDNC24 applied to sham incised 

animals did not show any difference in mechanical thresholds. Overall, we show that the acute 

incisional pain model induced a downregulation of the A2 subunit of GABAA receptors in 

ipsilateral DRG that coincided with most intense periods of hyperalgesia. Application of 

CDNC24 to the DRG dose-dependently diminished hyperalgesia up to POD 4. Since we 

previously have shown no effective analgesic effect of CDNC24 when administered intrathecally 

in the same pain model, this argues for specificity of GABAA modulation by CDNC24 in the 

DRG. We conclude that the GABAA receptor modulation in the DRG plays an important role in 

pathophysiology of post-operative hyperalgesia and represent promising target for novel pain 

therapies. 
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Abstract: Entrapment neuropathies are the most common cause of neuropathic pain. They occur 

when a nerve becomes compressed, or entrapped, between two other structures in the body. 

Studies have shown that there is an increase in NaV1.8 sodium channel trafficking and insertion 

into the neuronal membrane in preclinical models of nerve entrapment injury. The increase in 

NaV1.8 channel activity is thought to underlie neuropathic pain behavior. While the scaffold 

proteins responsible for sodium channel and membrane stabilization in DRG neurons have not 

been fully characterized, our published studies identified the WW domain-containing scaffold 

protein called Magi1 as a potential candidate (PMID: 30860870). After establishing neuropathic 

pain using the sciatic nerve cuff model of entrapment injury in male and female mice, Magi1 was 

then genetically knocked down using an in vivo sciatic nerve knockdown approach strategy to 

test the consequences of Magi1 deficiency on established pain. The Hargreaves thermal, von 

Frey fiber mechanical sensitivity, and dynamic weight-bearing assays were used to confirm and 

monitor neuropathic pain. Our previously published study showed that thermal hyperalgesia and 

dynamic weight-bearing mirror each other, encoding ongoing pain while von Frey mechanical 

sensitivity persists (PMID: 34917858) in this model. After Magi1 was knocked down and 

confirmed by Western analyses, in the Hargreaves thermal assay, we found that there was an 

increase in the thermal withdrawal latency during Magi1 knockdown in neuropathic mice 

compared to the scrambled shRNA-treated mice. We also saw an increase of the percent weight 

borne on the ipsilateral paw in the Magi-1 knockdown mice using dynamic weight-bearing 

measurements compared to scrambled shRNA-treated mice. For mechanical von Frey sensitivity, 

there was an increase in the withdrawal threshold of the Magi1 knockdown mice. We also noted 

sex differences in response to the Magi1 knockdown. Magi1 is a potential target for analgesia for 

nerve entrapment-induced neuropathic pain. Future studies will examine the electrophysiology 

properties of DRG neurons after Magi1 knockdown and nerve entrapment. 
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Abstract: Accumulating evidence shows that dorsal root ganglion TLR4 contributes to the 

development of neuropathic and inflammatory pain phenotypes, through signaling that reflects 

communication between neuronal and immune cells. In the present work, we examined the role 

of TLR4 in the mechanical and thermal thresholds changes (von Frey and Hargreaves test), 

following unilateral intraplantar injections of CFA (complete Freund’s adjuvant) in WT and 

Tlr4−/−male mice. Using flow cytometry, we evaluated the number/phenotypes of DRG 

macrophages, satellite cell activation (GFAP expression), and TRPV1 channels expression in the 

ipsi (I) vs contralateral © dorsal root ganglia (L3 to L6) of WT and KO, eight days after CFA. 

The behavioral data showed that a single intraplantar injection of CFA (20 μl) produced a 

prolonged (> 8 d) increase in paw edema (Clinical score I: 2.231 ± 0.166*) and decreased hind 

paw tactile (I: 0.619 ± 0.037 vs ©: 1.300 ± 0.059 gm*) and thermal (I: 3.850 ± 0.323 vs ©: 6.450 

± 0.609 sec*) thresholds in the ipsilateral vs contralateral paw WT mice. In contrast, following 

CFA, Tlr4−/− mice showed a significant reduction on days 6 and 7 in the mechanical allodynia 

and thermal hyperalgesia as well as a reduction in paw thickness. In the flow cytometry analysis, 

we observed an increase in satellite glial cell activity and TRPV1 expression in the ipsilateral 

DRGs of WT mice but not in the Tlr4−/− DRGs. M1 phenotype macrophages counts were 

significantly elevated in the ipsi vs contralateral only in DRGs from WT mice. These findings 

suggest that TLR4 receptors exhibit influence in the inflammatory process induced by CFA 

through increasing polarization of macrophages to pro-inflammatory phenotype, expression of 

TRPV1 channels, and enhancing satellite glial cells activity in the DRGs which, together, leads 

to nociceptor sensitization reflecting in peripheral mechanical allodynia and thermal 

hyperalgesia. (*: p<0.05, mean with SEM) (NS102432). 
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Abstract: Neuropathic pain is a condition with a high incidence, caused by a disease or lesion of 

the peripheral or central nervous system. It affects up to 10% of the population globally and has a 

huge socioeconomic cost. However, it is often undertreated due to its complex pathophysiology 

that is still not fully elucidated. Mechanical allodynia (innocuous stimuli becoming painful) is 

the major and most debilitating symptom of neuropathic pain. There is ongoing debate between 

two potential mechanisms underlying mechanical allodynia: a decrease of the activation 

threshold of the high-threshold nociceptors vs. an altered signaling of low-threshold 

mechanoreceptors to transit pain. To address this question, we quantified the mechanical 

responses of nociceptors from both nerve-injured (n=46) and sham-control mice (n=54). We 

performed in-vivo calcium imaging on lumbar DRGs from anesthetized NaV1.8-GCaMP6s 

mice, in which most nociceptors were labelled with the genetically-encoded calcium indicator, 

GCaMP6s. After mapping the receptive field on the glabrous hind paw, we applied a series of 

indentation stimuli, of varying pressure, to the center of the receptive field using a force 

feedback-controlled mechanical stimulator. In both sham-control and nerve-injured mice, higher 

pressure recruited more neurons and induced stronger activation of individual neurons in a 

graded fashion. Interestingly, a high proportion of these nociceptors (42% in control mice and 

39% in nerve-injured mice) show sustained responses to innocuous pressure (<3.3g/mm2). The 

size of the receptive field and the activation threshold of the overall population of NaV1.8 

neurons appeared unaltered after nerve injury. However, further analysis of the activation 

threshold revealed two subpopulations of mechanoreceptors in control mice: low-threshold and 

high-threshold nociceptors. Following nerve injury, the prevalence of the high threshold 

subpopulation decreased, and the remaining high-threshold neurons had an increased activation 

rate as compared to those from control mice. Thus, our results do not support the theory of a 

decrease of the activation threshold of nociceptors. Instead, it points towards a restructuring of a 

high-threshold sub-population after nerve injury as a novel mechanism of mechanical allodynia. 
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Abstract: The NIH HEAL Initiative is a trans-agency effort to providescientific solutions to 

stem the opioid crisis. Within the NIH HEAL Initiative,NINDS developed the Preclinical 

Screening Platform for Pain (PSPP) tofacilitate the identification and development of new non-

opioid, non-addictivepain therapeutics.PSPP provides researchers from academic, industry, and 

governmentinstitutions, within the US and internationally, an efficient, rigorous,one-stop in vivo 

resource at no cost, to accelerate development of newpain therapeutics including small 

molecules, biologics, natural products, anddevices for the treatment of pain. The asset owner’s 

intellectual property andconfidentiality are protected.For accepted participants, the asset is 

rigorously evaluated underPSPP direction by an NINDS contract facility, PsychoGenics Inc., in a 

blindedand confidential manner. Assets are evaluated using a tiered approach thatincludes in 

vitro screens assessing functional activity against a broad panelof human recombinant targets 

associated with abuse, dependence, and off-targetactivity; brain and plasma protein binding; 

pharmacokinetics studies; sideeffect profile; efficacy in a suite of pain-related models using 

evoked andnon-evoked endpoints; and abuse liability. All in vivo studies are conducted inmale 

and female SD rats using group sizes determined by power analysis. Data and reports are given 

to the asset ownerat the end of each study. The tiered approach to evaluation of assets, 

andinformation about each model and endpoint currently used within the program willbe 

publicly available. Evaluation ofassets in PSPP can provide a key step in transitioning NIH 

HEAL Initiativepreclinical programs into clinical programs. A key feature of the PSPP 

programis the flexibility to continuously acquire and validate innovative models andendpoints 

that more closely represent human pain conditions.This presentation will highlight data 

generated within the programwith clinically used drugs, including pregabalin and diazepam, and 

illustratethe rigorous nature of evaluation of novel non-opioid, non-addictive 

therapeuticapproaches. Results illustrate the efficacy of a drug clinically used in painconditions, 

e.g., pregabalin, in multiple models and endpoints in the contextof pharmacokinetics, side effect 

profiles as well as abuse liability potentialand highlight differences from the profile of diazepam, 

a drug not clinicallyapproved for pain. In summary, the NINDS PSPP program strives to 

accelerate thedevelopment of novel non-opioid, non-addictive therapeutics for pain. 
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Abstract: Sense of taste is essential for evaluation of potential food items. Each taste receptor 

cell (TRC) in the mammalian taste bud expresses transmembrane receptors specialized to detect 

a single quality - sweet, umami, bitter, sour, or salty. With a short life span of only ~2 weeks, 

TRCs need to be constantly replenished and accurately wired to their respective sensory neurons 

for the animal to maintain taste sensation. Recent work has identified LGR5 as a genetic marker 

for progenitor cells responsible for giving rise to TRCs and implicated major signaling pathways 

(e.g. Shh, Wnt, Notch) in the differentiation process. However, the precise genetic mechanisms 

that regulate taste tissue homeostasis and define TRC specification remains a mystery. To 

resolve this, we generated single cell transcriptomics data from taste tissue. We dissociated taste 

papillae from mice (C57BL/6, male, n=10, age=10 weeks) and performed single-cell RNA 

sequencing using the 10X Genomics platform. Our approach retrieved ~16,800 cells across 

19,034 expressed genes. With the Seurat V4.0 package, we observed robust clustering of ~3,100 

TRCs and basal Lgr5+ progenitor cells. By applying mathematical modeling to compare clusters, 

we found transcripts that are differentially expressed in TRCs for each taste quality. Taken 

together, our data advances the current understanding of transcriptomic expression of taste 

system and opens the opportunity to determine key factors that drive TRC specification. 
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Abstract: Early Growth Response 4 (EGR4) belongs to the EGR family of zinc-finger 

transcription factors and has a critical role in the development of several cell types such as 

spermatogonia and Dorsal Root Ganglia (DRG) neurons. During our investigation of novel genes 

important for the development of Geniculate Ganglion (GG) neurons, EGR4 was identified as a 

gene enriched in PHOX2B-positive oral sensory neurons. Its function in the gustatory system is 

currently unknown. We observed a severe loss of PHOX2B expression in oral sensory neurons 

of the GG with a concomitant increase in the BRN3A+ pinna somatosensory neurons. Deletion 

of EGR4 also disrupted the cell fate determination of these neurons resulting in loss of several 

known subpopulations of GG oral sensory neurons. A significant reduction in the chemosensory 

innervation of taste buds as well as taste cell number in Fungiform papillae were also observed in 

the Egr4-/- mice. Chorda tympani nerve recordings demonstrated that Egr4-/- mice exhibit deficits 

in responses to sweet (sucrose) and umami taste stimuli. To understand the downstream 

mechanism of EGR4 function, we performed RNA-seq on the GG from Egr4+/+ and Egr4-/- 

mice. We found that axon guidance proteins such as PLEXINB3, ROBO2, and DRAXIN were 

significantly downregulated in Egr4-/- mice. On further investigation, these proteins were also 

significantly reduced in the axon terminals innervating taste buds in Fungiform papillae. These 

results indicate that EGR4 plays an integral role in cell fate determination of oral sensory 

neurons in the GG and controls the expression of the axon guidance molecules required for the 

proper neuronal innervation and/or synapse formation in taste buds. 
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Abstract: Edwin Boring’s mis-interpretation of a 1901 study popularized the idea of a tongue 

map with discrete regions of taste sensitivity across the tongue surface. While this representation 

persisted in textbooks for decades, it was largely discredited by the observation that most taste 

buds express the full array of taste receptors, irrespective of their position on the tongue. 

However, gustatory papillae of the anterior and posterior tongue are derived from different 



developmental origins and innervated by separate peripheral sensory afferents. Gustatory 

information from the anterior tongue is relayed by geniculate ganglion neurons and from the 

posterior tongue by neurons of the petrosal portion of the jugular/nodose/petrosal complex. Here, 

we revisit the regional specialization of the tongue by using in vivo calcium imaging in mice to 

compare the encoding of taste information in the geniculate and petrosal ganglia, at single 

neuron resolution. Our data support an anterior/posterior specialization of taste information 

coding from the tongue to the ganglia, with petrosal neurons more responsive to umami or bitter 

and less responsive to sweet or salty stimuli than geniculate neurons. Does this regional 

difference have any functional consequences? We found a significant effect on salivation based 

on regional application of taste stimuli; umami promotes salivation when applied to the posterior, 

but not anterior, tongue. In summary, this suggests a functional taste map of the mammalian 

tongue where the anterior and posterior taste pathways are differentially responsive to specific 

taste qualities, and differentially regulate downstream physiological functions of taste, such as 

promoting salivation. 
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Abstract: Taste permits the recognition of valuable nutrients and the avoidance of potential 

toxins. The sense of taste is generally understood to be the intensity-dependent detection of 

stimuli in a few broad categories (e.g., sweet, bitter, etc.), with little ability to distinguish 

compounds within a single modality. In Drosophila, a single taste sensillum houses between 2-4 

gustatory receptor neurons (GRNs), with a single GRN from each sensillum responsive to 

sugars. Bumblebees rely on sugary nectar as their primary energy source, and they have adapted 

a specialized taste system for the detection of sugars at the expense of high resolution in other 

taste modalities. Within a single bumblebee galeal taste sensillum there are four GRNs, and we 

show that three of these GRNs are responsive to sugars. When stimulated with some sugars, the 

GRNs fire in a bursting pattern, while other sugars do not elicit bursting at any concentration. A 

clustering analysis of the temporal responses to sugars over a concentration gradient predicts that 



bees can distinguish sugars in a few broad categories. We tested this behaviourally and found 

that bees perform better than the clustering algorithm predicts: bees can distinguish a range of 

sugars, including those found in nectar (sucrose, fructose, glucose) and honeydew (maltose, 

melezitose). This suggests that bumblebees have evolved a specialized taste system with high 

acuity for sugars. 
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Abstract: Tastes of a food critically contributes how the food is perceived and evaluated. 

Accordingly, the decision to eat or not to eat a specific food, unsurprisingly, depends on the 

quality of processing taste information within the brain. An area that undertakes this task is the 

gustatory cortex (GC). Over the past 20+ years, we have found that GC taste responses are 

dynamic and evolve through various epochs: following the initial detection of taste presented on 

the tongue, GC activity becomes identity-related and then transitions into a state dominated by 

palatability (or decision)-related activity. Given that food often is comprised of several of the 

primary tastes (e.g., salty and sweet), the current research aimed to determine how a mixture of 

tastes is processed in GC via an active licking paradigm. During each experimental session, rats 

with multi-channel implants in GC were given the opportunity to lick for a sucrose (0.1 M; S), 

NaCl (0.1M, N), or mixture (SN) across trials with water rinses interleaved between these taste 

trials. Preliminary results indicate that the GC neurons that responded to mixtures and their 

activity differ from those responding to S or N, indicating that the mixture processing in GC 

cannot be simply understood as an addition of S and N, but rather, it reflects a unique property of 

mixtures. These results were discussed in the context of configural perception, likely via the 

mechanism of within-compound associations. Future directions will involve further analyses and 

experiments to investigate whether GC taste response dynamic changes following the 

development of configural perception. 
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Abstract: Although brainstem responses to taste stimuli have been well-documented, the 

function of the taste system in natural feeding remains unexplored. Based on previous 

electrophysiological data, we tested the hypothesis that the taste system is strongly engaged 

while exploring food, its taste and smell, but becomes relatively disengaged when food is being 

consumed. Here, we used in vivo one-photon Ca2+ imaging of cells in the parabrachial nucleus of 

the pons (PbN) of awake, unrestrained rats as they (i) licked representatives of four basic taste 

qualities (0.1 M sucrose, 0.1 NaCl, 0.0167 M citric acid, 0.0001 M quinine) as well as artificial 

saliva (AS) presented alone or paired with either peanut or chocolate odor, and (ii) ate either 

chocolate or peanuts presented in wells (recessed open boxes at the corners of the experimental 

chamber). In separate surgeries 3 wks apart, rats were prepared for Ca2+ imaging by infusion of 

GCamp7s and implantation of a 1 mm dia. GRIN lens above the PbN. When recovered, rats were 

water-deprived and a miniscope (Inscopix, Inc.) was mounted above the GRIN lens. For the 20 

min lick session, rats were placed in a chamber with a lick spout for delivery of taste stimuli, AS, 

AS+peanut odor or AS+chocolate odor. Each taste trial consisted of 10 consecutive taste 

stimulus licks preceded and followed by 6 AS licks delivered on a VR5 schedule. For odor trials, 

AS was presented for 10 consecutive licks, the first of which initiated a 3 s puff of an odorant 

delivered through a port orthogonal to the lick spout. Odorants were generated by flowing 

compressed air over either chopped salted dry roasted peanuts or chopped milk chocolate (35% 

cacao, 67% sugar). A 20 min eating session followed the lick session immediately. Doors to the 

wells were removed and 3 gms of peanuts or chocolate were placed in separate wells, to which 

the rats had free access. A video camera (CinePlex, Plexon, Inc.) was used to record behavior in 

the experimental chamber. Results from 2 rats thus far have shown that prior to consumption all 

taste and odor stimuli evoked spatially widespread responses (>30 cells/rat) with no gustotopic 

segregation apparent. When rats ate either peanuts or chocolate, however, the number of 

responsive cells was spatially restricted to a small cluster of cells (~7-10) located in the caudo-

medial field. Cells in this cluster also responded to all tastants and odorants tested, while each 

individual taste or odor stimulus additionally evoked unique spatial patterns of response scattered 



across the field. These data suggest that, in the PbN, taste and odor are represented by a dense, 

distributed code, while food is represented by a sparse and spatially restricted code. 
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Abstract: The role of gustatory cortex (GC) in the processing sensory input and generation of 

behavior associated with taste is still not fully understood. It has been previously suggested that 

after condition taste aversion (CTA) learning, the neural representation of a palatable 

conditioned taste stimulus is altered, becoming more similar to innately aversive tastes. We 

investigated the neural representation of CTA in the GC of adult male and female mice. Using 

calcium imaging via head-mounted miniscopes, we recorded the activity of a consistent 

population of 1061 cells from 8 awake, behaving mice as they progressed through a CTA 

paradigm, permitting an unprecedented investigation of neural correlates of behavior and 

learning in real time. Control animals (6 mice, 1037 cells) experienced the same taste exposure 

paradigm, but did not undergo aversion conditioning. Over the course of several days, animals 

were first presented with a panel of several tastes, and after conditioning an aversion to one 

previously accepted taste solution, the panel was presented again. A subset of the conditioned 

animals (4 mice) went through additional extinction training, where the conditioned stimulus was 

presented repeatedly until its consumption recovered to pre-conditioning levels. We found that 

responses to different tastes were initially uncorrelated, but responses to accepted tastes began to 

intercorrelate over successive exposures. After a CTA to sodium chloride (NaCl) was formed, 

however, responses to that taste reverted to their previously uncorrelated state. This pattern of 

change appeared related to, but not fully explained by, quantity of ingestion. The conditioned 

taste stimulus became less similar to accepted tastes, and more similar to taste solutions that are 

innately rejected. Notably, cells that had previously been categorized as NaCl-best (N-units) 

greatly reduced their response to NaCl, and cells previously categorized as bitter- or quinine-best 

(Q-units) substantially increased their NaCl response. Reversing the aversion via extinction also 

reversed the effects of learning in GC; correlations between responses to NaCl and those of other 

accepted tastes again increased their intercorrelation, and tuning changes revert, such that N-



units classified prior to conditioning resumed responding to NaCl, and Q-units return to 

responding primarily to quinine. In sum, these findings describe activity in gustatory cortex that 

is initially disorganized, but following behavioral experience becomes increasingly 

commensurate with taste palatability and ingestive decision making. 
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Abstract: To survive, animals must use gustatory stimuli to guide oromotor behaviors like 

licking and chewing. The anterior-lateral motor cortex (ALM) is involved in the genesis of 

sensorimotor decisions related to licking. Although licking and taste are invariably linked, it 

remains unknown if ALM plays a role in the linking the sensorimotor transformation to taste 

stimuli to lick decisions, and how the underlying circuits are modulated during this process. One 

candidate mechanism for taste-based sensorimotor transformations is dopamine transmission 

through D1 receptor (D1R). Blockade of D1R signaling within ALM affects both sensory cue-

evoked responses and motor planning of licking, suggesting a potential role for D1R-expressing 

(D1R+) neurons in sensorimotor guided licking. We tested the hypothesis that D1R+ neurons in 

ALM exhibit patterns of activity that represent taste cues and preparation of licking, and that 

these specific and distinct representations are required to drive lick decisions during a taste-

guided 2-alternative choice (2-AC) task. In this task, mice must use two taste cues to guide 

different licking actions (lick left vs lick right) after a delay period. Two-photon calcium imaging 

in the superficial layers of ALM (<350 um) was performed using transgenic D1R reporter mice 

to identify and simultaneously record populations of D1R+ neurons and non-D1R expressing 

neurons (D1R-) during performance in the task. Individual D1R+ and D1R- neurons exhibit 

epoch-specific responses during the sample (S), delay (D) and response (R) periods of the task, 

representing taste cue, preparation of licking and lick execution, respectively. Examination of 

taste coding for single neurons show weak tuning to specific taste cues during the sampling. 

However, analysis of lick direction coding revealed a stronger bias for contralateral lick trials in 

D1R+ responses when compared to D1R- responses during both the delay and choice periods. 

These preliminary findings suggest D1R+ neurons in the superficial layers of ALM represent a 

unique subpopulation with a preference for contralateral lick choice. To determine if activity of 

D1R+ neurons is required in taste-guided licking, we will rely on optogenetics to bilaterally 



silence D1R+ neurons during different behavioral periods of the 2-AC task. Based on findings 

from our imaging experiments, we expect silencing during the sample period to not perturb task 

performance while silencing D1R+ neurons during the delay to produce an ipsilateral bias in lick 

performance. Altogether, these findings will provide novel understanding of the link between 

gustatory decision-making and cortical neurons expressing D1Rs. 
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Abstract: The consumption system is an ideal model with which to study the neural processes 

and pathways guiding discriminative, ethologically-relevant behavior in response to sensory 

stimuli. When a potential taste stimulus reaches the tongue, the CNS has one simple function - to 

determine whether that stimulus should be consumed or expelled from the mouth. Rats (and 

many other mammals) produce discriminative orofacial movements reflecting the reaching of a 

consummatory decision: lateral tongue movements (LTMs) for ingestion and gapes for rejection. 

Previous work has demonstrated that sensory (gustatory) cortex (GC) is integrally involved in 

reaching such decisions: taste responses of GC ensembles progress through three firing-rate 

“epochs”, clocking the sensori-motor transformation that ends in the consumption decision. 

Furthermore, the relationship between the transition to decision-related firing and consummatory 

behavior initiation has proven causal. However, GC is not in and of itself a motor structure - a 

central pattern generator localized to the parvocellular reticular formation (RF) directly drives 

gapes and LTMs. We propose, therefore, that GC provides a modulatory signal to RF which 

guides the selection and initiation of one of the two consummatory responses. Using 

optogenetics, I will briefly (0.5s) inhibit GC->RF projections in freely moving rats after taste 

delivery, while electrophysiologically monitoring behavior - specifically the activity of two 

orofacial muscles - and neural activity in GC. I predict that this inhibition will perturb 

stereotyped consummatory responses, but only if it precedes the decision-related epoch of GC 



activity. These findings will ultimately enrich our understanding of how sensory information is 

transformed into appropriate behaviors. 
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Abstract: In the past decades, many electrophysiological studies in behaving rodents have 

described how neurons in the gustatory cortex (primary taste cortex, GC) process taste 

information. In addition, a growing body of experimental work in humans and primates - as well 

as pioneering works in anesthetized rats - indicates that GC neurons respond also to non-

gustatory components of intra-oral stimuli, including temperature, a salient sensory feature of of 

food and beverages. While these data implicate the GC as a potential key brain region for the 

integration of taste and thermal orosensory inputs, they stop short of supplying a fine-grained 

analysis of its neural responses, and many questions remain.Here, using fiber-photometry and 

extracellular recording (tetrodes and silicon-based probes) we aim to provide a complete 

neurophysiological assessment of how thermal orosensory inputs shape GC activity in alert mice. 

Specifically, we tested 1) whether and how neurons in the GC of actively licking mice are 

modulated by changes in the temperature of chemically inert drinking solutions and 2) if thermal 

responses are organized across the dorso-ventral axis (granular, dysgranular and agranular) of the 

GC. Licking and neural activity was recorded in mice trained to experience (on a fixed ratio 

schedule) a drop of cool (14°C), ambient (25°C), or warm (36°C) water.Overall our results show 

that GC processes thermal intra-oral information at both a population and single-unit level 

without an apparent topographical organization. In conclusion, our data shows that temperature 

is a salient intra-oral cue represented in the taste cortex and suggests the GC is cortical region 

important for the integration of thermal and chemosensory stimuli present in food and beverages. 
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Abstract: Gastrin-releasing peptide (GRP) is endogenously expressed peripherally and centrally. 

Peripherally, GRP is involved in enteric activities related to metabolism and digestion. Centrally, 

GRP has many actions including involvement in circadian rhythm, learning and memory, the 

spinal cord itch reflex, as well as ingestion. Intravenous administration in humans, and peripheral 

or intracranial administration in animal models, appears to act as a meal termination signal. 

While the pharmacological effects of GRP in ingestion have been relatively well described, the 

neural basis of its central action remains unknown, as is the role of GRP within the taste 

pathway. Here, we describe GRPergic circuits in the gustatory cortex (GC). GRP-expressing 

(GRP+) neurons make up approximately 5% of neurons in GC. The distribution shows greatest 

cell density in layers II/III and IV of dysgranular and granular GC where GRP is expressed in up 

to ~15% of neurons. Whole cell patch clamp recordings revealed pyramidal cell-like intrinsic 

properties. To begin investigating the functional role of GC GRP+ neurons, we relied on 2-

photon calcium imaging. GCaMP7f was expressed in GC of animals genetically expressing 

tdTomato in GRP+ cells. Taste-evoked responses of GRP+ neurons were assessed in mice 

sampling quinine, citric acid, sodium chloride, sucrose, sucralose, water, and Ensure. Preliminary 

analysis of responses suggests that GRP+ cells respond to tastants, licking, and taste-predictive 

cues in similar proportion to GRP- cells. Calcium transients were largest in a window ~3-5 sec 

after taste delivery. In this window, GRP+ neurons show a different taste tuning profile than 

GRP- neurons, with GRP+ neurons having a larger proportion of sucrose-best neurons. Using 

viral tracing and electrophysiological methods, we found that GRP-expressing neurons in GC 

send a dense, functional projection to the basolateral nucleus of the amygdala (BLA). Previous 

work has shown that GRP administration into the amygdala reduces meal size and increases time 

between eating bouts. Since GC may be providing a source of GRP into the BLA, this suggests 

that GC GRP-expressing neurons may be involved in integrating gustatory and homeostatic 

signals. Future experiments will explore how the activity of GRP+ neurons in GC is modulated 

by the homeostatic state of the animal. 
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Abstract: Rodents, like humans, appear to show individual differences in preferences for tastes. 

As this preference or palatability value is a crucial variable in the consumption decision, it is 

important for taste researchers to determine palatability reliably. Historically taste research uses 

the lick-counts for each tastant in order to establish relative palatability rank order, but there are 

many other metrics (first bout-length, orofacial behaviors) that can be used to define palatability 

in rats. A concern with all of these measures is variability—behavior is typically averaged across 

groups of subjects to generate the palatability rank order. However, we demonstrate that there is 

significant variability in the decision phase of the primary taste cortex (GC) evoked response. 

Here, we show this variability, which has traditionally been assumed to be noise, is reflective of 

individual differences in relative palatability preferences. Using the brief-access task, we collect 

individual rat palatability data and then record cortical responses from these same rats in GC 

while delivering tastes intra-orally. Comparing neural data from traditional rank-order 

calculations to individualized rat palatability sets confirms activity in GC during the palatability 

encoding phase is better correlated with individualized data. This result underscores the 

importance of considering inter-rat variability in both brain and behavior, and is novel 

reinforcing evidence that the late epoch of taste processing in GC genuinely tracks taste 

palatability. 
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Abstract: The overconsumption of palatable food, like sucrose and fat, is one of the main factors 

that contribute to the developing obesity epidemic. Apart from the cardiovascular problems it 

causes, obesity has been shown to alter taste perception through changes in the tongue’s 

proteome and transduction pathways. In the brain, the attraction towards palatable food is 

mediated through the Lateral Hypothalamic Area (LHA). However, how obesity alters the 

gustatory circuit’s neural responses to palatable food remains poorly understood. To answer this 

question, we studied how a DIO model would affect LHA’s electrophysiological responses to 

sucrose. To this end, freshly weaned Wistar rats were fed with a High-Fat Diet (HFD, 45% fat) 

to induce obesity. Then, they were trained in a Brief Access Taste Test (BATT) to measure their 

evoked sucrose palatability responses, while LHA single-unit activity was recorded. We found 

that DIO rats exhibited an altered licking microstructure, resulting in a blunted behavioral 

response to sucrose’s palatability. Recordings in the LHA unveiled a diminished lick-spike 

coherence in DIO compared to Lean control rats, demonstrating that the coupling between LHA 

spikes with rhythmic licking is impaired in a DIO model. In contrast, an ensemble of 

palatability-related neurons in the LHA exhibited increased excitability (and cell number), 

reflecting an exalted neuronal sensitivity to sucrose in DIO rats. A second ensemble, in which 

sucrose inhibited their activity, displayed a selective reduction in their number of neurons. 

Moreover, palatability related neurons in DIO rats decoded sucrose concentrations faster and 

more accurately than Lean rats. To investigate the neuronal subpopulations involved in this 

process, we used transgenic mice (Vgat-ires-Cre) that express channelrhodopsin-2 (ChR2) on 

LHA neurons. With an optogenetic tagging, we were able to discern between GABAergic and 

non-GABAergic LHA subpopulations. We observed that GABAergic neurons are more involved 

in palatability-related modulations as opposed to non-GABAergic. This suggests that 

GABAergic neurons are more affected by obesity. In sum, we showed that the activity of LHA 

underwent multiple neuronal adaptations in response to exposure to an HFD during childhood 

and adolescence. These brain adaptations comprise a diminished lick-spike synchronization and 

perhaps a compensatory mechanism better decoding of sucrose concentrations that paradoxically 

correlated with the blunted sucrose palatability response observed in obese rats. 
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Abstract: Background: Adverse effects of prenatal caffeine exposure (PCE) on children include 

maladaptive behavior, cognition, developmental delays, abnormal neuro-motor activity, excess 

body weight, heightened risk for obesity. Since PCE may cause obesity, it may also possibly 

increase a child’s preference for sugar rich foods, which can develop early in childhood. Here we 

sought to investigate the relationship of PCE with total sugar intake (TSI) and brain activity 

during reward anticipation. Also, if TSI serves as potential mediator responsible for the indirect 

effect on relationship between PCE and altered reward sensitivity during reward anticipation in 

adolescents using the large Adolescent Brain Cognitive Development (ABCD) dataset. 

Methods: The analysis was conducted on n=5534 adolescents (9-11 years), excluding children 

with mothers known to consume alcohol or any other illicit drugs, with no TSI data, as well as 

those with no data on caffeine use during pregnancy (n=6344 excluded). Separate regression 

models were built to establish the relationships between (i) PCE, TSI and insular thickness; (ii) 

PCE and different regions of interest (ROIs) functional brain activity on reward anticipation 

during the monetary incentive delay (MID) task. We used the categorical variable for PCE 

(No/daily/weekly/less than weekly exposure), TSI (g) from the Block Kids Food Screener, and 

cortical insular thickness (bilateral total). ROIs for exploring activation to reward anticipation 

MID task-functional MRI were middle frontal cortex (MFC), anterior cingulate, insula, 

orbitofrontal cortex, and nucleus accumbens. Mediation analysis was conducted in [SPSS 28.0] 

using the Baron and Kenny method. For pairwise comparisons Bonferroni corrections were 

applied. Results and Conclusion: As hypothesized, we observed a significant relationship of 

PCE with TSI (F3,5319 = 3.3; p = 0.02) and rostral MFC activation during reward anticipation 

(F3,3951 = 2.7; p = 0.04). Children with daily PCE compared to counterparts with exposure 

occurring at frequencies of less than a week displayed greater TSI (beta = 3.6; p = 0.01), but 

lower MFC activation during reward anticipation (b = -0.04; p = 0.01). Significant indirect effect 



attributed to TSI was associated with the relationship between PCE and rostral MFC activation 

during reward anticipation (F1,3950 = 5.3; p = 0.02). Interestingly, a relationship between lower 

insular thickness and elevated PCE exposure and TSI of female compared to male adolescents 

(F1,5473 = 13.5; p <0.001; F1,5319 = 92.4; p <0.001) was seen providing evidence for potential 

altered taste perception in children pre-exposed to high maternal caffeine doses. 
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Abstract: Individual variability in taste responsivity contributes to differences in dietary choices. 

Like humans, adult female rats display a higher propensity than males to consume ethanol under 

some conditions. Though bitter-tasting compounds like ethanol are innately avoided by humans 

and rodents, variability in the taste qualities of ethanol may attribute to variability in intake. 

Previous findings in the literature suggest conditioned avoidance to alcohol in rats generalizes to 

compounds that humans describe as bitter and sweet. The current study was designed to test the 

hypothesis that taste qualities of ethanol differ in female and male rats. Here, female (n=40) and 

male (n=37) rats were presented either 5% or 10% ethanol followed by administration of 0.15 M 

LiCl (1.33 ml/100 g body weight; unconditioned stimulus; US) to induce visceral malaise, or 

saline as a control. Both female and male rats administered LiCl displayed avoidance of ethanol 

across the 4 conditioning trials. Generalization of the conditioned avoidance was assessed in a 

brief-access taste test (10-s trials; 30 min session). The test array included water, 0.03 M sucrose, 

0.3 M sucrose (representing “sweet” compounds), 0.03 mM quinine, 0.3 mM quinine, 

(representing “bitter” compounds) and mixtures 0.3 M sucrose - 0.03 mM quinine, and 0.03 M 

sucrose - 0.3 mM quinine, presented in randomized blocks without replacement. Animals could 

initiate as many trials as possible during the 30-min test session. The average number of licks to 

each test stimulus was used to calculate suppression scores, indicating the degree to which rats 



generalized the conditioned avoidance of EtOH to each test stimulus. Conditioned avoidance of 

5% and 10% ethanol generalized to both concentrations of sucrose and sucrose-quinine mixtures 

but only to the higher concentration of quinine indicating the sucrose-like component is the more 

salient orosensory feature of ethanol in rats. Both female and male LiCl-injected rats showed 

higher suppression scores to sucrose than quinine suggesting sex differences in ethanol ingestion 

is not primarily driven by differences in qualitative profiles. It is possible that differences in 

ethanol responses can be attributed by other aspects of taste function, such as reward signaling. 
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Abstract: Humans are capable of processing phonemes in real time with high accuracy despite 

widely variable auditory information from different speakers and sources, and we have yet to 

determine how this is achieved. Recent work from the Wehr Lab has established that mice are 

able to learn and discriminate between phonetic categories. Humans have demonstrated a 

context-dependent shift in speech perception, and we investigated whether this effect is present 

in mice neurometric data. We chronically implanted 12 mice with 32- or 64-channel tetrode 

arrays in Auditory Cortex (AC) and recorded over 500 neurons while freely moving and listening 

to synthetically generated phonemes without discrimination training. We found a wide variety of 

neurons demonstrating speech context effects to preceding speech stimuli, and that mice 

demonstrate neurometric context effects of preceding speech sounds, but that this shift is 

asymmetric and not dependent on the identity of the preceding context. This project lays the 

groundwork for future experiments to elucidate the mechanisms of phoneme non-invariance. 
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Abstract: In many electroencephalography (EEG) studies which investigate auditory and speech 

processing in the brain, the experiments are often lengthy and tedious. Researchers tend to 

collect more trials and ultimately have a longer task to ensure that the acquired data are robust 

and effects are measurable. Recent studies have used naturalistic stimuli to investigate the brain’s 

response to individual or a combination of multiple speech features using multivariate temporal 

receptive field (mTRF) analyses. In this analysis, the neural data collected from an experiment 

must be divided into a training set and a test set to fit and validate the mTRF weights. While a 

good strategy is clearly to collect as much data as possible, it is unclear how much data are 

needed to achieve stable results. Furthermore, it is unclear whether the specific stimulus used for 

mTRF fitting and the choice of feature representation affects how much data would be required 

for a robust and generalizable result. We used two contrasting stimuli from a previously 

published EEG dataset. We tested models predicting brain activity from different speech features 

to better understand how much data needs to be collected for naturalistic speech experiments. 

Our results suggest that we need far fewer trials than the original amount of data collected during 

the EEG session. Using sentences from the TIMIT corpus, we found that the EEG receptive field 

structure stabilizes after collecting a training dataset of approximately 100 sentences (about 200 

seconds). On the other hand, using audiovisual movie trailers requires more training data, but is 

still reasonably small (around 600 seconds). From our findings, we seek to provide suggestions 

on the minimum amount of data that would be necessary for building receptive field models 

from naturalistic listening data. This is a highly practical concern for working with children, 

patient populations, or others who may be unable to tolerate long study sessions. Ultimately, the 

findings from this study will hopefully provide suggestions to future researchers who may want 

to build a task to answer questions about naturalistic speech processing in healthy and clinical 

populations while minimizing participant fatigue, yet retain clean signal quality. 
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Abstract: Natural listening environments generally contain background masking sounds, which 

can degrade speech signals and hinder communication. Speech understanding depends on both 

acoustic and lexical semantic information in a speech stream: the acoustic information cues the 

linguistic identity, and lexical semantics enables reconstruction of missed content when speech is 

degraded. Most research into how acoustic and semantic features influence the neural 

representation of speech, and its intelligibility, has been conducted using very simple, non-

naturalistic listening situations; for example, brief, isolated sentences presented in a repetitive 

event-related design. Our group has recently shown that listening to engaging naturalistic speech, 

compared to disconnected sentence-length utterances, qualitatively alters listening behaviour and 

can facilitate intelligibility of masked speech (Irsik, Herrmann, Johnsrude, 2022). In the current 

study, we investigate how the neural tracking of the amplitude envelope and the semantic 

information in engaging, continuous speech changes with level of multi-talker background 

masking (babble), and how changes in neural tracking relate to changes in speech intelligibility. 

We tested noise levels from clear to -3 dB SNR. Neural tracking is calculated using a linear 

mapping between features of the continuous speech stimulus and the corresponding 

electroencephalographic signals. Neural tracking of the amplitude envelope of speech was larger 

for speech masked by moderate babble noise than for both clear speech and highly masked 

speech although background masking generally increased tracking of the amplitude envelope. 

Tracking of semantics was less affected by noise and remained robust until speech masking was 

severe (-3dB SNR; intelligibility ~60%; Irsik et al 2022). Our findings show that neural tracking 

of semantics is more robust to noise than is neural tracking of acoustics, presumably because 

cognitive processes help to recover and repair the masked signal. 
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Abstract: It is very common for mice to emit communication sounds during the social 

interaction. These species-specific vocalizations are found predominantly in the ultrasonic range 

with frequencies typically above 50 kHz. In our work, we studied how ultrasonic vocalizations 

are encoded in the subcortical portion of the central auditory system in CBA mice. Specifically, 

we focused on the inferior colliculus (IC) of the mouse, the high-frequency region of which is 

known to contain relatively small number of neurons with characteristic frequencies matching 

the frequency content of ultrasonic vocalizations. We recorded ultrasonic vocalizations in freely 

moving mice (1.5-18 months of age) when one female and one male were temporarily housed 

together in the same cage. The repertoire of communication sounds of the inbred CBA strain was 

dominated by relatively simple vocalizations consisting of a series of short bouts with upward 

and downward frequency modulation. The responses of IC neurons to tones, combinations of 

two tones, frequency-modulated tones and ultrasonic vocalizations were recorded using a 

multichannel microelectrode in ketamine-xylazine anesthetized mice. Two-tone stimulation was 

applied to revealed inhibitory regions in the frequency response area. We found not only lower 

and/or upper inhibitory sidebands surrounding excitatory region at the characteristic frequency 

but specifically in high-frequency neurons inhibition formed more complex patterns. Neurons in 

the high-frequency region of the IC frequently displayed responses with several excitatory peaks 

when stimulated with upward or downward frequency modulated tones, whereas those in the 

low-frequency region responded predominantly with a continuous excitatory reaction. In 

principle, only neurons localized in the high-frequency region of the IC responded to species-

specific vocalizations and their responses did not follow all segments of the vocalization bouts. 

This finding suggests that the inhibition might play an important role in the processing of 

species-specific vocalizations in the subcortical part of the auditory pathway in CBA mice. 
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Abstract: Successfully perceiving and processing speech-in-noise is fundamental to our 

everyday listening and communication. A major problem for the auditory system is that the 

dynamic, changing noise of everyday life unsystematically masks speech. Just as the visual 

system can identify an object that is partially obscured in the visual field, spectrotemporal 

‘glimpsing’ is the process by which a target voice can be processed despite only some 

spectrotemporal information being available to the listening brain. While glimpsing is well 

established within psychoacoustics research, the neural structures or networks that may facilitate 

the process have not yet been investigated. This project aims to address the gap in the literature, 

investigating the neural substrates supporting glimpsing of target voices during effortful voice-

in-noise listening. In a behavioural-fMRI project, we presented participants (N=26) with 

affective, non-verbal vocalisations obscured by ‘bubbled’ noise. Each bubble suppressed a 

spectrotemporal region of noise to zero energy, ensuring stimuli presented concurrently with 

noise would be unobscured in those regions. Remaining stimuli spectra were fully obscured at –

23dB. Non-verbal stimuli were chosen to minimise the potential non-spectrotemporal 

information that could be used for signal reconstruction by the auditory system.Classification 

images derived from the behavioural results showed statistically significant spectrotemporal 

regions for each stimuli that were beneficial for perception. This finding indicates consistent 

spectral cue availability across participants despite the challenging nature of the task. Imaging 

contrasts of correct-vs-incorrect stimuli categorisation saw recruitment of a left-lateralised 

network involving the putamen and superior temporal gyrus. These results echo existing work 

showing a left-lateralised, putamen supported network during high effort listening tasks that 

require greater internal representation of unanalysed speech; tasks requiring reflexive auditory 

learning; and error processing. We propose that these results show the putamen plays a key 

supporting role to the auditory system for processing perceptually incomplete voice stimuli, via 

this left lateralised network. Crucially, we demonstrate that this process exists even when the 

auditory system only has access to fundamental, non-linguistic information from the target voice. 

To our knowledge, this is the first study to explicitly attempt to map SIN glimpsing onto the 

human brain and is an important step to fully understanding how the auditory system 

successfully processes SIN in dynamic, challenging environments. 
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Abstract: In social conversation, people can be distracted by external sounds while attending to 

speech. We investigated how the distracting sounds are represented in the brain, and how the 

information from attended speech is represented differently from distracting sounds using 

encoding and decoding models with fMRI. We collected fMRI data from 3 participants 

(2M/1NB, age 22±2.6) while they listened to stories taken from The Moth Radio Hour and other 

podcasts (the “main stream”) with occasional embedded distracting sounds. Distractor sounds 

included a set of short natural sounds encompassing both speech and non-speech stimuli (e.g. 

music, environmental sounds), as well as longer distractors taken from other stories and movie 

trailers. To simulate real world scenarios, we applied a head-related transfer function to simulate 

the distracting sounds appearing at -45°, 0°, and 45° azimuth relative to the front of the person. 

Participants were asked to attend to the main stream stimulus and were occasionally probed to 

respond with what words they heard during a distractor stimulus. We then fit linear regression 

models to predict fMRI responses using acoustic and linguistic features of the main stream and 

distractors. Variance partitioning showed that main stream sounds were best encoded in primary 

auditory, lateral superior temporal gyrus, and inferior frontal speech areas, while distractor 

sounds were mostly encoded in posterior auditory cortex, and the spatial locations of distractors 

were encoded contralaterally across left and right hemisphere. Logistic regression models were 

used to decode distractor onset time, duration, and spatial location, all of which could be decoded 

with high accuracy (AUC > 0.9 for onset time and duration, AUC > 0.85 for spatial location). 

Voxels in auditory cortex were the most important for decoding. In conclusion, mainstream and 

distractors sounds are represented in anatomically distinct brain areas and distractor onset, 

duration, and spatial location features are all decodable from fMRI responses. 
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Abstract: Navigating our everyday world requires parsing stimulus information from constantly 

evolving sensory flows. The physical properties of stimuli may vary continuously, while 

behavioral responses are comparatively discrete. For example humans can readily understand 

spoken words despite speech spectral properties varying across speakers. How do category-

specific representations emerge in the brain? Here, we take advantage of an animal model long-

studied for its expert auditory sensing: the echolocating bat. The bat auditory system makes use 

of echoes from ultrasonic vocalizations to determine the identity and location of objects - and for 

social interactions with conspecifics. As such, the bat constructs its representation of the external 

environment using sound, making it a powerful model to investigate the brain’s representation of 

natural acoustic categories. We developed two-photon calcium imaging in the awake big brown 

bat, Eptesicus fuscus, to assay the activity of a population of neurons with cellular resolution. We 

expressed GCaMP6f in excitatory neurons of the Inferior Colliculus, a central auditory hub, 

while using a thinned-skull approach to monitor large populations of cells in head-fixed subjects. 

We assessed functional auditory properties of thousands of neurons in awake, passively listening 

bats (n=3 bats) by presenting a large stimulus set, including pure tones of varying duration and 

playbacks of natural calls. We discovered a superficial fine-scaled tonopy in the superficial 

layers of the IC shell region with cells' preferred frequencies increasing in both the caudolateral 

and rostromedial extent. Using two sets of natural call categories-exemplar ultrasonic social 

vocalizations and temporally matched echolocation calls-we show that the sampled population is 

category selective. We found that category-specific cells do not follow the tonotopic gradient but 

rather form small clusters spread across the IC. Large-scale population decoding reveals sharper 

boundaries across, rather than within, sound category even when stimuli show considerable 

spectrotemporal variation. Our two-photon calcium imaging in the echolocating bat reveals the 

relationship between traditionally defined functional auditory features and natural categories of 

sounds in large neural ensembles with unprecedented spatial fidelity. 
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Abstract: Auditory cortical neurons integrate auditory and non-auditory information, including 

motor-related signals, arousal-related neuromodulatory signals, and, at least in mice, olfactory 

signals from other conspecifics. These non-auditory signals are likely to be especially important 

for how the auditory cortex processes auditory feedback during vocalization, a complex behavior 

which involves both vocal and non-vocal movements, heightened arousal, and that in male mice 

is triggered by female odorants. To characterize how auditory and non-auditory signals modulate 

auditory cortical activity, we developed a paradigm for studying vocal and non-vocal courtship 

interactions between female and head-fixed male mice. We found that episodes of social 

interaction correlated with increased arousal, decreased locomotion, and increased likelihood that 

the male would produce ultrasonic vocalizations (USVs). We found that male USV production 

correlated with increased orofacial movements, but less reliably with changes in other behavioral 

parameters, and was strongly dependent on olfactory cues from the female. We used 2p calcium 

imaging in the head-fixed male to monitor the activity of auditory cortical neurons during USV 

production and in response to playback of the same USVs when the male was quietly listening. 

We found a subset of neurons that responded strongly to USV playback stimuli but only weakly 

during USV production, consistent with the idea that auditory cortical responses are suppressed 

during vocalization. We are currently analyzing these combined behavioral and neural datasets to 

identify which non-auditory signals contribute to auditory cortical suppression during USV 

production. 
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Abstract: To engage in healthy social interactions, the brain must coordinate processing of 

social sensory cues (i.e., visual, auditory) with appropriate social responses. While complex 

features of social signals are processed in the telencephalic pallium, nuclei controlling social 

behaviors, called the social behavior network (SBN; conserved across vertebrates), reside mainly 

in the diencephalon. In songbirds, for example, the ability to learn dozens of individuals by their 

vocalizations depends on auditory pallium, while the SBN are necessary for appropriate social 

responses to songs and calls. Tremendous progress has been made in studying pallial sensory 

circuits and the SBN largely in parallel, but apart from mammalian olfactory systems we have 

little knowledge about their intersection. We asked whether auditory pallial circuits contribute to 

the SBN responses to social sensory cues. We transiently inactivated auditory pallium of female 

Zebra finches with inhibitory neurotransmitter receptor agonists during song playback, and 

examined song-induced immediate early gene (egr-1) activation in SBN nuclei. Auditory pallial 

inactivation specifically impaired egr-1 responses to song in the lateral ventromedial nucleus of 

the hypothalamus (VMHl), providing the first evidence in vertebrates of a connection between 

auditory pallium and the SBN. An ANCOVA additionally revealed a relationship between egr-1 

expression in VMHl and feeding behavior. Feeding behavior correlated with VMHl egr-1 in 3 

out of 4 experimental treatments: control birds exposed to silence, and birds with inactivated 

auditory pallium exposed to either song or silence; this is consistent with the dual roles of VMH 

in homeostatic regulation and social behavior. However, this correlation specifically did not 

include control animals exposed to auditory playback, indicating that auditory input from 

pallium to VMHl may mediate a trade-off between social attention and feeding. 

Electrophysiological recordings from VMHl in both female and male Zebra finches reveal a 

large proportion of single units that are highly responsive to ecologically-relevant bird songs and 

calls. Female single units had stronger responses to auditory stimuli compared to males, and 

male single units were selective for contact calls over playback of male songs. These data 

highlight a role for an auditory pallium to VMHl circuit in the integration of social auditory 

stimuli with internal state to influence social decision-making. 
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Abstract: During both human speech and non-human primate vocalization, there is a well 

described suppression of activity in the auditory cortex. Despite this suppression, the auditory 

cortex remains sensitive to perturbations in sensory feedback, and this sensitivity has been shown 

to be important in feedback-dependent vocal control. Although the mechanisms of suppression 

and vocal feedback encoding are unclear, this process has been suggested to represent an error 

signal encoding the difference between sensory-motor prediction and feedback inputs. However, 

direct evidence for the existence of such an error signal is lacking. In this study, we investigated 

the responses of auditory cortical neurons in marmoset monkeys during vocal production, testing 

frequency-shifted feedback of varying magnitude and direction. Consistent with an error signal 

hypothesis, we found that population-level neural activity increased with the magnitude of 

feedback shifts, but were symmetric between positive and negative frequency changes. This 

feedback sensitivity was strongest in vocally-suppressed units and for units whose frequency 

tuning overlapped that of vocal acoustics. Individual units tested with multiple feedback shifts 

often showed preferences for either positive or negative feedback shifts, with only a minority 

showing sensitivity to feedback shifts in both directions. Frequency tuning distributions were 

different for units showing preference for one feedback direction over the other. These results 

suggest that vocal feedback sensitivity in the auditory cortex is consistent with a vocal error 

signal, seen at both the individual unit and population level. 
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Abstract: Hearing and speech are foundational to human social communication. Early auditory 

experience with native language guides vocal learning through the landscape of development and 



shapes auditory cortical coding for life. Like humans and unlike other animals, songbirds learn to 

sing by copying the vocal sounds of adult tutors. As in humans, early vocal learning permanently 

shapes neural coding and perception of acoustic features. Prior work shows that juvenile 

songbirds that are reared and tutored by parents of a different species can successfully copy 

heterospecific song syllables, which are spectrotemporally complex. In contrast to the 

demonstrated flexibility in syllable learning, cross-species tutoring experiments suggest that the 

temporal organization of syllables into sequences is largely determined by species genetics. 

Juveniles copy the syllables of their adoptive tutor’s songs, but produce those syllables with the 

timing and temporal order typical of their own species, even when they have never heard 

conspecific song. We hypothesize that the secondary auditory cortex (caudal nidopallium; NC), 

where neurons are tuned by vocal learning, contains two populations of neurons: one that 

encodes syllable acoustics, and one that encodes temporal patterning. To test this hypothesis, we 

studied song behavior and auditory cortical coding of four species of songbirds that have known 

relatedness and specific differences in song acoustics and temporal organization. Using single-

unit electrophysiology, we compared the responses of NC neurons to stimuli including the 

natural songs of multiple species, songs with altered temporal structure, and two classes of 

synthetic sounds that systematically varied in spectrotemporal acoustics and temporal patterning. 

Across species, NC neurons responded with highest spike rates toward songs of their own 

species. In species that produced songs with complex acoustics, tuning to the spectrotemporal 

modulations found in conspecific song explained firing rate differences to species’ songs. In 

species that produce simple songs, tuning to acoustic frequency explained neuronal responses to 

songs. Analysis of single NC neurons indicated that neurons were sensitive to either acoustics or 

timing, but rarely both. A subset of neurons was sensitive to the position of a syllable within 

song, suggesting sensitivity to syllable order. Results indicate that separate subpopulations of 

secondary auditory cortical neurons process spectrotemporal acoustics and sequence 

organization of vocal communication sounds, which could be controlled by distinct cellular 

mechanisms to shape the vocal learning landscape. 
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Abstract: Affective speech communication is an essential part of human social interaction. 

Speakers encode information about their emotional state in specific acoustic voice features that 

listeners then process using their cortico-limbic vocal affect processing system. Since speakers 

and listeners continuously react and adapt to each other, real-life affective speech 

communication is dynamic. However, previous research has identified the affective voice 

processing network mainly with pre-recorded and thus non-social and non-adaptive voices, 

thereby underrepresenting the socio-dyadic and dynamic nature of such communication. To 

address this gap, we have developed an innovative real-time fMRI setup that factors these social 

and adaptive dynamics into the experiment by creating a closed-loop situation between speakers’ 

live affective speech and listeners’ live limbic connectivity. As a proxy for listeners’ affect 

recognition, we extracted a connectivity metric between the amygdala (AMY) and the 

hippocampus (HC) in the left hemisphere, which served as feedback to the speakers. Speakers (n 

= 10, 5 female) dynamically produced and continuously modulated their voices in direct 

response to the live limbic connectivity feedback of listeners (n = 26, 10 female, age: M = 28.7 

y, SD = 6.5) to induce an increase in listeners’ AMY-HC connectivity. We ran two control 

conditions to differentiate activity due to dynamic and live-adaptive speech and our feedback 

target. First, speakers received static feedback, and second, feedback from right hemispheric 

AMY-HC connectivity. Our results show that affective speech produced in response to listeners’ 

left AMY-HC connectivity directly increased the functional connectivity and activated the 

cortico-limbic vocal affect processing system of listeners more than non-adaptive speech (static 

feedback). Additionally, in response to the live-adaptive voices, we found more inter-

connectivity between the different areas of the vocal affect processing system. An acoustic 

analysis of the speakers' voices indicated a higher variability among central affective voice 

features in live-adaptive versus non-adaptive voices signifying their dynamic vocal adaption to 

listeners’ AMY-HC connectivity. These results suggest that interactive and individually adaptive 

affective communication intensifies the activation of the intralimbic vocal affect processing 

system. Therefore, our experimental setup is a substantial effort to better capture the full 

processing capacities of the neural system involved in dynamic real-life affective communication 

and emotional responding. 
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Title: Neural circuitry and plasticity underlying top-down control of vocalization-guided 
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Abstract: The ability of mothers to detect and respond to sensory cues from infants is essential 

for survival in mammals. A key maternal behavior in mice is retrieving isolated pups into the 

nest in response to infant ultrasonic vocalizations (USVs). Retrieval is performed robustly by 

experienced mothers (dams), but can be learned by virgins co-housed with a dam and litter. 

Maternal experience induces plasticity in left auditory cortex that broadens tuning curves for 

USVs and increases reliability of responses, and activity left auditory cortex is required for 

retrieval (Carcea et al., Schiavo et al. 2020, Marlin et al. 2015). How does this enhanced coding 

support pup retrieval? Descending projections from auditory cortex to subcortical targets may be 

crucial for retrieval. We used 2-photon in vivo calcium imaging and in vivo channelrhodopsin-

assisted patching to examine encoding of USVs throughout maternal experience in auditory 

projection neurons, labeled via retrograde viral tracing. We measured responses to USVs in 

neurons projecting to either the inferior colliculus or posterior striatum. In corticocollicular 

neurons, imaging experiments revealed a striking increase in baseline activity during epochs of 

repeated USV presentations compared to tone presentation epochs. In contrast, baseline activity 

in corticostriatal neurons was equivalent during tone and USV presentation epochs. Time-locked 

responses to USVs were also substantially larger in corticocollicular compared to corticostriatal 

neurons (evoked dF/F: 5.6 +/- 0.55, N=158 corticocollicular neurons from 4 mice; 2.9 +/- 0.2%, 

N=271 corticostriatal neurons from 3 mice; p<0.001). In vivo patch measurements from 

optogenetically-identified neurons reflect this trend (evoked firing rate: 2.04 Hz +/- 0.72, N=8 

corticocollicular neurons from 3 mice; 0.24 Hz +/- 0.44 N=5 corticostriatal neurons from 5 mice, 

p=0.12). We tested the involvement of select populations of neurons in pup retrieval using 

chemogenetics. Suppressing activity in left auditory cortex layer 5 neurons impaired retrieval 

performance in retrieving females (vehicle: 90 +/- 10% of pups retrieved; CNO: 41 +/- 7%, N=3 

mice, 10 trials per condition). However, bilateral suppression of activity in corticostriatal 

neurons did not impair performance (vehicle: 87 +/- 5% of pups retrieved; CNO: 96 +/- 2%, N=3 

mice, 10 trials per condition). Together, these results suggest that excitability is increased in 

corticocollicular neurons in retrieving females during prolonged exposure to USVs. 
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Abstract: Over the past decade, applying temporal response functions (TRFs) to EEG 

recordings provided novel insights into the brain's processing of naturalistic speech. TRFs can be 

used as forward models, using stimulus features to predict brain responses or as backward 

models, using brain responses to reconstruct stimulus features. Forward models have been used 

to show that EEG reflects the phonetic processing and semantic understanding of speech, while 

backward models have been used to measure a listener's speech comprehension or determine 

selective attention in a multi-speaker scenario. Thus, the TRF-technique could be used to study 

speech perception in populations where psychophysical tests are difficult to administer such as 

children or neurologically impaired patients. However, fitting a TRF-model requires a minimum 

amount of data which might be hard to acquire in those populations. This can be remedied by 

averaging the TRF-coefficients across multiple subjects to compute a generalized model which 

can then be used to analyze limited amounts of data in a test subject. However, since they fail to 

capture individual differences in the stimulus-to-response mapping, generalized TRFs are 

outperformed by individualized models given sufficient subject-specific training data. 

Generalized models might also fail on subjects who's brain-to-stimulus mapping deviates 

strongly from the group. Thus, while for most subjects, the performance of both models 

increases monotonically with training time, there are cases where an individualized model 

performs well while generalized models fail. Here, we investigate how the amount of training 

data and choice of features impact performance for generalized and individualized TRF-models 

across multiple datasets. We do this for both backward models based on the speech envelope, as 

well as forward models based on acoustic, phonetic, and semantic features. We test model 

performance across multiple frequency bands to investigate whether cases where the 

performances of individualized and generic models deviate are explained by their reliance on 

different neural features. Our results can be used to inform the design and modeling strategy of 

studies that wish to use TRFs to investigate the perception of speech in clinical populations. 
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Title: Sound duration perception predicted by Bayesian decision-theoretic model incorporating 

the empirical co-variations of onset slope and durations found in natural vocalizations. 

Authors: M. JANE1, S. PISUPATI2, *J. CHROBAK1, H. READ1;  
1Psychological Sci., Univ. of Connecticut, Storrs, CT; 2Princeton Neurosci. Inst., Princeton 

Univ., Lawrenceville, NJ 

Abstract: It is well known that animals rely on multiple sources of information in order to 

successfully identify sounds in natural environments, to make decisions that are optimal for their 

survival. For example, rats use duration and pitch cues to respond appropriately to prosocial and 

distress vocalizations (Saito et al., 2019). Vocalization duration cues are known to co-vary with 

other temporal cues (Khatami et al., 2018), yet little is known about whether animals rely upon 

such co-variations to successfully discriminate sounds. In the current study, we find natural 

alarm vocalizations in rats have onset and offset slopes that are correlated with their duration. 

Accordingly, vocalizations with faster onset slopes are more likely to have shorter dura- tions. 

Given that vocalization slopes begin and end within milliseconds, they could provide rapid 

perceptual cues for predicting and discriminating vocalization duration. To examine this 

possibility, we train rodents to discriminate duration differences in sequences of synthetic 

vocalizations and examine how artificially changing the slope impacts duration judgments. We 

find animals are biased to misjudge a range of synthetic vocalizations as being shorter in 

duration when the onset and offset slopes are artificially fast. Moreover, this bias is reduced 

when rats are exposed to multiple synthetic vocalization bursts. The observed perceptual bias is 

accurately captured by a Bayesian decision-theoretic model that utilizes the empirical joint 

distribution of duration and onset slopes in natural vocalizations as a prior during duration 

judgments of synthetic vocalizations. This model also explains why the bias is reduced when 

more evidence is accumulated across multiple bursts, reducing the prior’s influence. These 

results support the theory that animals perceive fine-grained statistical co-variations in auditory 

timing cues and integrate this information optimally with incoming sensory evidence to guide 

their decisions. 
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Title: Development of speech perception in noise: neural correlates of stream segregation in 

children and adolescents 
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Abstract: In noisy backgrounds, listeners perform auditory scene analysis: the parsing of 

different auditory streams (“stream segregation”), and selective focus on one particular stream as 

it unfolds over time (“selective attention”). This project is part of a larger research program 

aimed at evaluating the neural mechanisms of both stream segregation and selective attention. 

Here, we present a replication study aimed at uncovering the neural signature of auditory stream 

segregation in healthy adults. Nine normally-hearing adults were presented with sequences of 

sounds consisting of stochastic variations of figures and backgrounds - i.e., figure-ground stimuli 

(Teki et al., 2011). The difficulty level was parametrically varied by changing the duration and 

coherence degree of the figure within the sequences. Recently, these figure-ground sequences 

have been shown to elicit distinct “signature” EEG responses, including object-related negativity 

(ORN) reflecting concurrent auditory object processing. In addition, participants were presented 

with a consonant identification task. Here, the consonant was presented during relative silence, in 

the presence of one interfering talker, and in the presence of speech-shaped-noise. Overall, our 

results replicate existing data showing that the ORN is modulated by the stream segregation task 

difficulty: Better performance is accompanied by larger ORN amplitudes. We found a significant 

correlation between the behavioral figure-ground performance and speech intelligibility in the 

presence of one interfering talker. There was no significant correlation between the amplitude of 

the ORN and intelligibility in noise. This is in line with recent data from our laboratory showing 

that perception of speech in noise develops from childhood until early adulthood. Yet selective 

attention remains immature until late adolescence. Data is currently being collected in a younger 

sample (8-18 years old), to evaluate the exact contribution of selective attention and stream 

segregation to speech intelligibility in noise over development. 
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Title: Fmri-guided electrophysiology of the macaque temporal voice areas  
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Abstract: The ability to extract and process voice information is crucial for the social life of 

humans and other primates. Neuroimaging studies have shown the existence of temporal voice 

areas (TVAs) selective for conspecific vocalizations in both humans and non-human primates 

(Bodin, Trapeau et al., 2021), supporting the hypothesis of a functional homology in cerebral 

voice processing between humans and their closest relatives. But how is voice information 

treated at the neuronal level in these areas is still not clear. 

To tackle this issue, we implanted two rhesus macaques with several high-density multi-

electrode arrays in fMRI-localized voice areas of the superior temporal gyrus. Spiking activity 

was recorded during an auditory stimulation task (pure tone detection task) in which a set of 

n=96 stimuli from four categories (human voices, macaque vocalizations, marmoset 

vocalizations, non-vocal sounds) was presented. A total of 1582 auditory-responsive single 

(n=472) and multi-units (n=1110) was recorded from 4 arrays in the two monkeys. 

Analyses indicate that a moderate proportion (29%) of cells was selective for conspecific 

(macaque) vocalizations, considerably smaller than the proportion of face-selective cells in the 

middle face patches (Tsao et al., 2006), confirming previous findings (Perrodin et al., 2011). 

However, at the population level, decoding analysis shows that spiking activity in the different 

TVAs allows above-chance classification of conspecific vocalizations from non-vocal sounds, 

with higher accuracy for more anterior TVAs. Spiking activity in the TVAs also allows 

classification of macaque call types as early as 65ms after the onset of the auditory stimulation, 

again with higher accuracy for the most anterior TVAs. 

Furthermore, a Representational Similarity Analysis of neuronal responses to the 96 stimuli 

shows that in the anterior TVAs, the Representational Dissimilarity Matrices capturing pairwise 

spiking activity differences between stimuli show significant association with an ideal 

categorical model separating conspecific vocalizations from other sounds as early as 75ms after 

stimulus onset. This difference did not occur for non-vocal sounds. 

These results advance our understanding of the neural substrates of voice information processing 

in macaques, and open a unique comparative window by allowing direct comparison with similar 

data obtained with humans. 
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Abstract: Mice emit ultrasonic vocalisations sequences (USVs) to communicate socially 

relevant information and can thereby serve as a phenotypic marker of various 

neurodevelopmental disorders like autism spectrum disorders (ASDs). Although ASDs 

individuals are known to have significant communication problems, the possible reasons behind 

the impaired communication are poorly understood. In utero exposure of rodents to valproate 

(VPA) has been proposed to induce a phenotype with behavioral characteristics reminiscent of 

those observed in ASDs and provides a robust animal model for understanding of social 

communication and cognitive impairment in ASDs. We hypothesize that VPA exposure may 

lead to altered auditory processing of sequences of sounds, important in communication. Such 

deficits may contribute to the deficits in communication observed in individuals with ASDs. In 

this study, we document auditory cortex responses in mice prenatally exposed to VPA. We 

recorded in-vivo extracellular responses to mouse USV sequences with and without structure, 

quantified using mutual information. The informative USV sequences are referred to as natural 

sequences (SN) and designed sequences created to have random order of syllables are referred to 

as random sequences (SR) respectively. Interestingly, differential encoding is observed for SN 

but not for SR between the control and VPA mice. Thus, the auditory processing of USV 

sequences as a whole are altered in VPA male mice as it exhibits lower selectivity for SN 

sequences compared to control ones. Our study provides evidence in support of deficit in 

auditory processing of sound sequences in ASDs model mice as observed in human subjects 

thereby further establishing the importance of mouse as a powerful neurobiological model for 

studying vocal communication and related disorders. 
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Abstract: Lateralized activity suggesting functional specialization of corresponding brain 

regions is observed in sensory and motor systems for many tasks in many species, which may 

reflect an organizing principle of the nervous system. However, little is known about the degree 

to which asymmetrical processing depends on developmental experience and how it may be 

modified, temporarily or permanently, in adulthood. In the present study, we addressed the latter 

issue by exposing adult Zebra finches (ZFs), a songbird, to unfamiliar acoustic environments and 

tracking lateralized responses. Humans and songbirds both show lateralized processing for 

species-specific signals and are among the species of animals that learn their vocalizations from 

a model during a critical period. In ZFs, the caudomedial nidopallium (NCM) is a higher 

auditory region that exhibits lateralized responses, a bias for conspecific vocalizations, and the 

ability to form auditory memories; it can be considered functionally analogous to Wernicke’s 

area. In adult birds, we have gone on to show that daily exposure to a novel acoustic 

environment (HETENV, the sounds of another songbird) for a period of 4-12 days causes the 

normal pattern to reverse from typical right- to atypical left-biased activity. Using both acute and 

chronic electrophysiology, we now show that activity returns to typical right-biased patterns after 

longer exposure (14+ days) to the novel environment; the reversal and return was correlated 

with a facilitated discrimination of HETENV exemplars. These data suggest that exposure to a 

novel acoustic environment challenges the auditory system differently in the two hemispheres, 

producing a transient reorganization followed by functional changes in neural processing. In the 

present study, we expanded this model by chronically recording adult ZFs exposed to two novel 

acoustic environments sequentially. We confirmed the previously observed transient shifts (i.e. 

reversal and return) during HETENV1 exposure and we go on to show that a successive 

HETENV2 exposure led to an additional set of transient shifts; the reversal and return were 

separately observed for both HETENVs. Upon termination of the exposures, acute 

microelectrode electrophysiology confirmed that the ZFs exhibited typical right-lateralized 

responses in NCM. Multiunit-activity analyses suggested that birds exposed to HETENVs 

displayed modifications in neuronal processing of HETENV exemplars relative to naïve 

counterparts. Together, these results show that typical lateralization patterns, which appear to be 

fixed, actually represent a modifiable steady state that can be dynamically updated by new 

experiences. 
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Abstract:  Animals use biological sonar (echolocation) to sense their environment through 

echoes from self-generated clicks. Dolphins excel at echolocation; however, the brain regions in 

the dolphin that parse echoes to analyze underwater acoustical scenes remain largely 

unknown.  Over the last few decades, human electroencephalography (EEG) has matured to 

support localization of brain regions involved in neural computations by leveraging dense multi-

electrode recording arrays. This study explored whether this paradigm could be applied in 

dolphins. We recorded 16-channel EEG in two adult male dolphins during a passive-listening 

task in air. Synthetic clicks were delivered via a jawphone on the animal’s left jaw, at 

presentation rates of 2, 4, and 8 times per second with a 50-ms jittered interstimulus interval. 

Anterior electrodes 4 cm posterior to the blowhole exhibited a clear P1-N1-P2 complex with 

latencies ranging from 15 ms to 40 ms for all stimulation presentation rates. Faster presentation 

rates led to a decrease in the relative magnitudes of the event-related potentials (ERPs). We 

analyzed these ERPS using the weighted minimum norm eLORETA algorithm to localize neural 

regions responsible for sound processing. From a manually segmented T1 MRI structural scan of 

a dolphin, we identified scalp, skull, and brain tissue and generated a 3-layer boundary element 

model of the head out of triangular meshes, which was used by the eLORETA algorithm to 

estimate the locations of neural activity. Preliminary results indicate source activity was 

lateralized towards left parietal regions, which aligns with previous invasive localization of 

auditory cortices (Supin et al. 1978). However, present estimates in subcortical gray matter 

regions are inferior to those previous reports, which localized activity to more superficial 

regions. This study provides a framework for EEG source localization in dolphins using 

anatomical and electrophysiological data, but requires further validation and testing. 
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Abstract: To facilitate effective vocal communication, the auditory system must distinguish self-

generated vocalizations from other sounds. In animals that only produce innate vocalizations, 

one way that this distinction is thought to be made is through vocal motor-related corollary 

discharge (CD) signals that suppress auditory cortical responses to predictable features of 

vocalization-related auditory feedback. Whether similar predictive suppression mediated by 

vocal CD signals characterizes the auditory cortex in animals that produce learned vocalizations 

remains poorly understood. In fact, prior electrophysiological recordings made in the auditory 

cortex of songbirds, which learn to sing, concluded that the majority of auditory cortical neurons 

are excited rather than suppressed during singing. Here, we used pan-neuronal calcium imaging 

in freely behaving adult zebra finches to determine whether and how corollary discharge signals 

modulate auditory cortical activity when birds sing. We found that of those neurons in the 

primary auditory cortex (i.e., Field L and CML) that were modulated during singing, the majority 

were suppressed compared to activity evoked during non-singing epochs by playback of the 

bird's song. Additionally, a small proportion of neurons in these regions were modulated up to 

500ms prior to song onset. These results are consistent with a vocal corollary discharge signal 

that operates to suppress vocal feedback during singing. Furthermore, some neurons that were 

not modulated during normal singing were strongly excited when auditory feedback was 

perturbed with singing-triggered noise, which may indicate a predictive suppressive mechanism. 

To determine whether the modulatory effects of singing originate in the auditory cortex, or are 

instead inherited from upstream areas, we used fiber photometry to image calcium signals of 

auditory thalamic axon terminals in the primary auditory cortex (Field L2a). In contrast to 

auditory cortical neuron activity, we found that auditory thalamic terminals in Field L2a 

displayed similar patterns of activity during singing and song playback. In summary, calcium 

imaging in the zebra finch auditory forebrain reveals evidence of a vocal CD signal that 

functions predictively to suppress singing-related auditory feedback and hints that the circuit 

mechanism underlying these effects operates locally within the auditory cortex. 
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Abstract: Auditory dorsal and ventral pathways in the human brain play important roles in 

supporting language processing. However, the evolutionary course of the dual auditory pathways 

remains largely unclear. By parcellating the auditory cortex of marmosets, macaques, and 

humans using the same individual-based analysis method and tracking the fiber pathways 

originating from the auditory cortex based on multi-shell diffusion-weighted magnetic resonance 

imaging (dMRI), homologous auditory dorsal and ventral fiber pathways were identified. Ventral 

pathways were found to be well conserved in the three primate species analyzed but extended to 

more anterior regions in humans. In contrast, dorsal pathways showed evolutionary divergence in 

two aspects: first, dorsal pathways in humans have stronger connections to higher-level auditory 

regions which extended beyond the corresponding regions in non-human primates; second, left 

lateralization of dorsal pathways was only found in humans. Moreover, dorsal pathways in 

marmosets are more similar to those in humans than in macaques. These results demonstrate the 

evolutionary continuity and divergence of dual auditory pathways in the primate brains, 

suggesting that the putative neural networks supporting human language processing emerged 

before the lineage of the New-Word primates diverged from the Old-Word primates and 

continued to parallelly evolve thereafter. 
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Abstract: Humans can easily tune in to one talker in a multitalker environment while still 

picking up bits of background speech; however, it remains unclear how we perceive speech that 



is masked and to what degree non-target speech is processed. The glimpsing model of speech 

perception hypothesizes that speech is perceived in glimpses which provide sufficient 

information to restore masked portions, but this hypothesis has not been tested neurally. To test 

this model, we directly recorded the primary and non-primary auditory cortex (AC) in 

neurosurgical patients as they attended to one talker in multitalker speech, and used temporal 

response function (TRF) models to predict high gamma neural activity from glimpsed and 

masked stimulus features. We found that glimpsed speech is encoded at the phonetic level, 

invariant to attention, in primary AC. Neural sites in non-primary AC also encoded glimpsed 

speech but with enhanced encoding of the target talker. In contrast, the encoding of masked 

phonetics was only found for the target, with a greater response latency than glimpsed phonetics, 

and with a distinct posterior-to-anterior spatial organization. These findings suggest separate 

mechanisms for the encoding of glimpsed and masked speech and contribute to our 

understanding of the role top-down attention plays in restoring a complete representation of the 

target talker to enable robust perception. 
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Abstract: Because objects in the natural world are rarely encountered in a context with explicit 

supervision, it is likely that sensory systems utilize some regularity of the natural objects in their 

environment in lieu of an explicit supervisor. We posit that one such regularity that could be 

used is temporal regularity. In this framework of learning objects, a sensory system identifies the 

features of a stimulus that change as consistently as possible over time, i.e. are maximally 

temporally regular. We explored this idea in the auditory system. The auditory system is an ideal 

test bed because auditory stimuli inherently evolve over time. Further, we know relatively little 

about the manner in which the auditory system learns to detect and differentiate between 

auditory objects. Specifically, we tested two related predictions about natural auditory objects: 1) 

natural auditory objects will have significantly temporally regular features and 2) an 



unsupervised algorithm that learns these features will generate a feature space that can support 

classification. We tested these two predictions with rhesus macaque vocalizations, recordings of 

applause, and white noise as a control. These stimuli were analyzed using Slow Feature Analysis 

(SFA), which is an unsupervised temporal learning algorithm. SFA extracts features that either 

capture just the continuity of frequencies over time (linear SFA) or capture both the continuity of 

frequencies and the continuity of the correlations between frequencies (quadratic SFA). As an 

algorithmic control, we compared the SFA results with principal component analysis (PCA). We 

found: 1) natural auditory objects show significant temporal regularity both in the continuity of 

frequencies as well as continuity of correlations between frequencies; 2) vocalizations had more 

regularity than applause or white noise; 3) classification performance was highest for quadratic 

SFA due to the fact its features capture both continuity and the continuity of correlations; 4) 

classification performance correlates with temporal regularity; And 5) that these trends held even 

when the stimuli were embedded in naturalistic clutter. These results suggest that learning 

continuity of changes in the correlations of auditory stimuli may be sufficient for parsing 

auditory scenes, providing a powerful computational mechanism that the brain could utilize for 

auditory perception. 
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Abstract: Functional MRI studies in humans (Pernet et al, 2015) and macaques (Petkov et al, 

2008; Bodin et al, 2021) suggest the existence of a “primate voice patch system”: a set of 

interconnected areas selective to conspecific vocalizations and subtending representations of 

increasing abstractness and invariance, potentially analogous to the primate face patch system. 

To date, a single marmoset auditory fMRI study compared conspecific vocalizations to nonvocal 

sounds, with results suggesting the existence of bilateral voice patches in the marmoset anterior 

temporal lobe (Sadagopan et al, 2015). Here we aimed to replicate and extend these results by 

scanning n=6 marmosets under anesthesia during auditory stimulation with 4 categories: 

marmoset vocalizations, natural non-vocal sounds, scrambled vocalizations, and silence. We 



used a 3T scanner (Siemens PRISMA) and a commercial 16-channel marmoset head coil 

(Takashima/Rogue Research). Anesthesia was performed using sevoflurane delivered by a mask. 

A few minutes prior to functional scanning sevoflurane level was lowered to 1.5%-1%. In later 

scanning sessions N2O was added to the gaseous mix in order to reduce further the sevoflurane 

level to 0.5-0.8%. Functional scanning was performed with a spatial resolution of 1 (TR=773ms) 

or 1.25mm (TR=598ms) using an optimized ‘clustered-sparse’ design: mini-blocks of 3-5 

auditory stimuli from a same category presented in silence (no EPI), followed by rapid 

acquisition of 5-7 EPI volumes. 5-10 functional runs of about 5 minutes were acquired per 

session. The comparison of EPI volumes acquired after sound stimulation vs. the silent baseline 

yielded varying results depending on the runs and sessions, with some subjects showing mostly 

subcortical activation and others showing nice bilateral activation of auditory cortex. Jacknife 

analyses indicate an effect of sevoflurane levels, with higher t-statistics for lower levels. The 

comparison of marmoset vocalizations vs. the nonvocal sounds did not yield voice-selective 

activation, possibly owing to the large difference in spectral distribution between the two 

categories. However, the comparison with scrambled vocalizations did result in bilateral voice-

selective activation in one subject, in a location of the temporal pole very similar to that reported 

in Sadagopan et al. (2015). Ongoing work is including more subjects and the addition of MION 

injections as a contrast agent. These results are expected to shed greater light on the neural 

architecture underlying voice information processing in marmosets, and provide a strong test of 

the hypothesis of a primate voice patch system. 
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Abstract: Categorical perception, the ability to group sounds or images into discrete perceptual 

categories, enables humans and other animals to rapidly and robustly recognize and respond to 

stimuli. Categorical representations have been observed for speech and other vocalized sounds 



along relatively simple time and frequency dimensions. However, the high-order acoustic 

features and neural computations underlying categorical representations for more general sound 

categories are not well understood.We used a texture synthesis (McDermott & Simon celli 2011) 

to synthesize ‘chimeric’ auditory textures. Synthetic chimeric textures were generated by 

morphing summary statistics of running water and crackling firesounds. The chimeric sounds 

were first used in human perception tasks were participants were either required to identify a 

chimeric texture as fire or water or alternately required to discriminate two chimeric textures. 

For both tasks, the chimeric textures statistics were varied by adjusting either the included 

summary statistics during the synthesis and the morph ratio (MR) from 0 (water extreme) to 1 

(fire extreme). Parallel studies were also carried out to study the neural representation of 

chimeric textures in the inferior colliculus (IC) of unanesthetized rabbits. Neural activity was 

obtained using multi-channel silicon probes inserted along the principal frequency axis during 

passive listening of the chimeric textures.We demonstrate that shifting summary statistics by 

changing the morph ratio produces a robust shift in human listener’s perception. Participants 

readily identified water and fire sounds in a categorical-like fashion with increasing morph ratio 

where the sound correlation structure was the critical and necessary statistical cue responsible for 

the categorical effect. The categorical shift is accompanied by lower discrimination accuracy and 

larger just noticeable difference limen (JND) for within category as compared to across category 

discrimination. We then demonstrate how the response statistics of neural ensembles in the IC 

can be used to decode the sound category. Bayesian neural decoders were used to assess how 

population response summary statistics can categorize or discriminate the chimeric textures. 

Shifting the morph ratio produces a similar categorical-like shift in neural decoding performance 

and similar larger JNDs and lower accuracy trends as for human participants.The findings 

suggest that high-order statistical sound cues can drive categorical-like perception for textures 

and that the neural response statistics in IC can contribute towards such phenomenon. 
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Abstract: Everyday decisions such as when to cross a busy street or when it is appropriate to 

speak in a conversation rely on the ability to implicitly but reliably determine the amount of time 

passed from incoming sensory cues. However, the neural mechanisms that underlie cue-triggered 

time estimation on the timescale of seconds in support of such adaptive behavior are not well 

understood. To address this gap, we developed an appetitive sound-guided interval time keeping 

behavior in head-fixed mice, which is based on reward-predictive licking across varying sound-

reward time intervals. We find that mice trained on this task reliably estimate the time from a 

sound cue, as demonstrated by learning-dependent timed increases in reward-predictive licking. 

We next asked whether and how the auditory cortex is involved in this sound-triggered time 

estimation behavior. Inactivation of the auditory cortex dramatically impaired animals’ ability to 

use sounds to predict the timing of upcoming reward. Mice trained on a sound-reward 

association with no interleaving time gap showed spared performance following auditory cortical 

inactivation, suggesting that basic sound detection remained intact. Finally, recordings of neural 

activity during learning and performance of this behavior reveal auditory cortical 

neurophysiological signatures underlying sound-guided interval time keeping. Together, our 

findings identify auditory cortical mechanisms supporting sound-triggered timing-dependent 

behaviors. 
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Abstract: The ability to process and act upon incoming sounds during locomotion is critical for 

survival. Intriguingly, sound responses of auditory cortical neurons are on average weaker during 



locomotion as compared to immobility and these results have been suggested to reflect a 

computational resource allocation shift from auditory to visual processing. However, the 

evolutionary benefit of this hypothesis remains unclear. In particular, whether weaker sound-

evoked responses during locomotion indeed reflect a reduced involvement of the auditory cortex, 

or whether they result from an alternative neural computation in this state remains unresolved. 

To address this question, we first used neural inactivation in behaving mice and found that the 

auditory cortex plays a critical role in sound-guided behavior during locomotion. To investigate 

the nature of this processing, we used two-photon calcium imaging of local excitatory auditory 

cortical neural populations in awake mice. We found that underlying a net inhibitory effect of 

locomotion on sound-evoked response magnitude, spatially intermingled neuronal 

subpopulations were differentially influenced by locomotion. Further, the net inhibitory effect of 

locomotion on sound-evoked responses was strongly shaped by elevated ongoing activity. 

Importantly, rather than reflecting enhanced “noise”, this ongoing activity reliably encoded the 

animal’s locomotion speed. Prediction analyses revealed that sound, locomotive state and their 

integration are strongly encoded by auditory cortical ensemble activity. Finally, we found 

consistent patterns of locomotion-sound integration in electrophysiologically recorded activity in 

freely moving rats. Together, our data suggest that auditory cortical ensembles are not simply 

suppressed by locomotion but rather encode it alongside sound information to support sound 

perception during locomotion. 
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Abstract: A presentation of a long-duration sound (LDS) can lead to a change in both 

spontaneous activity as well as sound-driven activity in the inferior colliculus (IC) in mice. 

While the majority of sound-driven responses are suppressed, a subset is potentiated after the 

LDS. This potentiation is more likely in channels with higher spontaneous activity. Since tinnitus 

is associated with increased spontaneous activity in the auditory system, we hypothesize that 

tinnitus animals will have more facilitation/less suppression than animals without tinnitus. 



Exposing awake CBA/CaJ mice to a unilateral sound resulted in mice with and without 

behavioral signs of tinnitus. Using multichannel electrodes, we recorded the activity in the 

inferior colliculus contra- and ipsi-lateral to the sound exposed ear. The spontaneous activity in 

the contralateral IC was higher in the tinnitus group than in the sound-exposed non-tinnitus and 

the control (not sound-exposed) group. When comparing LDS-driven plasticity between mice 

with and without behavioral signs of tinnitus, we find in the contralateral IC that the sound 

exposed non-tinnitus animals show more suppression than tinnitus animals exposed to the same 

sound. The tinnitus animals show a response that is more similar to control (not sound-exposed) 

animals. When comparing the change in spontaneous activity following an LDS presentation, we 

find that in the contralateral IC tinnitus animals show less afterdischarge activity (significant 

increase in spontaneous activity) than both the control and the sound exposed non-tinnitus 

animals. Taken together this indicates an LDS-induced difference in sound-exposed tinnitus vs 

non-tinnitus animals that might serve as an objective test to differentiate between hearing loss 

with or without tinnitus. 
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Abstract: An objective, non-invasive electrophysiological test for tinnitus would allow for the 

efficient diagnosis of tinnitus in laboratory animals and is needed to accelerate tinnitus research. 

In CBA/CaJ mice of both sexes, a long-duration sound (LDS) can alter both spontaneous firing 

rate and responses to sound in the central nucleus of the inferior colliculus (ICC). Two changes 

in sound-driven responses are seen after the LDS: suppression and facilitation. Because tinnitus 

is associated with higher spontaneous neuronal firing rates, we hypothesize that tinnitus 

individuals will show less LDS-dependent depression and more facilitation than non-tinnitus 

individuals. Awake CBA/CaJ mice (n=44) received a unilateral sound exposure (16 kHz center, 

2 kHz wide, 113 dB SPL, 60 minutes) that resulted in mice with and without behavioral evidence 

of tinnitus in an active avoidance task. Auditory brainstem responses (ABRs) were collected 

from each ear (exposed and unexposed) in sound exposed tinnitus (n=22), sound-exposed non-



tinnitus (n=22), and unexposed control mice (n=10). ABRs to tone pips, chirps, and narrowband 

noise were collected before and after LDS. For each type of stimulus, responses to three or more 

frequencies were collected including the frequency of the presumed tinnitus in mice with 

tinnitus. Multiple analysis methods were used to analyze the ABR waveforms. First, we 

quantified the effect of LDS-changes and calculated a change score for each wave based on 

peak-trough amplitudes. Tone pip ABRs evoked by sounds in the exposed ear showed that non-

tinnitus mice have lower scores than tinnitus mice. That is, non-tinnitus mice had more 

suppressed POST-LDS ABRs compared to tinnitus mice (One-way ANOVA, Bonferroni post-

hoc test, p=0.020). This effect was most obvious in tone evoked ABRs and not chirp or 

narrowband noise ABRs. A correlation analysis comparing PRE-LDS and POST-LDS tone pip 

evoked waveforms showed that non-tinnitus mice were more significantly affected by the LDS 

than tinnitus mice (One-way ANOVA, Bonferroni pos-hoc test, p=0.046). A differential time 

frequency analysis showed that in the spectrum of the ABR waveforms over time there was a 

tinnitus specific ‘hotspot’ of increased activity at frequency of the tinnitus. These ‘hotspots’ were 

not seen for non-tinnitus animals or for non-tinnitus frequencies. These data suggest that ABRs 

collected before and after an LDS may be a viable method for developing a non-invasive, 

electrophysiological test for tinnitus. 
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Abstract: After sensorineural hearing loss, auditory cortex (ACtx) neurons become 

hyperresponsive to sound - excess central gain -, a core feature of tinnitus and hyperacusis. Ex 

vivo experiments suggest that auditory hyperresponsivity could arise through two mechanisms: 

either disinhibition via reduced feedforward inhibition or sensitization via enhanced 

glutamatergic inputs. Here, we developed a novel optogenetic approach to put these ideas to the 

test in the intact ACtx. We used a triple virus strategy to express ChR2 in parvalbumin+ (PV) 



GABAergic neurons and a somatically restricted, red-shifted opsin in contralateral neurons that 

project to the ACtx via the corpus callosum, allowing independent optical control over select 

populations of inhibitory (PV) and excitatory (callosal) neurons. High-density translaminar 

recordings were made from the high-frequency region of A1 in awake, head-fixed mice up to 

three days following acoustic trauma or an innocuous sham exposure. Sound intensity growth 

functions from regular spiking putative pyramidal neurons were markedly increased after 

acoustic trauma (n = 484 units in 6 mice), particularly in layer 5, compared to sham exposure 

(n=402 units in 5 mice). Dual optogenetic activation revealed that excess auditory gain was 

accompanied by a striking disinhibition, as measured from reduced PV-mediated suppression of 

spiking, without any evidence of sensitization to direct activation of excitatory callosal neurons. 

Hyperresponsivity from deep layer projection neurons via disinhibition could induce strong 

coupling with limbic brain regions and negative auditory affects after acoustic trauma, a 

possibility that we are exploring in ongoing experiments via dual recordings from the ACtx and 

basolateral amygdala. 
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Abstract: Neuronal responses during behavior are diverse, ranging from highly reliable 

‘classical’ responses to irregular or seemingly random ‘non-classically responsive’ firing. 



Various spiking patterns (or lack thereof) have been documented throughout brain regions 

including visual, auditory, parietal, and frontal cortices in response to different sensory inputs, in 

relation to decision making, motor actions, or other task-related signals. To explore the synaptic 

origins and contributions of diverse response profiles to network function, perception, and 

behavior, we combined in vivo cell-attached, extracellular, and whole-cell recordings during 

behavior with analyses of a novel task-performing spiking recurrent neural network. We 

recorded from the auditory cortex of rats and mice during a go/no-go auditory recognition task 

(rats: d’ = 2.8±0.1, N = 15; mice: d’ = 2.5±0.1, N = 7). In both species, we observed a wide range 

of single-unit response types from classically responsive cells that were highly modulated 

relative to pre-trial baseline to non-classically responsive cells with relatively unmodulated firing 

rates. To relate synaptic structure to spiking patterns over the response-type continuum, we 

developed a spiking recurrent neural network model incorporating both excitatory and inhibitory 

spike-timing-dependent plasticity trained to perform a similar go/no-go stimulus classification 

task as behaving animals. This model captures the distribution of heterogeneous responses 

observed in the auditory cortex of behaving rodents. Detailed inactivation experiments revealed 

that classically responsive and non-classically responsive model units contributed to task 

performance via output and recurrent connections, respectively. Excitatory and inhibitory 

plasticity independently shaped spiking responses to increase the number of non-classically 

responsive units while keeping the full network (all units) engaged in performance. Local 

patterns of synaptic inputs predicted spiking response properties of network units as well as the 

responses of auditory cortical neurons from in vivo whole-cell recordings during behavior 

allowing us to predict the functional role of a neuron from the pattern of synaptic inputs. Thus, a 

diversity of neural response profiles emerges from synaptic plasticity rules with distinctly 

important functions for network performance. 
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Title: Auditory cortex controls categorization acuity 
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Abstract: In everyday life, because both sensory signals and neuronal responses are noisy, 

important cognitive tasks, such as auditory categorization, are based on uncertain information. At 

the neuronal level, categorization requires a transformation of sensory representation into a 

representation of category membership. While categorical representations were found in the 

cortex, the cell types and auditory neuronal mechanisms supporting the emergence of these 

representations remains unknown. The broader goal of our project is to understand the neuronal 

circuits that support decision-making based on information in the region of uncertainty. 

Here, to test the role of the auditory cortex (AC) in creating and biasing categorical stimulus 

representations, we trained mice in a two-alternative-forced choice task in which mice categorize 

the frequency of a “target” sound into one of two overlapping categories (“low” or “high”). We 

reversibly suppressed cortical activity through bilateral muscimol injection in AC of trained mice 

in order to test the hypothesis that AC is involved in categorizing pure tones. Mice maintained 

their ability to perform the task. However, suppressing AC activity induced an attenuation in 

categorization accuracy to trained stimuli. In addition, inactivation of the AC resulted in a 

significant broadening of the psychometric slopes, which is an indicator of how certain mice are 

about the stimuli near the perceived category boundary when making their decisions. These 

findings suggest that the auditory cortex controls categorization acuity, but is not necessary for 

stimulus discrimination in general. Our results lay the groundwork for further exploration of the 

role of the auditory cortex in categorization behavior under uncertainty. 
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Title: Predictive processing without consciousness in the auditory cortex 
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Abstract: Predictive coding is a fundamental function of the cortex. The Predictive Routing 

model provides a theoretical framework for predictive coding. Predictions are fed back via deep-

layer cortex via alpha/beta (8-30Hz). They inhibit the gamma (40-100Hz) and spiking that would 

have fed forward predicted sensory inputs. Prediction errors are fed forward gamma/spiking in 

circuits unaffected by alpha/beta. 

To test the Predictive Routing model and its role in consciousness, we collected data from 

intracranial recordings of macaque monkeys during passive presentation of auditory oddballs 

before and after loss of consciousness (LOC) due to propofol anesthesia. In local oddballs, a 

single stimulus is repeated until an oddball appears (AAAAB). In global oddballs, a stimulus 

pattern is repeated until an oddball pattern appears (AAAAB, AAAAB, AAAAA). Neural 

responses are generally enhanced to oddballs. Local oddball effects depend on both bottom-up 

and top-down mechanisms. Global (pattern) oddball effects depend even more strongly on top-

down predictions and the frontal cortex. While awake, local oddballs (prediction errors) resulted 

in increased gamma power and spiking in sensory cortex. By contrast, global oddballs increased 

alpha/beta power in higher cortex. This is consistent with the Predictive Routing model. After 

LOC, there was a loss of global prediction error signals from multi-unit activity in higher-order 

cortex, but not sensory cortex. Gamma power to local oddballs in sensory cortex increased 

whereas alpha/beta prediction error signals to global oddballs in higher cortex was lost. 

Furthermore, Current Source Density analysis revealed increased input layer current sink during 

prediction error in awake sensory cortex. Under unconsciousness, superficial layers displayed 

larger current sinks to local prediction error. 

We hypothesize that the high-amplitude slow waves (~1 Hz) that characterize propofol-induced 

LOC interfere with predictive routing. Our results show that slow wave phase modulates 

stimulus processing as well as prediction error processing, such that depolarized phases are 

related to higher spiking responses. In summary, loss of consciousness is marked by the lack of 

active top-down inhibition of feedforward prediction error signals, reflected by increased gamma 

power, spiking, and superficial layer current sinks, as well as lack of alpha/beta prediction 

signals and lack of prediction error signals in higher order cortex spiking. This supports the 

predictive routing model’s hypothesis that top-down feedback through inhibition of feedforward 

stream is key to predictive processing and consciousness. 
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Abstract: Neural activity in sensory cortex combines stimulus responses and ongoing activity, 

but it remains unclear whether they reflect the same underlying dynamics or separate processes. 

Here we show that during wakefulness, the neuronal assemblies evoked by sounds in the 

auditory cortex and thalamus are specific to the stimulus and distinct from the assemblies 

observed in ongoing activity. In contrast, we observed in three different anesthesia, that evoked 

assemblies are indistinguishable from ongoing assemblies in the cortex. However, they remain 

distinct in the thalamus. A strong remapping of sensory responses accompanies this dynamical 

state change produced by anesthesia. Together, these results show that the awake cortex engages 

dedicated neuronal assemblies in response to sensory inputs, which we suggest is a network 

correlate of sensory perception. 
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Abstract: The ability to extract temporal regularities at different time scales in sensory inputs 

and detect unexpected deviations from these regularities is a key cognitive ability. The classical 

auditory oddball paradigm shows that the brain responds to sequence violations at a local time 

scale, but such responses also occur under anesthesia and therefore seem pre-attentive. In 

contrast, recent studies in humans and monkeys suggest that when the violation concerns 

regularities occurring over longer time scales, responses to the violation appear only in 

conscious, attentive subjects. To investigate whether local and global sequence violation 

responses exist in the mouse, we recorded from layer 1 to 5 of the auditory cortex using two-

photon calcium imaging while mice passively listened to repetitions of 1s-long sequences of five 

tones. The repeated short sequence contained either a single tone (AAAAA) or a local violation 

at its end (AAAAB). Purely global violations could be generated by presenting occasionally the 

AAAAA sequence in a block where AAAAB is repeated. We found that a population of neurons 

in the auditory cortex specifically responds to such purely global violations at the end of the 

AAAAA sequence. Although small, this population contained enough information to predict 

violations on single trials. A larger fraction of neurons boosted their responses to combinations 

of local and global violations (AAAAB presented in an AAAAA block). These global responses 

were resistant to a wide increase of inter-sequence interval (1.5s - 25s) ruling out that short-term 

adaptation causes these responses. However, global responses vanished when the difference 

between A and B sounds is less salient to the mouse. In anesthetized animals we find a reduced 

response to the local violations compared to awake animals but the purely global violations 

disappeared. These results establish that the mouse brain is able to detect global violations in 

sound sequences in a subgroup of auditory cortex neurons, paving the way for the study of 

circuit mechanisms underlying long-term temporal regularity detection. 
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Abstract: Auditory-guided behavior is ubiquitous in everyday life, whenever auditory 

information is used to guide our decisions and actions. Nestled amongst several populations, 

extratelencephalic (ET) neurons reside in the deep layers of auditory cortex (ACtx), integrate 

inputs from brain-wide sources, and provide a primary means of routing auditory information to 

diverse, sub-cortical targets associated with decision-making, action, and reward. To investigate 

the role of ET neurons in auditory-guided behavior, we developed a head-fixed choice task, 

where mice were trained to categorize the rate (as high or low) of sinusoidal amplitude-

modulated (sAM) noise bursts to receive a water reward. Using bilateral optogenetic inhibition 

(with GtACR2), we established that ACtx was necessary for performance of this task. We used 

two-photon calcium imaging and selective expression of GCaMP8s to longitudinally monitor the 

activity of ET and L2/3 intratelencephalic (IT) populations. 

Statistical clustering analyses of both ET and IT populations revealed heterogenous response 

motifs that correlated with various stimulus and task variables. One such motif, primarily present 

in ET neurons, corresponded to “categorical” firing patterns (i.e., neurons that responded best to 

low or high sAM rates), This categorical selectivity was not present early in training, and 

longitudinal recording revealed that ET neurons shift their response profiles dynamically across 

learning to reflect these discrete perceptual categories. We also included a sAM rate at the 

category boundary, rewarded probabilistically, allowing us the ability to investigate stimulus-

independent choice. Using statistical approaches to visualize high-dimensional activity in a low-

dimensional space revealed that ET activity reflected behavioral choice, regardless of reward 

outcome. We further quantified this using decoding analyses and confirmed that choice at the 

category boundary could be robustly predicted from ET activity. Both choice and categorical 

selectivity was notably lessened in the L2/3 IT population, providing further evidence of ET 

involvement. 

Critically, the shift in ET selectivity was only present when mice were actively engaged in 

behavior and was not present during passive presentation of identical stimuli within the same 

imaging session. This suggests that learned categorical selectivity is shaped via top-down inputs 

that act as a flexible, task-dependent filter, a hypothesis that we are actively pursuing. These 

results suggest that the ACtx ET projection system selectively propagates behaviorally relevant 

signals brain-wide and is critical for auditory-guided behavior. 
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Abstract: Perceptual learning is associated with altered cortical representations of task-relevant 

stimuli in trained animals relative to naive ones (Polley, et al., 2006; Edeline, et al., 1993; Bao, et 

al., 2004). While there is substantial variability across animals in the degree of behavioral 

learning and the associated changes in neural representations, we lack an account of how 

experiences during learning may drive these differences. To address these limitations, we 

developed an experimental and computational framework for describing how sensory 

representations change during auditory perceptual learning. Mice were progressively trained to 

classify frequencies as a single, center frequency (ranging from 11-16 kHz) or non-center by 

licking left and right, respectively, for a water reward. Discrimination between center and non-

center frequencies improved over 10-45 days through multiple phases of learning (N=72 

animals). In parallel, in a subset of animals, we recorded from a population of layer 2/3 

excitatory neurons in auditory cortex throughout learning using two-photon imaging (N=14 

mice). Despite similar behavioral performance at the end of training, animals exhibited one of 

two distinct activity profiles in auditory cortex. Specifically, tuning profiles of excitatory neurons 

exhibited either a relative enhancement or a suppression of responses at frequencies reported as 

the center frequency (N=14 animals). The response profiles emerged throughout learning, 

starting in the first phase of learning. Additionally, they were present while the animal was 

engaged in the behavior, but not when the animal was passively listening to the same set of 

stimuli. To make sense of the across animal variability in tuning, we developed a computational 

model to explore whether animal-specific choice preferences seen during learning could explain 

this individual variability in neural tuning. We trained a model neural network using reward-

dependent Hebbian learning (Williams, 1992) to perform the task, and examined whether initial 

choice preferences (rates of licking right and left), and the resulting reward statistics, are related 



to the learned neural representations. We found that higher rates of reward in trials with non-

center frequencies early in learning lead to larger magnitude responses to the center frequency, a 

relationship which was confirmed in the data. Overall, our results suggest that, through its effects 

on reward statistics and consequent synaptic plasticity, choice preference during early auditory 

perceptual learning may play a causal role in producing across-animal variability in learned 

representations. 
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Abstract: Decoding acoustic signals for communication is a hallmark function of the auditory 

system in songbirds and humans alike. In songbirds, early acoustic experience has a profound 

impact on auditory perception and vocal learning, making them a powerful model to study the 

underlying neural mechanisms of experience-dependent development. Although information 

processing and storage in the brain is thought to be primarily orchestrated by synaptic plasticity, 

intrinsic plasticity—changes in voltage-gated channels and their dynamics—also contributes. In 

the zebra finch caudal mesopallium (CM), a cortical-level auditory area implicated in 

discriminating and learning species-specific vocalizations, we previously observed that auditory 

experience modulates intrinsic excitability along with expression of Kv1.1, a low-threshold 

potassium channel. Specifically, neurons in birds reared in a complex acoustic environment are 

more likely to be phasic, a dynamical behavior that can enhance the reliability and selectivity of 

neural responses to complex acoustic stimuli. Here, we investigated the cellular mechanism of 

this plasticity using whole-cell recording techniques. We found that Kv1.1 is necessary but not 

sufficient for phasic spiking, indicating that some neurons express Kv1.1 but do not localize it to 

the plasma membrane. In a subset of non-phasic (tonic) neurons, spiking became phasic after a 

few minutes of stimulation with depolarizing step currents. This rapid intrinsic plasticity was 

attenuated by blocking intracellular calcium, and it did not occur in quiet-reared birds, who have 

much lower expression of Kv1.1. These results suggest that exposure to a complex acoustic 

environment causes the accumulation of a ready-to-use pool of Kv1.1 that can be rapidly 



mobilized to the membrane to dynamically regulate intrinsic excitability during the peak of the 

critical period for song memorization. 
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Abstract: The ability to direct our attention towards a single sound source such as a friend’s 

voice in a crowded room is necessary in our acoustical world. This process is thought to rely, in 

part, on directing attention to different sound dimensions, such as frequency. Previous 

investigations have shown task-dependent changes in the frequency tuning of auditory cortical 

neurons when ferrets actively detect or discriminate a particular frequency of sound (e.g. Fritz et 

al. 2010). However, questions remain about how attentional gain can arise based on sound 

statistics. Specifically, to what extent can this modulation occur even if frequency is not a 

necessary component of the task demands? Mondor & Bregman (1994) demonstrated that human 

listeners’ reaction times on a tone duration task were slower when the presented tone frequency 

was unexpected (i.e. low probability). Here, we test the hypothesis that the statistical likelihood 

of sound frequencies alone can also affect animals’ behavioural decisions on orthogonal 

dimensions of sounds. We trained ferrets on a 2-alternative forced choice tone duration 

discrimination task in which we manipulated the statistical likelihood of tone frequencies. Our 

results show that, similar to humans, ferrets’ reaction times on this duration judgement task 

increased for low-probability frequencies, while their accuracy remained stable across other 

frequencies. These results suggest that attentional filters are employed during listening, even for 

an acoustical dimension (frequency) that is orthogonal to the task demands (duration). Our future 

experiments will use this task in combination with microelectrode recordings to investigate the 

neurophysiological basis of statistical-based attentional filtering in the auditory cortex. 
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Abstract: When listeners are trained with acoustically degraded speech forms, such as inputs 

from cochlear implants, their perceptual performance of the speech can be improved and 

maintained for long periods. Some studies have suggested that improvements in speech 

perception for novel speech forms are associated with plastic changes in speech motor regions, 

such as the premotor cortex (PM). However, little is known about how the motor regions 

represent speech motor information (i.e., articulation) during the perceptual learning of degraded 

speech. To elucidate the representational nature of the speech motor information in retuning the 

speech perceptual system, we conducted perceptual training of degraded speech sounds and 

measured the brain activity with the functional magnetic resonance imaging (fMRI). This 

experiment revealed how speech motor information is encoded and changes across the learning 

process in the frontotemporal speech network, including the motor regions. Participants were 

trained to noise-vocoded speech sounds, which are a cochlear implant stimulation with reduced 

spectral detail and low intelligibility. To focus on the sensorimotor processing of speech among 

multiple linguistic processing, we used the pre-lexical sounds like consonant-vowel 

monosyllables (e.g., /ko/, /to/, /po/) rather than words or sentences. Under the fMRI scanning, 

participants were trained only on some monosyllables that have differences in a motor gesture 

(i.e., place of articulation), not the other monosyllables. We found improvements in the 

behavioral performance of speech recognition after short-term training, particularly for trained 

monosyllables. Furthermore, the representational similarity analysis of the fMRI data during 

listening to degraded speech revealed that place of articulation information was increasingly 

represented in the motor speech regions, including the PM and the supplementary motor area. 

These results provide the first evidence that perceptual training changes neural representations of 

speech motor information during degraded speech perception and highlight the engagement of 

the sensorimotor processing as a facilitatory role in perceptual learning under difficult listening 

conditions. 

Disclosures:  S.A. Murai: None. H. Nagamura: None. K.I. Kobayashi: None. H. 

Riquimaroux: None. 

Poster 

544. Auditory: Learning and Adaptation 



Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 544.16 

Topic: D.05. Auditory & Vestibular Systems 

Support: NIH Grant MH120117 

Title: Decoding tone frequency from echoic memory in primary auditory cortex of the Macaque 

Authors: *J. ORCZYK, T. TEICHERT;  

Psychiatry, Univ. of Pittsburgh, Pittsburgh, PA 

Abstract: Echoic memory (EM) is a pre-categorical form of auditory short-term memory, 

important for the temporal integration of complex sounds such as conspecific vocalizations. Yet, 

the neural substrate of EM is unclear. The most promising hypothesis holds that EM stores 

information about past sounds in the absence of delay-period activity in the form of a ‘negative 

trace’ of depleted vesicles. However, it remains unclear if and how the information can be read 

out of such an activity silent state. Here we test if an activity silent negative trace resides in A1, 

and whether it can be reactivated by the subsequent presentation of a non-informative sound. To 

test these hypotheses, we performed single-trial decoding of sound-evoked local field potentials 

and multi-unit activity that were recorded from a semi-chronically implanted 96-channel 

electrode array, which covered the entire tonotopic map in primary auditory cortex in one 

macaque monkey. Each trial consisted of one of 21 pure tone pips of different frequency, 

spanning about 7.5 octaves, and followed by an identical white noise burst 350-450 ms after the 

tone. To validate the approach, we first decoded tone identity from the tone-evoked responses 

themselves using a support vector machine classifier with a linear kernel applied to data in a 10-

ms sliding window. As expected, decoding accuracy was high, reaching an accuracy of over 35% 

correct responses in the time window 25-35 ms after tone onset. A second period of heightened 

decoding accuracy was observed at 180-300 ms after stimulus onset, peaking at about 13% at 

215-225 ms. Decoding accuracy increased to over 50% (M = 53.4%, SD = 7.7%) when 

combining activity from multiple time windows, and almost 90% of trials were classified within 

±0.75 octaves of the correct tone. We then tested if it is possible to decode the identity of the 

previous tone using responses evoked by the subsequent white noise burst. A similar bi-phasic 

pattern of decoding also emerged. However, while still significantly above chance, decoding was 

(i) overall much lower, and (ii) relatively stronger in the later (6.4%) compared to the earlier 

period (5.2%). When combining multiple time windows, decoding accuracy further improved to 

7% (M=7.0 %, SD = 0.8%), significantly greater than shuffled controls (M = 4.4%, SD = 0.5%), 

as determined by a one-tailed paired t-test, t(15) = 8.98, p < 0.01 This finding suggests that 

information in A1 about prior stimuli persists in an activity silent state that can readily be 

reactivated by a subsequent non-informative broad-band stimulus. We speculate that EM may be 

activated in a similar manner by non-informative top-down activation of A1. 
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Abstract: Background: The way in which naïve and well-trained animals perform in the same 

task is dependent on differences in the evoked sensory and motor neural response to behaviorally 

relevant stimuli. Through many decades of research, we know that developmental hearing loss 

leads to permanent differences in the physiology of the auditory neuraxis. Recent work from my 

lab has shown that these changes extend to the auditory striatum, and that hearing loss induced 

deficits briefly compensate during learning. In this study, we asked how neuronal response 

properties in the motor and auditory regions of the dorsal striatum change during the learning of 

an auditory associative conditioning task as a function of developmental hearing status.Methods: 

Adult Mongolian gerbils were implanted with a 64-channel electrode array that spanned the 

sensorimotor and auditory/visual regions of the striatum. Each animal was trained on an 

amplitude-modulation (AM) rate discrimination task using an appetitive reinforcement operant 

conditioning procedure. The freely moving animals were trained to initiate each trial by a nose 

poke, and an AM stimulus that indicated the availability of a food pellet (Go stimulus), versus an 

AM stimulus which signaled the absence of a reward (Nogo stimulus). Task difficulty is 

increased by moving modulation rates closer together. A sensitivity measure, d-prime (d’ = z(hit 

rate) - z(false alarm rate)), was computed for each animal across training days. Cells were spike 

sorted offline (Plexon) and analyzed with Neuroexplorer and JMP software. Results: Putative 

single-unit recordings from medium spiny neurons were carried out for each day of training and 

compared to behavioral state across trial type (Go, NoGo), response (Hit, False Alarm, Correct 

Rejection), learning state (naïve, acquisition, mastery), and striatal region (motor, auditory). 

Significant changes within groups were compared between animals with and without a history of 

developmental hearing loss during the physiological emergence of the novel behavior (NoGo-

CR, repoke) that is associated with increased d-prime and learning. Conclusions: These findings 

provide exciting correlations between epochs of learning and the neurophysiological processes 

from which novel behaviors progressively emerge. Our data show how the physiology before 

and after learning is significantly altered through sensory motor integration at the level of the 

striatum. Further, it provides novel insight into how hearing loss induced changes to underlying 

neurophysiology can simultaneously lead to both propagation of and compensation for learning 

impairments. 
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Abstract: Training can improve one’s ability to discriminate among near-threshold stimuli, a 

process called perceptual learning. Understanding the neural basis of perceptual learning has 

translational implications for both nonclinical and clinical use. Previous research has shown 

training on a perceptual learning task strengthens task-dependent modulations of auditory 

cortical activity. However, it is unclear whether these changes emerge in the ascending auditory 

processing pathway and are inherited by the auditory cortex, or arise in the cortex de novo. To 

address this, we implanted Mongolian gerbils (Meriones unguiculatus) with chronic 64-channel 

microelectrode arrays in either the central nucleus of the inferior colliculus (CIC) or the ventral 

medial geniculate nucleus (vMGN). We recorded single- and multi-unit activity as animals 

trained and improved on an aversive go/no-go amplitude modulation (AM) detection task, and 

during passive exposure to the same AM sounds. Firing rates and cycle-by-cycle vector strengths 

(Yin et al., 2011) were calculated for individual neuronal responses to AM stimuli and 

transformed into the signal detection metric d’. Neural thresholds were obtained for each training 

day by fitting a logistic curve to d’ values across AM depths and determining the depth at which 

d’ = 1. As expected, neurons in the CIC encoded AM using a temporal strategy. Neural 

thresholds were similar during task and passive conditions, suggesting an absence of task-

dependent modulation in the CIC. However, both task and passive neural thresholds improved, 

suggesting that the CIC does display learning-related plasticity independent of task engagement. 

In the vMGN, neurons used both temporal and rate strategies to encode AM. As in the CIC, 

neural thresholds recorded during task performance improved, suggesting that learning-based 

plasticity is also present in the vMGN. However, unlike in the CIC, rate-based neural thresholds 

in the vMGN were better during task performance compared to passive exposure, suggesting that 

the vMGN is subject to task-dependent modulation. Notably, the magnitude of task dependent 

modulation increased over the course of training, similar to what has been reported in the 

auditory cortex (Caras & Sanes, 2017). These findings suggest that training may improve neural 

sensitivity within the ascending auditory pathway, at or below the level of the auditory midbrain, 

and simultaneously strengthen non-sensory modulations of auditory thalamus. Our results 

contribute to a deeper understanding of the circuits supporting perceptual learning, and may 

ultimately inform strategies for improving sound perception in the hearing-impaired. 
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Abstract: The mammalian auditory pathway is tonotopically organized, so that nearby neurons 

tend to respond to similar best sound frequencies (BFs). However, recent results suggest that 

nearby neurons may also show quite different BFs. 

We investigated experimentally the degree of disorder in the tone representation in three 

subsequent stations of the ascending auditory system: the inferior colliculus, medial geniculate 

body of the thalamus and auditory cortex in anesthetized rats, recording responses using 

Neuropixels electrodes and carefully histologically reconstructing each penetration. After 

removing the local BF changes induced by the tonotopic gradient and the inter-trial variability on 

the BF estimation, we found that spatial fluctuations in BF increase along the auditory pathway. 

More generally, we showed that the signal correlations between receptive fields to pure tone 

stimuli are locally higher and decrease more slowly with the distance in the inferior colliculus 

than in the thalamus and cortex. 

To determine the mechanism of the progressive spatial mixing of BFs, we constructed a three-

layer network model of the auditory pathway. Each layer consists of a recurrent local network 

comprising excitatory and inhibitory neurons. The feedforward as well as recurrent 

connectivities are random, with a distance-dependent probability of connection. We found that 

the increasing level of BF spatial heterogeneity can be accounted for only when the network 

operates in the “balanced regime” (van Vreeswijk C, Sompolinsky H. Chaos in neuronal 

networks with balanced excitatory and inhibitory activity. Science. 1996 Dec 6;274(5293):1724-

6.) 
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Abstract: Senses connect our brain with the environment, allowing us to perceive the world 

around us. Auditory information enters the brain via a feed forward hierarchal pathway that 

canonically terminates in the auditory cortex (ACtx). An open question is how this information is 

processed then routed brain-wide to influence behavior. Excitatory projection neurons in the 

ACtx are broadly comprised of three groups; intratelencephalic (IT), extratelencephalic (ET), 

and corticothalamic (CT). These distinct populations send vast projections where they target 

nodes of the ascending pathway as well as downstream regions classically associated with 

decision making, action, and reward. These organizational principles allow for the broadcasting 

of behaviorally-relevant information and the shaping of auditory representations across brain-

wide neural networks. We hypothesize that ACtx projection neurons provide a critical link 

between auditory input and behavioral output, necessary for acquisition and performance of 

auditory-guided behaviors. To investigate this, we trained head-fixed mice to categorize noise 

based the rate of amplitude modulation (AM) and bilaterally silenced distinct neural populations 

during stimulus presentations using GtACR2 (on 20% of trials). To ensure that ACtx was 

necessary for successful performance of this task, we silenced all excitatory neurons en masse 

and found that inhibition biased decisions towards one spout, ultimately leading to a significant 

reduction in categorization accuracy. Unexpectedly, silencing of any of the 3 projection neuron 

classes had little effect on mice's ability to categorize the rate of AM noise, indicating that no 

single projection is necessary for task performance and suggesting that multiple projections may 

work synergistically. This apparent disconnect between cell-specific and global inhibition led us 

to examine other consequences of targeted inhibition across learning. We found that 

longitudinally inhibiting either ET or IT neurons led to a significant reduction in learning rate, 

evidenced by increased number of trials and sessions to achieve task proficiency. Furthermore, 



ET and IT mice trained to expert level had lower accuracy and higher variability across sessions 

compared to wild-type controls. Using dynamic psychophysical modeling we were able to infer 

differential learning strategies based on the factors influencing choice for each projection neuron 

class. Our current efforts are focused on using the GLM-HMM framework to investigate 

dynamic switching between these distinct learning strategies to further probe the critical link 

between neocortical output and behavioral outcomes. 
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Abstract: Receptive fields are the building blocks of vision. They describe what part of the 

visual field is processed by groups of neurons (population receptive fields, pRFs), and can be 

estimated with functional Magnetic Resonance Imaging (fMRI). Surprisingly, pRFs are observed 

to be dynamic, i.e., they respond to different parts of the visual field at different times. To obtain 

a method to measure pRF dynamics in the healthy human brain on the neuronal timescale (ms), 

we combine pRF measured by fMRI with Magnetoencephalography (MEG), a 

neurophysiological technique with high temporal resolution. We replicate recent findings that 

pRF models estimated from fMRI predict MEG responses and adopt a new ERP design that 

informs us about the temporal dynamics of pRFs with millisecond resolution. We first estimate 

pRFs with fMRI using contrast-defined bar apertures that travel across the visual field. We then 

predict the MEG responses based on the pRF models using forward modeling. The predicted 

responses are compared to MEG signals that were recorded when showing a stimulus that closely 

resembled the fMRI design and a similar stimulus devised to generate evoked responses (ERP 

design). We show that pRF models are able to capture MEG responses (maximum R-squared = 



71%), with best fits for occipital sensors. Perturbing pRF parameters (size and position) 

decreases the R-squared values, confirming that the fits are influenced by the pRF parameters. 

Predicting the MEG data from pRFs located in different visual regions suggests that pRFs 

located in V1 explain the MEG signal the most. Next, we will model the ERP responses with 

millisecond resolution. Taken together, the current results pave the way to study temporal 

dynamics of pRFs using MEG. 
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Abstract: Laminar fMRI holds great promise for unraveling the computational interactions 

between feedforward and feedback information processing. Laminar fMRI is, however, 

hampered by the low-resolution relative to the cortical thickness, and that the most-used 

sequences suffer from large draining-vein biases. Here we use human line-scanning fMRI to 

mitigate these problems (Raimondo et al 2021), by sampling at both high spatial (200μm) and 

temporal (100ms) resolution. To position the line through the brain accurately, we devised a 

framework where we identified a location on a flat piece of cortex (to limit signals from layers 

mixing together) based on a separate session using a standard pRF-mapping experiment 

(Dumoulin et al 2008). The target location is chosen by both the desired functional and 

anatomical characteristics, to obtain a cortical location that represents para-foveal functional 

processing with minimal cortical folding. This prior knowledge uniquely allowed us to tailor the 

experimental design to this target location specifically. We performed pRFs experiments 

centered around the target location using contrast-defined stimuli optimized for the pRF location. 

Additionally, this setup allowed us to probe both pRF and hemodynamic properties across depth, 

which showed that pRF size and variance explained varied systematically across the cortical 



surface. The results demonstrate that we can effectively wield line-scanning fMRI’s spatial and 

temporal precision in human cognitive neuroscience experiments. Such a framework could 

bridge canonical fMRI experiments and more closely link to electrophysiological experiments, 

which in turn allows novel avenues for studying human physiology non-invasively. 
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Abstract: Neural stimulus responses represent a small subspace of all possible activity patterns. 

It has been shown that neural activity recorded during different tasks such as object recognition 

or movement lies on a low-dimensional manifold and can exhibit oscillatory behavior. 

Characterizing the structure of the response-subspace and its relation to oscillatory dynamics is 

crucial to decipher the information processing in neuronal networks. However, the role of these 

oscillatory dynamics in shaping or organizing neuronal manifolds remains unknown. Here, we 

recorded 64 channel multi-unit activity and local field potential (LFP) from two cortical visual 

areas (V1 and V4) of a single macaque monkey in a fixation task. Different types of images 

including gratings with different orientations, and natural scene images were presented as visual 

stimuli. Using nonlinear dimensionality reduction methods including t-distributed Stochastic 

Neighbor Embedding (t-SNE) and Uniform Manifold Approximation and Projection (UMAP), 

we clustered spiking responses to each stimulus in V1 and V4. Through the ventral pathway 

from V1 to V4, we observed that the neural manifold untangled in two main ways: the centers of 

the V4 clusters became more distant, and their diameters were smaller. Importantly, clusters 

corresponding to visual stimuli which induce gamma oscillations, such as gratings and a subset 

of natural scene images, lie on the edge of the neural manifold. We suggest that this extreme 

position is a result of oscillatory states bordering criticality and thus represent extremes of neural 

population coding and dynamics. Our work therefore makes a connection between encoding and 

dynamics in recurrent neural network. 
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Abstract: Past experimental and theoretical work has posited that feedforward gamma rhythmic 

synchronization mediates communication between visual cortical areas and attentional selection. 

However, the physiological plausibility of this claim has been vigorously debated. In order to 

directly assess the proposed role of feedforward gamma rhythmic synchronization, we recorded 

LFPs and single unit activity in awake macaques and mice. In macaques, we simultaneously 

recorded activity in areas V1 and V4, while the subjects performed a visual attention task, 

whereas in mice, we recorded simultaneously from the LGN and areas V1 and V2, under 

conditions of visual stimulation. In both species, cortical activity was recorded in a laminar 

fashion. We observed that visual stimulation elicits robust inter-areal LFP-LFP phase locking in 

the gamma range, consistent with previous findings, but this phase locking was accompanied by 

very weak locking of spikes in the downstream area (e.g. V4) to LFPs in the upstream area (e.g. 

V1). Importantly, this weakly locked population of neurons predominantly comprised putative 

FS interneurons in feedforward input layers and not putative excitatory cells. Optogenetic 

tagging in mice revealed that the majority of gamma-locked FS interneurons in V1 expressed 

parvalbumin, whereas in V2, interareal gamma equally involved cells expressing either 

parvalbumin or somatostatin. Selective attention modulated V4 spiking similarly in, both, 

putative excitatory cells and FS interneurons, especially in superficial layers, but it increased the 

strength of inter-areal gamma locking only for FS interneurons. Lastly, population-based 

decoding analyses showed that the spiking of even individual neurons is more accurate at 

predicting the attentional state compared to population-wide locking of gamma LFPs. The 

accuracy of decoding based on spiking activity increased as a function of the number of 

simultaneously recorded neurons. Taken together, our findings cast serious doubt on the potential 

role of feedforward gamma synchronization in inter-areal communication and attentional 

selection, and instead suggest alternative roles such as normalization. 
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Abstract: Different views of the same 3D visual scene are related by complex but predictable 

changes in luminance patterns at the level of the retina. To facilitate reasoning about visual 

scenes, e.g. planning spatial routes in an environment, the brain may convert these changes to 

simpler representations that are scene-independent. We hypothesize that the neural 

representations of 3D scenes have a property called “compositionality”; for example, the change 

in neural activity to a 3D rotation of a visual scene is the same as the change in neural activity to 

half the rotation plus the change to another half rotation. Here we study how the 3D orientation 

of a planar surface is encoded by populations of cortical neurons. Our hypothesis inspires a 

geometric model, in which we input the change in neural activity to a 3D rotation of a planar 

surface and then predict the change in neural activity to multiples of the rotation. To test our 

hypothesis, we imaged the activity of more than 60,000 neurons in the visual cortex while a 

mouse is passively viewing planar textures at different 3D orientations projected to a monitor. 

Even though our textures differ widely from each other (e.g. in spatial frequency, “natural-ness” 

etc.), we find that 3D orientation is responsible for a large fraction of the variance in neural 

activity. In a dimensionally reduced subspace of neural activity that contains most of the 

variance, 3D orientation can be decoded linearly within the range of values that we tested. 

Finally, the geometric model is consistent with our data across textures. This suggests that the 

encoding of 3D orientations of planar surfaces in the mouse visual cortex is compositional and 

texture independent. In conclusion, our findings provide a step towards understanding how visual 

information relevant for visual reasoning is encoded in a mouse brain. 
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Abstract: Visually-guided behaviors require a stable representation of the world. However, 

neuronal responses to the same sensory stimulus are often variable. It is thus critical to 

understand what factors contribute to neuronal variability and how they change across different 

cortical areas to influence information representation and propagation. Previous work has 

proposed a range of statistical models to explain neuronal variability, ranging from simple 

regression to latent dynamics models. Here, we partitioned variability of individual neurons 

using a previously proposed modulated Poisson model, which assumes spikes are generated from 

a Poisson process whose rate is influenced by both sensory drive and a fluctuating gain. We 

simplified the model and evaluated the fraction of partitioned variability from independent 

Poisson process, stimulus drive and gain modulation in individual neurons along the mouse 

visual hierarchy. We find that the fraction of stimulus induced variance consistently decreases 

across the visual hierarchy, and its relative contribution depends on the stimulus complexity. The 

variance of stimulus independent gain, which reflects fluctuations of gain across time, gradually 

increases along the mouse visual hierarchy, consistent with the trend observed in non-human 

primates. The fraction of independent Poisson process doesn’t show a clear trend across areas. 

Putative inhibitory neurons showed stronger gain modulation consistently across areas, while 

putative excitatory neurons were more strongly influenced by stimulus drive. Together, our work 

systematically partitioned variability across the mouse visual hierarchy and can potentially 

support future work for evaluating the influence of shared gain on information processing. 
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Title: Cell-type specific entrainment during rhythmic visual flicker stimulation 
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Abstract: Rhythmic synchronization has been proposed as a mechanism for communication 

between a sender and a receiver area. Synchronization between spikes is known to enhance the 

impact of spikes on post-synaptic targets, however, it is unknown whether this holds true for 

rhythmic visual drive in the narrow, high-frequency gamma-range (30-100 Hz). We 

hypothesized that due to the low-pass filtering properties of excitatory neurons, feedforward 

gamma-rhythmic inputs should preferentially activate fast-spiking interneurons in a receiving 

area. We tested our hypothesis by presenting visual flicker stimuli at different frequencies 

(ranging from 10-80 Hz) to head-fixed Ai32-Sst and Ai32-PV mice while simultaneously 

recording from LGN, V1 and the hippocampus, and complemented our recordings with detailed 

multi-compartmental models of different cell types in the mouse visual cortex. As predicted, we 

found that visual stimulation at faster frequencies preferentially entrained fast-spiking 

interneurons (identified through waveform characteristics) in V1. By contrast, slower visual 

flicker stimulation recruited both excitatory and inhibitory neurons in V1, which allows the 

imposed rhythm to propagate through the different layers of V1. We showed that 40 Hz visual 

rhythmic stimulation mostly drives PV, as well as a small fraction of Sst interneurons. If the 

frequency of the rhythmic visual stimulation increases into the gamma frequency range (30-100 

Hz) the imposed visual rhythm doesn’t propagate beyond the input layer of V1. In contrast to 

recent studies on the reduction of Alzheimer’s disease-related amyloid plaques by 40 Hz flicker 

stimulation (Adaikkan et al. 2019), we find no evidence of entrainment of cells in higher brain 

regions such as the hippocampus. Lastly, we confirmed our empirical observations by 

synaptically stimulating computational models of PV and Pyramidal cells in the visual cortex of 

mice with inhomogeneous Poisson spike trains in the corresponding frequency ranges. In total, 

our results indicate that gamma-rhythmic synchronization is not a mechanism for inter-areal 

feedforward communication, but rather that it serves as a mechanism to suppress inter-areal 

communication via the recruitment of fast-spiking inhibitory interneurons in the receiver. 
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Abstract: Trial-by-trial variability quantifies the highly variable spike count found in single 

neurons when sensory stimuli are presented repeatedly (Heggelund & Albus, 1978; Shadlen & 

Newsome, 1998; Tolhurst et al., 1983; Vogels et al., 1989). The variability is much higher than 

expected for simple Poisson processes, potentially involves many sources, and poses 

fundamental constraints to ideas on cortical coding. In this work, we studied the fundamental 

aspect of such network variability by employing holographic stimulation of single neurons. This 

will allow us to identify fundamental aspects of network response variability to well-controlled 

unitary perturbations such as single cell firing, which have recently become an essential tool in 

neuroscience. We co-expressed GCaMP7s and the opsin ChrimsonR in layer II/III pyramidal 

neurons of widefield-identified primary visual cortex (V1). The activity of 150 - 300 neurons 

was recorded using 2PI in a ~450 μm x 450 μm area of V1 (100 - 200 μm depth) at ~45 Hz 

framerate while holographically stimulating single pyramidal neurons expressing the opsin (100 

ms; ~5 - 10 mW, ~100 - 150 trials; low-repetition Light Conversion laser) using a spatial light 

modulator (Meadowlark). Images were denoised using a machine-learning-based algorithm 

(DeepInterpolation). Denoised calcium traces were then deconvolved for spike extraction using 

MLspike. During stimulation of the target cell, a subset of non-stimulated cells responded 

significantly to the perturbation (> 92% baseline spike count). Laser-stimulated pyramidal cells 

(target cells) and non-target cells exhibited similar spontaneous (baseline) spiking variability that 

was well above Poisson expectation, which was maintained for evoked spike count variability. 

We hypothesized this response variability to be independent from the variable number of spikes 

induced by holographic stimulation in target cells. We separated target cell responses into low vs 

high spike count categories, which by definition reduces variability for each category. We show 

that non-target cells maintain high spike count variability for either category that is comparable 

to baseline. Size of stimulus-triggered neuronal avalanches distributed as a power law over 4 

orders of magnitude. We relate this scale-invariance to unitary branching tree responses expected 

in cortical networks that display criticality. We conclude that the highly variable, yet scale-free 

activity in response to precise holographic single neuron perturbation is an intrinsic property of a 

critical cortical network and does not originate from the variability of holographic stimulation. 
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Abstract: The current dogma in neuroscience is that neurons primarily convey stimulus 

information through their firing rate. However, recent studies suggest a remarkable speed of 

sensory processing which may be incompatible with traditional rate-coding schemes, and it has 

been hypothesized that sensory encoding may rely on the spike timing relationships among 

neurons. To study multi-neuron spiking patterns, we developed SpikeShip, an unsupervised, 

linear, geometry-based dissimilarity measure that aligns spikes across pairs of epochs based on 

optimal transport cost. This method has linear computation cost and is sensitive to higher-order 

correlations in spike trains. We used both rate and timing codes to find clusters across N > 8000 

neurons from six visual areas during natural video presentations in 32 mice. We split the video 

into 30 sub-videos of one second each as in previous studies, and compared information content 

in firing rate population codes and multi-neuron temporal spiking patterns. Using SpikeShip, we 

show that (1) multi-neuron temporal patterns convey substantially more information about 

natural movies than population firing rates; (2) multi-neuron temporal patterns show high 

reliability across presentations, in contrast to firing rate codes; (3) firing rate codes exhibit 

memory across frames, whereas temporal patterns form a discrete and discontinuous manifold 

separating different movie frames; (4) the advantage of temporal information becomes larger as 

the number of neurons grows. These findings reveal the importance of temporal spiking patterns 

in the encoding of natural visual inputs. 
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Abstract: Cortical representations of visual information have usually been studied by estimating 

the selectivity of individual neurons in different areas. This approach has been most successful in 

early visual areas; in higher cortex, it has proved challenging to understand representations in 

this manner. A related but distinct approach is to consider the geometry of neuronal population 

representations. Though derived from single neuron selectivity, the geometric view can provide 

insight difficult to infer from measurements in individual neurons. For instance, the geometric 

view can reveal whether representations emphasize separability, by ensuring that populations 

responses to different images occupy a high dimensional space, or generalizability, by requiring 

responses occupy a low dimensional manifold with meaningful axes. We sought to understand 

differences in representations of cortical areas V1 and V2 of macaque monkeys. We used 

multiple Neuropixel probes to record responses of neuronal populations to a rich ensemble of 

naturalistic textures. V2 neurons have been shown to be selective for higher-order statistics 

present in textures, whereas V1 responses are determined by the spectral content of those images. 

Our stimulus ensemble included different textures and, for each texture, different samples, which 

were distinct images with identical texture statistics. We define the trial-averaged population 

responses to different samples of a particular texture as an ‘object manifold’. We found that V2 

population responses provided better discriminability between object manifolds of different 

textures than V1 populations did. Better performance was achieved by greater center-to-center 

distances between the object manifolds in population response space. To understand the 

geometry of the representations, we assessed how object manifolds were oriented relative to the 

axis of discriminability, by determining how shuffling the trial-averaged responses to different 

samples affected performance. Shuffling improved discriminability in both areas, but the effect 

was clearly stronger in V2. This result suggests that object manifolds for different textures are 

arranged more consistently in V2 than V1. We confirmed this by comparing the alignment of the 

principal components of object manifolds for different textures. This alignment was higher in V2 

than V1. Our results reveal consistent differences in the geometry of V1 and V2 neuronal 

population responses to textures. V2 representations afford better discriminability, but also bear 

hallmarks of a low-dimensional representation of texture statistics that should allow better 

generalizability. 
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Abstract: Patients are often unaware of retinal lesions and do not perceive anything “missing” in 

the visual field, a phenomenon termed “filling-in”. Retinal lesions are also accompanied by 

apparent remapping within the visual cortex; (population) receptive fields ((p)RF) around the 

lesion projection zone seem to shift locations. It has been suggested that remapping is driven by 

plasticity and represents the neural basis for perceptual filling-in. However, simulated scotomas 

in healthy participants also cause receptive field locations to remap. This implies that remapping 

is not necessarily driven by plasticity or related to perceptual filling-in. We propose that 

remapping occurs because introducing scotomas changes the responses of neurons nonlinearly. A 

divisive normalisation (p)RF model can account for a variety of nonlinearities including 

surround suppression, spatial compression, and spatial oversaturation. Our simulations show that 

this model can explain apparent (p)RF shifts, with scotomas changing the balance of excitation 

and inhibition shifting the response centre-of-mass of the (p)RF. Linear (p)RF models cannot 

capture these responses without shifting (p)RF locations, leading to apparent remapping. Here 

we test this account using ultra-high-field (7T) fMRI, standard retinotopic mapping stimuli (a 

drifting bar) and simulated scotomas. Two scotomas (small and large) are simulated with circular 

patches on the display which are set to mean luminance and will occlude the stimulus bar. The 

divisive normalisation model predicts a different pattern of shifts depending on the relative 

position and size of the scotomas and pRFs. This study in healthy controls helps determine the 

extent to which remapping can be explained by stimulus driven nonlinearities and provides a 

baseline for future studies on patients, allowing us to identify evidence for or against plasticity in 

the adult visual cortex. 
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Abstract: The sensory systems of humans and other primates are comprised of discrete cortical 

areas which are arranged hierarchically, with extensive bottom-up (feedforward) and top-down 

(feedback) connections between areas. Whereas feedforward processing has been studied 

extensively, relatively little is known about the role feedback signaling plays in sensory 

processing. To assess feedforward and feedback signaling between cortical areas, we used 

multiple Neuropixel probes to record spiking activity from hundreds of neurons simultaneously, 

in macaque visual cortical areas V1 and V2. We then applied multivariate analyses to the 

measured neuronal population responses to track signal flow between areas. Inspired by 

predictive coding hypotheses, we tested whether the balance between feedforward and feedback 

signaling would be altered by stimulus ‘expectation’. To define expectation, we used an 

adaptation paradigm that involved exposure to a drifting grating stimulus (adapter), followed by 

a stimulus (test) that had either the same orientation or was orthogonal. 

Inter-areal (V1-V2) population interactions, estimated using canonical correlation analysis, 

differed when the test was matched or mismatched to the adapter. The difference in population 

correlations occurred first for positive time delays between V1 and V2, indicating altered 

feedforward interactions. This was followed by a change in correlation for negative time delays - 

indicative of altered feedback. The population activity patterns that were most correlated 

between V1-V2 were distinct for these different temporal contexts (i.e., responses to stimuli 

matched or unmatched to the adapter). We also observed diverse responses in single neurons in 

both areas, ranging from response suppression to facilitation following adaptation. There was no 

evident laminar clustering of these different response properties. 

Our observations indicate that differences in temporal context result in altered inter-areal 

interactions and detectable changes in the balance of feedforward and feedback signaling 

between cortical areas. 
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Abstract: Recent studies have shown that responses to sensory stimuli in adult mouse visual 

cortex are less stable over time than previously thought. Chronic recordings of neuronal 

responses to complex stimuli such as natural movies and - to a lesser extent - drifting gratings 

have revealed slow correlation decay. This so-called representational drift has also been 

observed in higher cortical areas, for instance, in the representation of task variables in posterior 

parietal cortex, and has profound implications for the implementation of robust coding strategies 

by biological neural networks. 

However, to date, it remains unknown which neuronal tuning features are susceptible to 

representational drift in the visual cortex. Using repeated 2-photon calcium imaging of V1 

neurons in awake mice during presentation of drifting gratings, we show that the preferred 

orientation of individual neurons is not entirely stable. We observe a time-dependent drift in 

orientation preference of individual neurons across days to weeks. 

Experience has been hypothesized to stabilize representations. To investigate the impact of 

continuous visual experience on neuronal tuning in V1, we manipulated the statistics of the 

visual environment using cylinder lens goggles mounted in front of the eyes for four weeks, thus 

limiting visual experience to a narrow range of orientations. We still found neurons tuned to all 

orientations after this intervention, but on average single-cell orientation preference drifted 

towards the experienced orientation. This indicates that continuous experience of visual features 

is not necessary for their representation in the visual cortex, but that the absence of specific 

features destabilizes their representation by influencing the direction of tuning drift. 

Together, these results demonstrate that the preferred orientation of individual neurons 

undergoes limited representational drift. Importantly, we show that the statistics of the visual 

environment are a key determinant of the direction of this drift. 

Disclosures:  J. Bauer: None. U. Lewin: None. T. Rose: None. C.E. Schoonover: 

None. A.J.P. Fink: None. T. Bonhoeffer: None. M. Hübener: None. 

Poster 

545. Population Dynamics in Visual Cortical Networks 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 545.14 

Topic: D.06. Vision 

Title: More complex and less clustered orientation tuning in macaque V4 

Authors: *D. JIANG1, X. ZHAO1, S. ZHANG1, T. WANG1, R. JIANG2, S. TANG1,2,3, C. 

YU1,4,3;  



1Ctr. for Life Sci., 2Sch. of Life Sci., 3IDG-McGovern Inst. for Brain Res., 4Sch. of Psychology 

and Cognitive Sci., Peking Univ., Beijing, China 

Abstract: Although V4 neurons tend to have complex feature tuning properties, some of them 

are still tuned to stimulus orientation. Here we used single- and two-photon imaging to sample a 

large number of V4 neurons in awake, fixating macaques, in order to have a comprehensive 

description of their orientation tuning and functional organization properties. Using two-photon 

imaging to record neuronal responses to a drifting grating (σ = 0.53o, contrast = 90%, SF = 1.6 

cpd, speed = 2 cycle/s), we identified a total of 16,178 V4 neurons in fourteen 800-μm FOVs of 

five monkeys. Overall, about 21% of identified V4 neurons were orientation selective (Freidman 

test, p < 0.01), in contrast to around 90% in V1. A von Mises function was used to fit orientation 

tuning curves. Fitting results showed that about 61% of orientation-tuned V4 neurons had a 

single preferred orientation, while 34% had two peaks in their orientation tuning functions. The 

corresponding percentages are approximately 90% and 10% in V1. Unlike V1 neurons that are 

organized in orientation clusters and columns, V4 neurons showed no clear or weak orientation 

clustering. When much larger cortical surfaces of V4 were studied with single-photon imaging at 

a coarser resolution, the vector sums of responses to various orientations with individual pixels 

of the images tended to have very large circular variances (>0.85), indicating often similar 

responses to different orientations and thus very weak orientation clustering on a more global 

scale, consistent with two-photon imaging results. Twin-peak orientation-tuned V4 neurons may 

help V4 respond to two-dimensional stimulus patterns, such as cross patterns, T-junctions, 

angles, and curvatures, which are more complex than bars and edges that V1 neurons respond to. 

Meanwhile, neurons with a wide range of orientation tuning in the same place may facilitate the 

emergence of these complex responses involving multiple orientations. 
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Abstract: Most brain functions involve interactions between different brain areas. Recent work 

has shown that early visual areas V1 and V2 interact through a communication subspace. The 

communication subspace defines which population activity patterns are relayed between areas 

and which remain private within a source area. We sought to leverage this new framework to 

investigate how population activity propagates across multiple stages of early and midlevel 

visual cortex. Specifically, we aimed to test (1) whether a source area communicates to different 

target areas with distinct or similar communication subspaces; and (2) whether communication 

between layers of a cortical area also occurs through a communication subspace. 

To this end, we recorded large neuronal populations using multiple Neuropixel probes, in areas 

V1, V2 and V3B of anesthetized macaque monkeys. Sampled populations consisted of up to 200 

neurons in each area, distributed across cortical layers. Neurons in different cortical areas had 

partially overlapping spatial receptive fields. We analyzed the relationship of trial-to-trial 

fluctuations in population activity in V1, V2 and V3B and found activity in each area could be 

used to predict activity in the remaining areas. These predictions involved a low-dimensional 

mapping between source and target populations—evidence for communication subspaces 

between each pairing of areas. Within V1, interactions between different cortical layers also 

showed evidence of occurring through a communication subspace, but the dimensionality of 

those subspaces were generally higher than for inter-areal interactions. Next, we analyzed 

whether inter-areal subspaces to different downstream targets—for example V1 to V2 compared 

to V1 to V3B—were similar or distinct. We found subspaces to different downstream areas were 

overlapping but not identical. 

Our results suggest that communication subspaces are used to relay activity both across cortical 

layers of a cortical area and between areas. Communication subspaces to different target areas 

are distinct, suggesting that different patterns of activity may be used to communicate selectively 

with different target networks. 
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Abstract  

Electrical stimulation of the visual cortex via an electrode induces the perception of a dot of 

light, known as a ‘phosphene.’ Multiple phosphenes could be combined to create the perception 

of shape and the development of a high-channel-count visual cortical prostheses based on this 

principle could one day restore functional vision in blind people. However, researchers and 

clinicians face the challenging task of mapping the perceived location of each phosphene within 

the visual field. Previous methods for phosphene mapping required prosthesis user to manually 

report the location of the phosphene induced on each individual electrode, e.g. using a 

touchscreen, which requires tens of seconds per electrode. These methods become prohibitively 

time-consuming when carried out on hundreds to thousands of electrodes. Additionally, many 

blind people experience spontaneous visual phenomena that can interfere with perception of 

electrically induced phosphenes or have disorganized eye movements that make phosphene 

localization challenging. In this work, we developed an automated and scalable computational 

method* for phosphene mapping and tested it on a dataset comprising signals from several 

hundred electrodes in the visual cortex of monkeys. Our methodology allowed to reliably recover 

the relative locations of the receptive fields of neurons at up to ~800 electrodes using a few 

seconds (t > 10 s) of neuronal data from area V1, consistently yielding a low error (RMS ~3 

mm), and high correlation (~0.9) against ground truth retinotopic mapping data in two monkeys. 

In addition, the method was robust in case of a non-continuous coverage of the cortical tissue 

with the brain implant and can be used to map electrodes that are 25 mm apart. We also 

examined which frequency bands yield information about the phosphene maps at global (inter-

array) and local (intra-array) scale. We found that global information is prominent at lower LFP 

frequencies, and high LFP frequencies give insight in the local relative retinotopic positions. In 

conclusion, our results demonstrate a new method to recover reliable phosphene maps, with 

unprecedented scale, precision, and time efficiency. *our methodology is involved within a 

current patent application procedure and will be fully disclosed within the SfN poster 

publication. 
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Abstract: Spatial frequency (SF) is an important attribute in the visual scene, however there 

remains many unsolved questions about how primate visual cortex codes this fundamental 

information. Many studies have examined SF preference in V1 but few have focused on the 

organization of SF in extrastriate areas. In particular, there is little known about the relationship 

between SF preference and the functional organizations in V2 and V4. Using intrinsic signal 

optical imaging, we find that V4 functional domains in the foveal region are tuned to a 

surprisingly broad range of SFs. In both V2 and V4, similar to V1, SF preference maps and 

orientation preference maps exhibit orthogonally aligned gradients. We also find that color 

domains in V2 and V4 avoid overlap with high SF domains, and, moreover, that, at least in V2, 

the periodicity of SF preference parallels the periodicity of functional stripe cycles; this resolves 

a long-standing controversy based on cytochrome oxidase (CO) stripes. These findings of the 

spatial arrangement of SF preference in V2 and V4 provide us new understanding about 

“hypercolumn” architecture and suggest SF is an inherent aspect of fundamental units of 

representation across early visual cortical areas. 
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Abstract: Transforming patterns of inputs into output firing is a central aspect of neural 

computation, but how networks of many recurrently-connected cells impact these 

transformations remains challenging to study in vivo. One proposed mechanism is recurrent 

cortical networks can amplify desired inputs or filter out extraneous inputs, a computation that 

can benefit perceptual behavior by favoring certain stimuli. Here, we investigate whether mouse 

visual cortex (V1) amplifies or attenuates responses to visual input via an adjustment of the 

input-output relationship of its component neurons. Using holographic stimulation methods, we 

precisely target individual cells based on their visually-evoked activity, and directly provide a 

fixed optogenetic input. To test if the local network might change these neurons’ input-output 

functions, we stimulated V1 pyramidal cells (n=342 cells; n=5 animals) both during and without 

visual stimulation to measure changes in optogenetically-evoked output. For moderately 

visually-driven cells (∆F/F > 10 % and < 80%; n=47 cells), we find no evidence for changes in 

input-output relationships (p=0.239, K-S two-sample test). However, visually-suppressed cells 

(∆F/F < -10%, n=48 cells) show significantly weaker outputs to fixed input when the visual 

stimulus is present compared to without (p<1*10-5, K-S two-sample test). These results indicate 

V1 neurons are pulled into a sublinear input-output regime when suppressed by the network, but 

largely remain in a linear regime when driven. This supports the stabilized supralinear network 

model of cortical function (Rubin et al., 2015), specifically, suggesting that in vivo V1 transfer 

functions have a supralinear and then linear regime (as predicted by theory; Sanzeni et al., 2020; 

Miller and Troyer, 2001; Hansel and van Vreeswijk, 2002). Moreover, we show that during 

spontaneous activity neurons operate just above the supralinearity. In sum, our data suggest that 

due to the shape of individual cells’ transfer functions, visual cortical neurons can filter selected 

input patterns — not by amplifying responses but by attenuating inputs unrelated to the current 

visual stimulus. 

Disclosures:  P.K. LaFosse: None. Z. Zhou: None. V.M. Scott: None. Y. Deng: None. M.H. 

Histed: None. 

Poster 

545. Population Dynamics in Visual Cortical Networks 

Location: SDCC Halls B-H 



Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 545.19 

Topic: D.06. Vision 

Support: r01gm13363 

Title: Population spike-synchrony contributes to the spectral exponent of aperiodic neural 

activity 

Authors: *M. PRESTON1, T. FEI2, B. VOYTEK3;  
1Neurosciences Grad. Program, Univ. of California San Diego, La Jolla, CA; 2Univ. of 

California San Diego, La Jolla, CA; 3Cognitive Sci., Univ. Of California, San Diego, La Jolla, 

CA 

Abstract: It has long been appreciated that neural oscillations support memory and cognition; 

however, recent research highlights the significance of non-oscillatory, aperiodic brain activity in 

these processes. Aperiodic activity changes during development and aging, varies across cortical 

depth and between regions, and is dynamically modulated in a task-related manner. Despite the 

growing evidence for the functional significance of aperiodic activity, the neural mechanisms 

underlying this activity have not been fully characterized. A recent computational model links 

the local field potential (LFP) aperiodic exponent to the balance of excitation and inhibition 

(Gao, 2017). In this model, the LFP is simulated as the linear summation of postsynaptic 

currents, driven by an excitatory and an inhibitory population of Poisson spike trains. While 

neural firing is commonly modeled as a Poisson process, cortical firing can exhibit highly-

correlated activity, especially in the absence of stimulation. In the present study, we extend this 

LFP model to investigate the relationship between population synchrony and aperiodic activity. 

We hypothesize that shifts in correlated spiking activity are reflected in the LFP spectral 

exponent. We first introduce temporally correlated spike trains into the LFP model and compare 

spectral signatures to those of the Poisson population. We show that correlated spiking activity is 

associated with a steepening of the LFP power spectrum i.e., an increase in the aperiodic 

exponent. Time-resolved spectral parameterization reveals that decreases in correlated spiking 

activity recapitulate event-related shifts in aperiodic activity, similar to those observed in 

response to visual stimulation. We follow up these findings by simulating surrogate LFPs using 

empirical spike trains recorded from the primary visual cortex of macaques (Kohn & Smith, 

2016). These simulations reveal a negative correlation between population spiking variability 

and the LFP aperiodic exponent during spontaneous activity (linear regression: n=6; r=-0.874; 

p=0.023). Together, these findings suggest that stimulus-evoked shifts in global population 

synchrony may be an additional neural mechanism reflected in the spectral exponent. 
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Abstract: Background: 

Predictive coding theory argues that each sensory area computes the difference between the local 

representation and a prediction of that representation made by higher areas of the brain, i.e., a 

prediction error. Based on this idea, if a predicted stimulus is omitted, a rise in neural activity 

should be detected as an indication of prediction error. Such omission responses have been 

reported in multiple studies. However, omission responses could either reflect a general surprise 

signal without specific content or, in accordance with the predictive coding theory, could have 

content related to the expected stimulus. We show that omission responses arise after learning a 

visual stimulus sequence and contain stimulus-specific content. 

Method: 

We trained mice for five days by exposing them each day to 1000 trials of a sequence of 5 

natural images, presented in the order ABBCC, where A, B, and C refer to three unique images. 

Each image appeared for 50 ms and was separated from the subsequent one by 100 ms of a gray 

screen. Animals were water restricted during the training, and each sequence was followed by a 

water reward 500 ms after the last image. A random inter-trial period separated each sequence. 

After training, we recorded the neural activity in the primary visual cortex of the mice using a 4-

shank Neuropixels 2.0 probe. During the recording, the animal was exposed to 400 repeats of the 

learned sequence, ABBCC, randomly interleaved with 40 trials of other probe conditions, e.g. 

omitting different elements of the sequence. 

Results: 

We observed that omission responses are stronger following training and arise throughout the 

first session of exposure in untrained subjects. Moreover, this rise in neural activity was not 

observed when the sequence began with a novel stimulus. We additionally show that responses 

when B and C are omitted become more distinguishable in the trained animal compared to the 

naive animal using linear discriminant analysis. This result indicates that omission responses are 

stimulus-specific. 

Conclusion: 

We established a task paradigm and training regimen that allows us to study the content of 

omissions in learned sequences. Using this design, we have demonstrated that such responses 

have distinct content, providing the opportunity to investigate the source and computational 

mechanisms of predictive processing in the brain going forward. 
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Abstract: Where and how the brain segregate texture-based figure and ground remains a 

challenge to the understanding of primate vision. Earlier evidence has been inconsistent on 

whether V1 neurons could signal texture-based figure from ground (Lamme, 1995), or simply 

detect local orientation discontinuities through surround modulation (Rossi et al., 2001). We 

studied this classical issue by recording V1 and V4 neuronal responses to texture-based figure-

ground stimuli with two-photon calcium imaging (GCaMP5) in awake, fixating, macaques.A 

total of 2015 orientation-tuned V1 neurons in three macaques and 2820 orientation-tuned V4 

neurons in another three macaques on the basis of calcium responses to a single oriented bar. The 

optimal V1 neuronal responses at the preferred orientation were suppressed by a figure-ground 

texture, which was a 4° x 4° figure consisting of iso-oriented short lines superimposed on a 32° x 

32° background consisting of orthogonal lines (ground). The suppression was lessened when the 

figure-ground boundary, but not the figure, fell on the pRF, regardless of individual neuron’s 

orientation preference. The boundary effect was consistent with Rossi et al. (2001) in that V1 

neurons detect orientation discontinuities between figure and ground line elements, not the figure 

per se. No consistent figure-ground effects were not observed in individual V4 neurons. We then 

performed population coding analysis by training linear SVM to decode the figure-ground 

boundary and the figure using PCA-transformed neural responses in V1 and V4. Both V1 and V4 

could decode the figure-ground boundary and the figure, reaching decoding accuracies above 

85% with sufficient number of principal components. However, V1 neurons could detect the 

boundary with considerably higher efficiency than V4 neurons, requiring a few (<10 vs. 20-30) 

principal components. In contrast, V4 neurons are substantially more efficient than V1 to 

perform figure-ground segregation (10-20 vs. >30 PCs). Moreover, when linear SVM was 

trained with original neuronal responses, both V1 and V4 were found to assign more weights to 

neurons preferring boundary orientations for boundary detection and figure-ground segregation. 

Our results suggest that V1 and V4 neurons respond to different aspects of figure-ground stimuli 

formed by line textures. V4’s roles in figure-ground segregation are mostly manifested through 

changes of response patterns that can be revealed with population decoding, rather than through 

changes of response amplitude. 
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Abstract: Visual textures such as leaves or rocks patterns provide important information about 

the environment for mice in various visual tasks. For example, in object recognition and object 

segmentation, invariant texture recognition is required to identify the same class of texture 

regardless of rotation, scale, and viewpoint. To study the neural basis of such invariant texture 

recognition in mice, we recorded ~40,000 neurons simultaneously in the mouse visual cortex 

while presenting ~14,000 visual stimuli sampled from 32 texture classes via random rotation, 

scaling and cropping. The performance of a linear classifier trained on the neural data achieved a 

test accuracy of 81.67% ± 2.74% (stddev, n=4 recordings, chance=0.03), and also achieved a test 

accuracy of 61.59% ± 2.90% (stddev, n=3 recordings, chance=0.03) on the neural data in 

response to textures with normalized spatial frequency, suggesting a robust representation of 

texture class in the mouse visual cortex which requires features in addition to spatial frequency. 

Furthermore, the patterns of errors made by the classifier were highly-consistent across mice, 

and classification accuracy improved slightly in higher-order visual areas. We found that such 

computations were mainly supported by a subset of texture-coding neurons which formed 10% 

of the population and were spread throughout visual areas, with the performance of the classifier 

trained on the texture-coding neurons being similar to that of the entire population. Next, we 

compared the texture representation in the mouse visual cortex and in the convolutional neural 

network (CNN). We found that artificial neurons from a pre-trained AlexNet model performed 

well in the texture classification task, but their pattern of errors did not match the patterns from 

the neural data. To further explore the underlying computational operations leading to texture 

invariance in the neural data, we fit a CNN encoding model from textures directly to the 

responses of the coding neurons. The model explained some of the neural patterns in response to 

texture images, however, it still could not fully capture the pattern of errors in the mouse visual 

cortex during the texture classification task. In summary, visual textures are invariantly encoded 

in both the artificial neural network and the mouse visual cortex, but the texture representations 

appear substantially different between real and artificial neurons. 
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Abstract: Changes in cognitive state often influence the bias and accuracy of judgments during 

human decision-making. Here we probed the neural events associated with changes of state by 

recording from sensory neurons in the macaque visual area V5/MT, during the performance of a 

perceptual decision task. One example of cognitive state changes are switches in strategy when a 

previously rewarded choice influences a decision about the upcoming choice. These are manifest 

behaviorally as win-stay or win-switch strategies. Recording single and multi-unit neuronal 

activity as strategy changes reveals the neural events that underly integration of state changes 

with incoming visual information. A perceptually-rotating cylinder was formed from moving 

dots. A difference in binocular depth of dots forming the front and rear surfaces determines the 

direction of rotation of the cylinder, but otherwise rotation direction is ambiguous. V5/MT 

neurons sensitive to both motion direction and binocular depth have a clear preference for the 

direction of rotation of these cylinders. We measured the preference of V5/MT neurons for 

rotation direction and recorded these neurons in 3 macaque monkeys as they reported the rotation 

direction of the cylinder. We tested whether neural activity could predict subjects’ cognitive 

strategy across consecutive choices, by examining cases where an unambiguous and rewarded 

trial T(N) is followed by an ambiguous trial T(N+1). Regularized Linear Decoding applied to 

single neuron recordings on trial T(N) successfully predicts the cognitive strategy adopted by the 

subjects on trial T(N+1) (59.6% correct), with changes identifiable within 200ms of stimulus 

onset. Changes of cognitive strategy also affect population measures of neuronal activity on the 

ambiguous trials T(N+1). Adoption of a win-switch strategy is associated with a 26% decrease in 

noise correlations of V5/MT recorded neurons on trial T(N+1). Consistent with the proposal that 

conjoint neuronal activity is affected by cognitive strategy, continuous wavelet analysis reveals 

different patterns of oscillatory signals in V5/MT activity depending on strategy. Specifically, 

win-switch strategy was associated with an enhanced oscillatory activity in the alpha (8-12 Hz) 

and low-beta (14-17 Hz) oscillatory activity compared to win-stay strategy, independently of 

subjects' previous choice. Overall, we demonstrate strong neuronal correlates of cognitive 

strategy implementation in the V5/MT neuronal population, thus providing promising insights 

into the neuronal mechanisms at the core of human perceptual decisions. 
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Abstract: Low-dimensional population dynamics and movement-related activity are found 

throughout the brain. However, primary visual cortex contains high-dimensional sensory 

representations, raising the question of how low-dimensional dynamics and high-dimensional 

representations coexist. Here we approached this question by analyzing neuronal activity during 

slow-wave sleep, which provided reliable estimates of low-dimensional, internally-generated 

manifold structure. We found that movements and visual scenes were both encoded in the on-

manifold subspace, which accounts for more variance than chance during sleep, but visual scenes 

were also encoded in the off-manifold subspace, which accounts for less variance than chance 

during sleep. This off-manifold subspace contains sparse activity in the neurons with the 

strongest low-dimensional modulation by movement, which paradoxically prevents movement-

evoked activity from interfering with high-dimensional stimulus representations. These results 

reveal an unexpected link between low-dimensional dynamics and sparse coding, suggesting that 

these phenomena play a role in creating and accessing an off-manifold coding space for high-

dimensional representations. 
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Abstract: Brain oscillations come about via the rhythmic firing of neural populations. 

Oscillations play a pivotal role in neural communication and cognition (Lewis et al., 2012; Fries, 

2015). Owing to its high temporal resolution, electroencephalography (EEG) has been 

commonly employed to study oscillatory neural dynamics in humans. However, EEG is unable 

to spatially resolve oscillatory neural activity on a scale that allows for the examination of 

oscillatory dynamics in fine grained maps. Unlike EEG, functional magnetic resonance imaging 

(fMRI) allows the precise localization of neural population activity on the millimeter scale. 

Recent studies show that hemodynamic oscillations driven by an entrained neural signal can be 

captured using fMRI (Lewis et al., 2016, 2018). However, these studies only demonstrate the 

feasibility of fMRI entrainment paradigms using a single stimulus, limiting the potential 

applications of this technique. Here we provide preliminary evidence for the entrainment of the 

hemodynamic signal in the human visual cortex to multiple frequencies simultaneously. 

In this high-field (7T) fMRI experiment, three participants detected target color changes in one 

visual field quadrant while two gratings were presented in the opposite quadrant. In alternating 

trials, these gratings either oscillated at 0.2 and 0.5 Hz, respectively (entrainment), or did not 

oscillate (control). Data were rapidly sampled (TR=225 ms) from a slab centered on the occipital 

lobe. 

Consistent with prior work (Kay et al., 2013, 2015), population receptive field (pRF) mapping 

enabled the definition of the visuospatial preferences of individual voxels across the visual 

cortex. We selected voxels whose preferred visual location overlapped with the spatial location 

of the entraining grating stimuli. We observed that oscillatory dynamics in pRF isolated voxels 

were modulated at the frequencies of the entraining stimuli (0.2 Hz and 0.5 Hz) during the 

entrainment relative to the control condition. 

These results open the door to a new class of fMRI experimental paradigms in which oscillatory 

dynamics can be measured in fine-grained cortical maps. Entrainment paradigms in combination 

combined with accelerated fMRI sequences may thus facilitate the examination of how internal 

cognitive states interact with entrained oscillatory dynamics in human sensory cortices. 
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Abstract: In the visual system, the cerebral cortex is organized into two distinct pathways: the 

ventral pathway (concerned with object identification) and the dorsal pathway (concerned with 

information for the purpose of self-motion). In contrast to the ventral pathway, little is known 

about mesoscale organization in the dorsal pathway. Here, we have applied ultra-high field 7T 

MRI in macaque monkeys to examine response to motion across a wide swath of the dorsal 

visual cortex. Using visual motion stimuli (8 Hz drift grating), we mapped BOLD activity by 

GE-EPI in anesthetized macaques scanned in 7T MRI at submillimeter resolution (0.6 mm) with 

a custom RF coil. We find: (1) BOLD fMRI at 7T is sufficiently stable, robust, and reproducible 

for detecting mesoscale functional domains in anesthetized monkeys. (2) Motion direction 

domains and systematic motion direction maps were observed across multiple areas in the dorsal 

pathway, including areas V2, V3a, MT, MST. (3) For the first time, orientation columns in 

MT/MST and V3a are detected at whole brain scale of macaque monkey. (4) In some areas, 

motion domains are systematically spatially interleaved with color domains. (5) A focal superior 

part of LIPd and LIPv is sensitive to visual sensory motion information. We show that using 

ultra-high field 7T MRI is capable of achieving largescale mapping of fine-scale functional 

domains, something difficult to achieve with 2-3 mm voxel resolution conventional fMRI. Our 

findings show, for the first time, that dorsal pathways (including area such as MT/MST, V3a and 

LIP) are comprised of functionally specific mesoscale domains, and suggest common processing 

architecture in ventral and dorsal information processing streams. 
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Abstract: To perceive a moving object in an animal’s visual environment, it is necessary for the 

visual system to interpret the direction and speed of the object as well as its spatial properties: 

orientation and spatial frequency. Decoding the spatial characteristics of a stimulus is well 

understood - tuning responses of the primary visual cortex (V1) for specific properties does not 

change when other parameters of stimulus are modulated. But how the visual cortex might 

encode the temporal properties - direction, temporal frequency (TF), and speed - is only partially 

understood. In particular, it has been reported that some neurons can reverse their preferred 

direction as TF is increased (Moore et al. 2004), and recent unpublished data from author Ribot 

shows that these changes also occur at the level of cortical maps. Therefore, a one-dimensional 

population read-out of stimulus direction is not possible for this population of cells . Here we 

report progress on the functional organization underlying temporal processing of both individual 

and neighboring neurons, namely the relationship between spatial frequency, TF and direction 

processing. For this purpose, we used in-vivo electrophysiology and two-photon calcium 

imaging in the ferret primary visual cortex and characterized temporal characteristics of neurons 

across layers. We hypothesized that the activity of V1 neurons contains the information 

necessary to decode stimulus direction, speed, and TF in a non-linear manner. We examined 

whether the columnar organization of the temporal tuning is maintained across visual cortical 

layers, or whether variations in temporal tuning characteristics emerge across the layers. Our 

preliminary results suggest that speed-sensitive cells exist in different layers of cortex but 

whether these cells exist within specific functional columns remains to be described. These 

results will elucidate the structure of the receptive field of these cells across layers and may 

provide answers to functional architecture underlying these properties and whether they share 

similar computing principles. 
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Abstract: The cerebral cortex consists of a single basic architecture that is largely conserved 

across cortical areas and species, and yet performs a bewildering variety of functions. What are 

the architectural biases and modifiable parameters of the cortical circuit that underlie this 

remarkable flexibility? 

Our approach in this work has been to try to connect two types of information, about: (1) a 

specific area of cortex, including experimental and modeling data that tell us what cells and local 

circuits are capable of computing; and (2) a specific behaviorally-relevant task that certain 

cortical neurons are assumed to perform. We focus on an important natural vision problem - how 

to optimally combine color and luminance cues for object boundary detection. "Color-

luminance" cells are common in V1 (Johnson et al. 2008; Li et al. 2015), but the particular 

mathematical function that these neurons use to combine their color (parvo) and luminance 

(magno) inputs is not known. 

To directly study this cue-combination problem, we labeled ~25,000 image patches that 

contained natural object boundaries, and spanned the 2-D space of light-dark and red-green 

contrast levels. We then trained a conventional “deep network” (DN) with the human-labeled 

data using backpropagation, and visualized the 2-input color combination rule. The learned 

function had a peculiar nonlinear form, raising the question as to how the cortex might compute 

such a function. 

A previous biophysical result, combined with an intriguing architectural feature of human and 

monkey (but not rodent) visual cortex could provide an answer: a quasi-regular lattice of double 

bouquet cell axon bundles courses vertically through the layers of visual cortex on ~30 um 

centers, making contact with pyramidal neuron (PN) basal and oblique dendrites at random 

locations (DeFelipe et al. 2006). Given that focal inhibition, depending on its location, can alter 

the threshold and/or gain of a dendrite's sigmoidal input-output curve (Jadi et al. 2012), this 

arrangement of inhibitory columns intersecting radially-oriented dendrites seems ideally suited to 

create a diverse set of nonlinear “basis functions” within each PN’s dendritic arbor. Modification 

of a single layer of excitatory weights onto a PN’s dendrites might then permit that cell to learn 

an arbitrary nonlinear (low-dimensional, monotonic) function of its inputs. 

In support of this idea, we developed a simple 2-layer model of a PN whose dendrites receive 

random focal inhibition, and confirmed that only a single layer of modifiable synapses is needed 

to almost perfectly reproduce the nonlinear 2-input combination rule learned by the DN. 
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Abstract: The contrast response function (CRF) characterizes the response of visual neurons to 

stimuli that vary in contrast. CRF can be modified mainly in two manners: contrast and response 

gain. While contrast gain changes the position of CRFs along the y-axis, as a linear change, 

response gain modifies the dynamic ranges of the CRF, changing the curve in a nonlinear 

manner. Both mechanisms have been postulated to drive (contrast gain) or modulate (response 

gain) neuronal responses. Little is known about the spike train mutual information that these two 

gain control mechanisms have when a visual neuron is stimulated with random contrast levels. 

We tested this assumption theoretically by measuring spike train mutual information for contrast 

and response gain processing. Neuronal responses were simulated with a mathematical spike 

model that integrates visual responses nonlinearly as an instantaneous rate, then used to generate 

time points with the inhomogeneous Poisson process. The visual stimulus consisted of parallel 

bars that randomly and dynamically vary in luminance. The results show that mutual information 

changes were low when the contrast curve’s position was moved, simulating contrast gain-type 

responses (~20% variation). Conversely, the mutual information was modulated more than twice 

when the response to high visual contrasts was saturated, representing response gain changes. 

Such results may be consistent with the driver and modulatory framework of visual gain control. 

If driver-like mechanisms are associated with gain-contrast regulation, the messages encoded in 

the temporality of the spikes would change little to internal variations, keeping the message 

transmitted intact. On the other hand, in a response gain control, modulatory effects would 

regulate temporal attributes robustly to adjust visual information according to the intrinsic neural 

demands of the visual system. Preliminary experimental data in mice’s visual cortex support our 

assumptions. 
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Abstract: Functional ultrasound imaging (fUS) emerged in 2011 [Macé et al, 2011] and has 

become an important tool for studying structure and function in the brain. Compared to 

traditional imaging methods like functional magnetic resonance imaging (fMRI), fUS provides 

high spatial and temporal resolution (<0.1mm, >10Hz) with good penetration depth (>15mm). 

However, most applications of fUS to date have identified large structures in the cortex (e.g., 

retinotopic maps) rather than functional organization at a finer scale. In this work, we test 

whether fUS can resolve orientation domains in primary visual cortex (V1) of ferrets, which 

have been well characterized previously using optical imaging and electrophysiological methods 

[Müller et al, 2000]. fUS was performed through a craniotomy, allowing imaging access to V1, 

using a Vantage 128 scanner (Verasonics, Inc., Kirkland, WA, USA) with an 18 MHz L22-14vX 

transducer. Responses to drifting vertical gratings placed within the field of view were acquired 

in a series of parallel para-sagittal imaging planes. We observed retinotopic organization of fUS-

activated pixels as well as clusters of pixels that often appeared to form columns perpendicular to 

the pial surface. To measure the structure of these activated pixel clusters, we projected the 

activated pixels from individual clusters onto the pial surface across each para-sagittal imaged 

plane. Then we stacked the projection from each plane to form a 3D surface map where pixel 

position was quantified with a value representing the penetration depth from the pial surface into 

the cortical layers to the white matter. As the pixels per cluster went from superficial cortical 

layers to deep cortical layers, the number of pixels, or activation area, within each layer 

decreased. Thus, the activated orientation domains formed cones rather than columns. The 

distance between neighboring cones activated by the vertical grating at a depth corresponding to 

layer 4 was 0.62± 0.36 mm, which is quite consistent with the same measurement based on 

optical imaging data (0.70±0.10mm). These results demonstrate that fUS has the resolution 

required to image orientation domains in ferret V1. 

Disclosures:  W. Hu: None. S. Zhu: None. M. Doyley: None. F. Briggs: None. 

Poster 

546. Functional Architecture and Circuits in the Visual Cortex 

Location: SDCC Halls B-H 



Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 546.05 

Topic: D.06. Vision 

Support: Max Planck Society 

Title: Ocular dominance columns in mouse visual cortex 

Authors: *P. M. GOLTSTEIN, D. LAUBENDER, T. BONHOEFFER, M. HÜBENER;  

Max Planck Inst. for Biol. Intelligence, Martinsried, Germany 

Abstract: The columnar organization of neuronal response properties is a fundamental feature of 

the neocortex. The primary visual cortex (V1) of higher mammals such as cats and monkeys 

shows columns for stimulus features like orientation preference and ocular dominance. Models 

suggest that, for instance V1’s size relative to the retina, could be a key factor determining 

whether a columnar organization is established or not. Accordingly, in rodent V1, which is – in 

comparison to other animals – relatively small in relation to the retina, there appear to be no 

orientation columns as found in higher mammals. However, the situation is less clear for ocular 

dominance. So far, in vivo imaging studies in mice have not reported an obvious functional 

clustering for ocular dominance, while experiments employing activity mapping with immediate 

early genes revealed eye-specific patches in rat V1. 

Here we use a mouse line with widespread expression of a genetically encoded calcium indicator 

(GCaMP6s.Niell) to test whether mice show a functional organization for ocular dominance. We 

performed wide field-of-view, cellular-resolution two-photon calcium imaging throughout 

cortical layers 2/3, 4 and 5 of binocular V1. In most animals, we observed a patchy organization 

of eye preference within layer 4, with clear clusters of neurons that preferentially responded to 

the ipsilateral eye, surrounded by a contiguous region of contra-eye dominance. In several mice, 

the clusters of ipsilateral preferring cells extended vertically from layer 4 into layer 5 and layer 

2/3, thus forming ocular dominance columns. The degree of functional clustering and columnar 

organization varied considerably across mice, reminiscent of the variability observed in other 

animals, like squirrel monkeys. The observation of ocular dominance columns in the minute 

binocular visual cortex of mice sets a new boundary condition for computational models 

explaining the emergence of a columnar organization in the brain. Our finding could also help 

refining ideas on how ethological and evolutionary factors relate to the presence of ocular 

dominance columns. 
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Abstract: Calcium-binding protein (CBP) expression has been used as a tool to classify subtypes 

of interneurons. Identifying subpopulations, whether it is based on morphology or chemical 

marker, is clearly a crucial step in understanding how neuronal networks are built but utilizing 

CBP expression simply as a classification method may represent a missed opportunity for 

understanding circuit function. The three most studied CBPs - parvalbumin (PV), calbindin 

(CB), and calretinin (CR) - have very different properties as calcium buffers and, in the case of 

CB and CR, probably as sensors as well. These distinct functional properties may offer insight 

into functional differences between the cells by which they are expressed. We know from a set of 

nonhuman primate studies that these three CBPs have unique density profiles that vary between 

primary visual cortex (V1) where PV-immunoreactive (-ir) neurons are most abundant and the 

frontal cortex where CB-ir and CR-ir make up the majority. We also know that, unlike in 

rodents, these three CBPs are rarely co-expressed in primates, at least in the occipital lobe. What 

is not known is whether there is a gradual or an abrupt shift in the distribution profiles along the 

anterior-posterior axis. We sought to address this by quantifying PV-ir, CB-ir, and CR-ir neurons 

in six visual areas: V1, secondary visual cortex (V2), tertiary visual cortex (V3), visual regions 

V3a and V4, as well as in the medial temporal visual area (MT). Triple immunofluorescence 

from three macaques revealed that (1) PV-, CB-, and CR-ir neurons belong to separate 

subpopulations (i.e., no co-expression) in all cortical areas; (2) Proportionally, PV-ir neurons 

constitute the majority in all areas but decrease from ~70% of CBP-ir neurons in V1, V2, and V3 

to 50% in V3a, V4, and MT. The proportion of CB-ir neurons remains relatively stable across all 

areas while CR-ir neurons increase to 25% in the same regions where PV declines; and (3) 

Despite overall proportions between PV-ir, CB-ir, and CR-ir neurons appearing similar in V1, 

V2, and V3 as well as in V3a, V4, and MT, respectively, individual profiles differ across laminae 

in each area, yielding a distinct motif for each cortical area. Given the impact calcium buffering 

can have on short term synaptic plasticity and dendritic integration, it seems likely that these 

anatomical differences have consequences for visual processing in each cortical area. 
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Abstract: Sensory neurons show considerable variability in their response to repeated 

presentations of a stimulus. In particular, retinal ganglion cells (RGCs) show correlated response 

fluctuations for visual stimuli (noise correlations). The magnitude of these RGC noise 

correlations depends on the ambient light conditions: scotopic light levels induce larger noise 

correlations than photopic light levels (Ruda et al., Nat. Comm. 2020). The impact of these 

changes at the periphery on downstream sensory processing are yet to be determined. We 

examine the impact of changing light levels by recording from V1 populations under scotopic 

and photopic conditions in awake mice using calcium imaging and electrophysiology. Our 

imaging data shows that the pattern of noise correlations over cortical space in V1 in excitatory 

and inhibitory populations differs- with parvalbumin-positive interneurons (PV cells) showing 

larger and more spatially extensive noise correlations than their excitatory counterparts. 

Intriguingly, these patterns remain constant across levels of light adaptation, despite the known 

changes in afferent inputs. To understand our experimental observations, we constructed a two-

layer neural network model of the thalamocortical circuit in which the V1 receptive fields and all 

V1 noise correlations emerge from pooling of units in input layer. We find that varying the 

number of effective inputs to each V1 cell significantly alters the comparative noise structures 

under different light conditions. In a regime of sparse thalamocortical convergence, there is an 

increase in the magnitude of V1 noise correlations under scotopic relative to photopic conditions. 

As the number of effective inputs to each V1 neuron increases, these differences in noise 

correlations across light levels in V1 are reduced, consistent with our experimental results. It 

may also be the case that the distinct correlations observed in PV cells play a role in maintaining 

an invariant cortical representation of the visual input as the structure of feedforward noise 

changes—a hypothesis we are currently investigating. Our results suggest that changes in noise 

correlations at the periphery do not necessarily affect the structure of noise downstream. We 

propose two potential mechanisms behind this finding based on dense thalamocortical excitation 

and cortical normalization via PV cell-mediated inhibition. 
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Abstract: In recent years, advances in deep learning have helped neuroscientists grain deeper 

understanding about the functional organization of the sensory cortex, especially the brain areas 

responsible for visual processing. Artificial neural networks (ANN) have been extensively used 

as models for the ventral stream of primate visual cortex due to the hierarchical correspondence 

between layers of ANN and brain areas along the ventral visual pathway. However, little is 

known about whether such an hierarchical organization exists among the visual areas in rodents, 

or whether rodent visual areas also correspond to different layers of ANNs. Here, we approach 

this question from a novel angle: we ask, what type of visual stimuli excites neurons in the 

mouse visual cortex most? And, are the most exciting visual stimuli different for different visual 

regions? To answer these questions, we recorded the responses of thousands of neurons from six 

different regions in the mouse visual cortex (V1, LM, AL, LI, POR, RL) to natural images, and 

trained convolutional neural networks to predict the responses from these neurons using the 

activities read out from different layers. We then synthesized the optimal stimuli for each neuron 

using gradient ascent and analyzed their spatial features. We found that, while the middle-to-late 

layers of VGG16 pretrained on object recognition predicted neuron responses best, there existed 

little evidence that suggested a hierarchical correspondence between layers of VGG16 and 

mouse visual areas. However, clustering analysis on the spectral characteristics of optimal 

stimuli suggested that mouse visual areas were functionally separated, and that the optimal 

stimuli for one region maximally drove the best model of that region as compared to other 

regions. Then, with a closed-loop paradigm, we experimentally confirmed in mice that (1) 

optimal stimuli indeed drove neurons better than natural stimuli and (2) optimal stimuli of one 

region maximally activated that region. Our results suggested that, unlike primates, mouse visual 

cortex may not possess a hierarchical organization amongst the visual regions; instead, these 

regions may be parallely organized but functionally separated based on their preferred sensory 

stimuli. Combining large-scale neurophysiological recordings with deep learning approaches, 

our study pushes the frontiers of the synergy between neuroscience and artificial intelligence. 
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Title: Topographic integration of widefield patterned optogenetic stimulation in the mouse 

visual cortex 
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Abstract: Optogenetics could be a promising alternative to electrical stimulation in cortical 

visual neuroprostheses approaches. Already revolutionary in neuroscience, optogenetics allows a 

high spatial, temporal and neuronal specificity. Previous studies showed that optogenetics 

evoked functional visual perception in mice, using a neural-resolved holographic stimulation 

strategy. Although very effective for studying neural circuits, this strategy is restricted to a small 

region. A more widefield approach using spatially defined pattern could be used to cover the 

whole visual cortex. The aim of this study is to explore the feasibility to use widefield 

optogenetic stimulation to evoke functional vision in the mouse by characterizing with calcium 

imaging the integration of the optogenetic-triggered signal that should ideally replicate the one 

from natural visual stimulation. We used mice expressing the calcium indicator jrGECO1a in the 

excitatory neurons and the photosensitive ion channel ChR2. They were implanted with a head 

bar and a chronic imaging chamber covering the entire dorsal cortex including the entire visual 

cortex. We compared the calcium responses evoked by the visual stimulation of a rectangle in 

the visual field with the optogenetics stimulation of their cortical representation: On each mouse, 

we obtained the retinotopic mapping of the visual areas. The altitude and azimuth phase maps of 

V1 were extracted to generate photostimulation patterns scanning V1 and feed digital 

micromirrors device with a sequence of cortical stimulation. In parallel, the evoked calcium 

activity was measured, and sign maps were computed. Preliminary results suggest that most of 

the calcium activity observed stayed at the location of the optogenetic stimulation site. However, 

notable activity was observed at distance in the higher visual areas (HVA) using short laser 

pulses (pulse duration = 3ms, frequency = 10Hz, power = 10mW/mm2). Unfortunately, this 

signal was not strong enough to observe the limits between V1 and HVA. This project exploring 

the basis of artificial perception using optogenetics could lead to a new method of cortical 

mapping using optogenetics without sensory stimulation. 
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Abstract: The cerebral cortex develops a model of the world by learning from sensory 

experience. The representation of edge orientation in the ferret’s primary visual cortex (V1) 

offers a great model to study this as it matures with experience after eye-opening. Orientation 

preference in V1 is organized vertically, forming columns where neurons share stimulus 

preference across layers, and horizontally, forming a map where preference changes smoothly 

across columns. The mechanisms that coordinate tuning development across neurons to produce 

such organized representation remain unknown. Mature tuning derives from selective 

convergence of feedforward inputs from the lateral geniculate nucleus onto layer 4 (L4) neurons 

which then relay tuned signals to other layers within a column. Based on this, previous studies 

suggested that orientation maps could emerge from an initial organization of thalamic inputs to 

L4 before experience. This hypothesis then predicts that responses to oriented edges will show a 

columnar organization and some degree of tuning in L4 in naïve animals. Here, we combined 

electrophysiology and calcium imaging to examine the columnar organization of responses to 

oriented gratings in visually naïve and experienced animals. In naïve animals, responses in 

Layers 2/3 (L2/3) exhibited robust modular spatial patterns with high variability and weak, 

though significant, selectivity. Surprisingly, the responses of neurons in L4 of naïve animals 

were not selective and were not correlated with the modular patterns present in L2/3. This 

demonstrates that early orientation selectivity and modular responses are not driven by 

feedforward inputs to L4 neurons. Instead, they may emerge from recurrent interactions in L2/3. 

Consistent with this, responses in L2/3 of naïve animals exhibited selectivity only after long 

latencies, in sharp contrast to the short-latency selectivity seen in older, experienced animals. 

Next, we aimed to resolve whether L2/3 selectivity in naïve animals depends on local 

interactions within a module or interactions across modules. We combined whole-cell 

electrophysiology and optogenetics to measure response tuning while silencing activity locally 

within the module corresponding to the recorded neuron or on neighboring modules. Altogether, 

our data indicate that recurrent interactions across modules generate modular, tuned responses in 

L2/3 of naïve animals. Such modular, selective responses could serve as an initial scaffold for 

the experience-driven development of feedforward selectivity mechanisms that would increase 

response reliability and drive strong tuning with a columnar organization. 

Disclosures:  A.A. Lempel: None. D. Fitzpatrick: None. 
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Abstract: Different visual inputs are dynamically routed even though the anatomical structure is 

relatively fixed. Elucidating the relationship between the dynamic functional network and the 

visual stimulus is critical to our understanding of visual processing. With a large Neuropixel 

dataset of mouse brain from the Allen Institute, we investigate the varying patterns of functional 

connectivity associated with different stimuli. We focus on neural activity in six visual cortical 

regions, recorded while mice observed stimuli of varying degrees of complexity: flashes, drifting 

gratings, static gratings, natural scenes and movies, and gray screen (approximation for 

spontaneous activity). From the responses to each stimulus, we evaluated the directed functional 

connectivity using spike cross-correlograms (CCG) between pairs of neurons. For significant 

causal connections, we examined ‘sharp intervals’ within a short positive latency by detecting 

extreme values that lie outside the confidence interval. A causal connection is defined as 

excitatory or inhibitory if its correlation strength has a positive or a negative sign respectively. 

Interestingly, we found that more natural and complex stimuli tend to evoke fewer functional 

connections among neurons, and their correlation strengths are among the weakest. On the other 

hand, flashes evoke the strongest causal connections, but its connectivity pattern on the regional 

level is incredibly close to resting-state, both with random and abundant between-region 

connections. All stimuli except for flashes, evoke more within-region connections, especially in 

primary visual area (V1). Both excitatory and inhibitory networks follow heavy-tailed in-degree 

and out-degree distributions but are not strictly power law, indicating that a few neurons acting 

as hubs in the functional network play a crucial part in stimulus-driven interactions. The density 

of inhibitory connections shows a distinct trend against stimulus from the excitatory network; 

however, their absolute connection strengths are correlated (r=0.95, p=7.8×10-29). Network 

transitivity (fraction of triangles) of excitatory links reaches the highest for both moving and 

static gratings, showing that neurons tend to interact in triplets given those stimuli. Thus, distinct 

visual stimulus types lead to qualitatively different topological properties of functional 

connectivity. 
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Abstract: In the primary visual cortex (V1) of higher mammals, spontaneous activity is modular 

and reflects the underlying structure - co-active regions are highly correlated to orientation 

maps[1]. This activity travels in sparse waves, in line with the propagation speed of 

unmyelinated lateral connections [2]. These two intertwined phenomena have so far only been 

studied separately, both experimentally [1,4] and computationally [5,2]. Furthermore, there is a 

lack of theoretical and mechanistic understanding of how these two phenomena interact with 

evoked activity. 

In this study we offer a unifying computational theory of structured spontaneous activity and 

traveling waves, by presenting a single large-scale spiking model of cat V1 that exhibits both 

phenomena. Our model exhibits spontaneous activity, travelling in sparse waves matching the 

conduction speed of V1 layer 2/3 horizontal connections, and is simultaneously correlated with 

the underlying orientation map. From the outset [3], our model demonstrates a wide variety of 

previously reported visually evoked properties, which shows the compatibility of the identified 

mechanisms of spontaneous travelling waves and structured activity with the mechanisms 

required by the evoked regime. 

1. Smith, G.B. et al., M. Nat Neurosci 21, 1600-1608 (2018) 

2. Davis, Z.W. et al. Nat Commun 12, (2021) 

3. Antolík, J. et al., (2018) doi:10.1101/416156. 

4. Muller, L. et al., Nat Commun 5, (2014). 

5. Cai, D. et al., Proceedings of the National Academy of Sciences 102, 5868-5873 (2005) 
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Abstract: Background: The predictive coding model of Rao and Ballard ascribed the role of 

spatial predictions to cortical feedback connections but did not elaborate on how the cortex 

predicts future events at multiple time scales and how self-initiated actions influence predictions. 

Recent experiments have demonstrated both temporal response hierarchies and action-

conditioned predictions in the cortex. A normative framework for understanding the neural and 

computational basis of these cortical properties has remained elusive. Methods: We first 

investigate a new predictive coding model called dynamic predictive coding that learns 

hierarchical temporal dynamics via hypernetworks. Hypernetworks allow higher level neurons to 

modulate the dynamics of lower-level neurons, enabling the learning of temporal response 

hierarchies. We then extend this model to incorporate actions, resulting in a “canonical cortical 

module” consisting of a state-prediction network and an action-prediction network which feed 

into each other. These modules can in turn be assembled to form a hierarchical network model of 

multiple interacting cortical areas. Results: We show that when exposed to natural videos, a 

dynamic predictive coding network learns separable and inseparable (direction-selective) space-

time receptive fields similar to those found in primary visual cortex. Moreover, the same network 

also explains the phenomenon of activity recall in the visual cortex. We then show that active 

predictive coding learns hierarchical sensory-motor models of the world, with applications to 

tasks ranging from parts-based parsing of objects and scenes using eye movements to solving 

hierarchical reinforcement learning and planning problems. Conclusion: Our results suggest that 

the cortex learns a hierarchical generative model of the world, with each cortical area learning 

sensory-motor representations whose dynamics are modulated by feedback from higher levels. 

Such an architecture may form the basis for learning rich compositional representations that 

underlie the human ability to generalize quickly in novel situations and solve complex problems 

through hierarchical task decompositions. 
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Abstract: As organisms move through the world they must process sequences of sensory 

information across time. The order of sensory sequences is important: a movie or speech played 

forward and backward is perceived differently. Cerebral cortical circuits seem to have the 

capacity to process inputs that vary in time, given their strong recurrent connectivity and the 

capabilities of artificial recurrent networks (Sussillo and Abbott, 2009). However, how the cortex 

amplifies or transforms temporal patterns of input has been largely unknown, and particularly in 

the visual cortex, past work suggests only weak sensitivity to temporal input patterns. Here we 

examine visual cortical transformations of temporally-patterned inputs using two-photon 

holographic stimulation. We find that the mouse visual cortex is sensitive to the sequential order 

of small (20 cells or more) ensembles or patterns of neural activity, which change every 30 

milliseconds. The size of responses to the patterns is dependent on the order of the stimulation 

sequence. For example, we find that when cells are stimulated first in the sequence their 

activation is on average 17.3 +/- 2.9% larger (N=4 animals, N=7 experiments) than when they 

are stimulated last in the sequence. To investigate the mechanism of this tuning for temporal 

sequences, we examine responses to the component patterns. Early patterns of activity produce 

patterned suppression in other cells, likely due to a recurrent excitatory-inhibitory network 

mechanism. When cells in later stimulation patterns are suppressed by activation of patterns 

early in the sequence, the responses of the later-stimulated cells are reduced. A linear summation 

model of this mechanism fits the data well. In summary, we find that a pattern of input across V1 

neurons produces suppression in a subset of other selected neurons, allowing certain sequences 

of patterned activation to be amplified and others to be suppressed. 
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Histed: None. 

Poster 

546. Functional Architecture and Circuits in the Visual Cortex 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 546.15 

Topic: D.06. Vision 



Support: HHMI 

Title: A better model for vision research: mapping the tree shrew visual system using functional 

ultrasound imaging. 

Authors: *J. B. WEKSELBLATT1, R. NAYAK2, F. LANFRANCHI2,3, F. LUONGO1, D. A. 

WAGENAAR1, M. G. SHAPIRO1, D. Y. TSAO3;  
1Caltech, 2Caltech, Pasadena, CA; 3Berkeley, Berkeley, CA 

Abstract: The choice of model species is an important consideration in biomedical studies, 

particularly when such models are intended to generate knowledge that will translate to humans. 

The challenge of finding adequate models for translational research is particularly acute in 

neuroscience. Existing animal models often present methodological challenges: in primates, 

which allow the probing of complex cognition, it is difficult to record from large ensembles of 

neurons or manipulate genetically defined cell populations; in rodents, rudimentary cortical 

organization and behavioral repertoire limits the modeling of visual processing, and acuity in 

rodent vision is ~2-3 orders of magnitude worse than humans. For these reasons, we chose to 

study visual organization in the tree shrew, an animal with high visual acuity and considerable 

cognitive abilities. 

A variety of brain regions are active during sensory perception and behavior. A high-resolution, 

brain-wide activity map could identify brain regions involved in specific behaviors, which is 

especially useful when studying a new species. The macaque has classically provided a key 

model for visual processing, due to its amenability to behavioral tasks and well-delineated visual 

hierarchy. More recently, the rodent has emerged as a model for visual processing, due to the 

availability of molecular and genetic tools. An ideal model system would satisfy both needs: 

amenability to complex psychophysical tasks and tractability for molecularly-based recording 

and perturbation techniques. 

Towards this goal, we have embarked on an effort to establish the tree shrew as a model 

organism for study of high-level vision and cognition. A diurnal animal, the tree shrew has a 

cone-dominant retina, and a columnarly-organized visual cortex. Due to its small size and 

relatively short reproductive and developmental cycles, the tree shrew offers experimental and 

genetic accessibility similar to rodents. 

We have applied functional ultrasound imaging to record activity in the tree shrew brain at a 

resolution of ~100 um. This work identifies functional modules involved in the perception of 

various stimuli and reveals organizing principles of the tree shrew visual cortex. This technique 

provides an experimental approach to monitor whole brain activity in normal and disease states. 

We believe the tree shrew will serve as an important species for the study of visual perception 

and computation given its unique combination of experimental tractability and impressive visual 

capabilities. Moreover, we have advanced the techniques for awake, headfixed ultrasound 

imaging of whole-brain activity and describe surgical and technical advances. 
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Abstract: In primate superior colliculus (SC), the sizes of receptive fields representing the upper 

visual field (UVF) are smaller than those of the lower visual field (LVF). This anisotropy is 

potentially driven by visual exploration of near and far regions and it has not yet been 

characterised in the human brain, due to the lack of spatial resolution of previously available 

non-invasive techniques. To investigate this anisotropy in the human visual cortex and subcortex, 

we analysed 1) Human Connectome Project (HCP) retinotopy dataset published by Benson et al., 

2018 containing cortical and subcortical 7 Tesla (7T) fMRI data from 181 participants collected 

using standard retinotopic stimuli and 2) 7T data of 18 participants from early visual cortex 

collected at the University of Glasgow using the moving bar retinotopic paradigm. Both datasets 

were analysed using the population receptive field (pRF) modelling framework, a method 

conventionally used to characterise visually-evoked responses in the human brain. We quantified 

the differences in pRF size above and below the horizontal meridian for both datasets for the 

early visual areas V1, V2 and V3 (HCP and Glasgow data) and the superior colliculus (HCP data 

only). Compatible with findings from primates, we observed an increase in pRF size in the LVF 

compared to the UVF in the superior colliculus (Figure 1A). Moreover, the difference in pRF 

size became more prominent with greater distance from the fovea (Figure 1B). Interestingly, this 

trend is reversed in early visual cortical areas with pRFs being larger in the UVF than in the 

LVF. The observed effect was present in both analysed datasets (Figure 1C and D). The 

discrepancy between the two trends might hint towards different processing of visual information 

in the superior colliculus and the early visual cortex, prompting a debate about potential 

principles by which visual information is inherited from the subcortex to the cortex and whether 

known organisational principles remain the same or differ across the visual system hierarchy. 
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Abstract: Prior to eye opening, spontaneous activity is already highly organized into modular, 

distributed patterns, revealing large-scale correlated networks that are predictive of future 

functional networks and exist in the absence of long-range horizontal projections and patterned 

feedforward activity. Evidence from computational modeling predicts that these distributed 

http://files.abstractsonline.com/CTRL/3E/1/262/2A1/99D/4A0/4A0/F9E/F9E/B2D/694/13/g2712_1.jpg


patterns could emerge from a self-organizing network comprised of purely short-range 

intracortical interactions involving lateral inhibition. If large-scale correlation structures are an 

emergent property of the network arising from local activity propagating throughout the cortex, 

then inactivating small, localized circuits should result in global disruptions in network function. 

Using a custom designed microscope, we can simultaneously image wide-field epifluorescent 

calcium activity and optogenetically stimulate specific neural populations with temporal and 

spatial precision, allowing us to test specific predictions of the role of lateral interactions in 

developing networks in vivo. Here, we virally expressed GCaMP6s in excitatory neurons and the 

red-shifted channelrhodopsin Chrimson-ST in inhibitory neurons in layer 2/3 of young ferret 

visual cortex. Prior to eye opening (postnatal day 24-29), we imaged both baseline spontaneous 

activity and visually evoked ON/OFF responses to a full-field change in luminance. We then 

repeated the experiments while optogenetically stimulated small (~300 μm) regions of inhibitory 

cells to silence local activity. We found that local inhibition not only effectively dampened both 

visually evoked and spontaneous activity at the site of stimulation, but that regions up to 2mm 

away showed disrupted activity. These disruptions were evident in spatial rearrangements of the 

large-scale correlation maps, with significant decreases in similarity between baseline and opto-

inhibited correlation networks. Importantly, spontaneous correlation patterns returned to baseline 

after optogenetic inhibition, allowing us to reversibly interrogate the degree to which different 

parts of the cortex integrate into the network. Additionally, principal component analysis of the 

opto-inhibited events reveals that disruptions to the underlying network may lead to the 

suppression of prominent components and the enhancement of others. Together, this is strong 

evidence that millimeter-scale patterns of distributed activity arise from a self-organizing 

network of propagating short-range intracortical interactions. 
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Abstract: In order to deal with a complex environment, animals form a diverse range of neural 

representations that vary across cortical areas, ranging from unimodal sensory input to higher-

order representations of goals, outcomes and motivation. The diversity of these representations 

suggests a high degree of specialization in functional organization across cortical areas, however, 

the developmental origin of this diversity remains unclear. Diverse representations may be 

rooted in an area-specific functional organization established early in development by 

endogenous mechanisms. Alternatively, a common representational architecture may exist across 

the early neocortex, established by common rules of dynamic network interactions, while 

functional specification arises primarily through area-specific inputs. Here we address this 

fundamental question by examining spontaneous activity across the developing ferret cortex. We 

show that spontaneous activity in both sensory (visual—V1, auditory—A1, and 

somatosensory—S1) and association cortices (posterior parietal—PPC and prefrontal—PFC) is 

highly modular and exhibits millimeter scale correlations. Across all areas in animals 7-10 days 

prior to eye opening, modular patterns of spontaneous activity were nearly indistinguishable 

from those seen previously in V1, which reflect the columnar representation of visual features. 

Over the subsequent 3 weeks, a period spanning both eye opening and ear canal opening, we find 

that while both the degree of modularity and the strength of long-range correlations decline with 

age, all cortical areas retained significant modular structure. In all areas examined, spontaneous 

activity became increasingly sparse and higher dimensional over this period, suggesting an 

improved representational capacity with increasing maturity. Furthermore, similar to published 

reports in V1, sensory evoked activity in A1 exhibits strongly modular responses with significant 

statistical similarity to spontaneous activity, suggesting that early spontaneous networks seed 

developing cortical representations in sensory areas and raising the possibility of a similar 

relationship in higher association areas such as PFC. Together, our results demonstrate that 

modular networks with long-range correlations in spontaneous activity are not unique to 

columnar V1, but rather are a universal feature during development. These findings suggest that 

the diverse representations found across neocortex may arise from a common developmental 

origin. 
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Title: Multisensory integration in the mouse visual cortex 
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Abstract: The animal brain continuously receives a wealth of sensory information, and uses this 

information to guide behaviour. However, the process by which the different sensory streams are 

integrated to form a unified percept remains poorly understood. Interestingly, the mammalian 

sensory cortices, where much of the processing of sensory information is thought to take place, 

feature direct connections between areas primarily dedicated to different sensory modalities. The 

auditory cortex, for instance, sends numerous projections to the visual cortex in mice. These 

connections may be crucial to the integration and binding of sensory inputs at early stages of 

processing. Identifying what information is carried by these cortico-cortical projections is a 

necessary step towards understanding this integration. Furthermore, elucidating how these cross-

modal inputs are integrated with the processing of other sensory and non-sensory variables 

within their target neural populations is crucial to understanding their role. 

We used dual-colour two-photon calcium imaging in head-fixed mice to simultaneously record 

the activity of axons from auditory cortex and cell populations in visual cortex while mice were 

presented with a series of auditory and visual stimuli, including pure tones, sounds originating 

from different spatial locations, and naturalistic movies. As expected, auditory cortex axons 

showed tuning to tone frequency. Interestingly, these axons also showed tuning to sound 

location. We examined how their activity and feature selectivity relate to response properties in 

the surrounding visual cortex. Finally, we investigated the encoding of the animal’s uninstructed 

body movements in these auditory and visual populations, and observed how it interacts with 

their encoding of sensory variables. 
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Abstract: [Introduction] The superior colliculus (SC) contains visual, auditory and motor maps 

that are thought to support sensorimotor transformations. However, it is not clear how SC 

neurons integrate stimuli of different modalities, whether this integration depends on brain state, 

and whether it relates to motor activity.[Methods] We used chronically implanted Neuropixels 

1.0 and 2.0 probes to record SC responses (~900 neurons) while head-fixed mice performed a 

spatial audiovisual decision task. After each behavioral session, we also recorded responses from 

the same neurons during passive presentation of the stimuli (checkerboards images and pink 

noise bursts played in multiple azimuthal positions). We presented the same stimuli to a separate 

cohort of untrained naïve mice while recording acutely (~2,600 neurons).[Results] In both naïve 

and trained mice, we observed neurons responding to visual and auditory stimuli, but neurons 

responding to both stimuli were rare (~5%). In those neurons, audiovisual integration was 

predominantly additive. Most audiovisual neurons responded to all auditory stimuli, regardless 

of azimuthal location, and these non-spatial auditory neurons were the most correlated with 

uninstructed stimulus-evoked movements. During the task, visual signals predominantly 

appeared in the superficial SC, while auditory and motor signals appeared in a mixed population 

of neurons in deeper layers. [Conclusions] Our results suggest that SC neurons integrating 

auditory and visual spatial location exist but are rare. This integration is additive, echoing the 

behavior of the mice (Coen et al bioRxiv 2021). Visual signals are confined to the superficial 

layers and undergo little contextual modulation, while auditory signals are predominantly in deep 

layers and are modulated by body movements, both uninstructed and task-related. We are 

currently investigating whether auditory and visual stimuli are represented differently in naïve 

and trained mice. 
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Abstract: Our sensory systems continuously process inputs from different modalities and 

organise these streams of information such that our subjective representation of the outside world 

is a unified experience. The integration of multimodal information is strongly dependent on the 

relative timing of sensory inputs. When multiple forms of sensory stimuli arise from a single 

source, the synchrony of these stimuli can contribute to perceptual binding and provide distance 

cues. The difference between the velocities of light and sound introduces lag for auditory signals 

with respect to visual information, this delay scales with distance and therefore could carry 

information about the distance to the stimulus source. 

Here we investigated how audio-visual signals are integrated in the mouse superior colliculus 

(SC), a midbrain area that represents the location of visual and auditory targets topographically. 

Neuronal activity was recorded with Neuropixels probes in awake animals presented with visual 

and auditory stimuli with staggered onset times (ranged from 0 to 300ms). The location of the 

recording site was varied along the antero-posterior and latero-medial axes of the SC and 

confirmed by combining electrophysiological features with histological reconstructions of 

fluorescently-labelled probe tracks. Around 24% of recorded neurones were modulated by both 

visual and auditory input. Multi-modal neurons were located across the entire depth of the SC. 

SC neurons showed a median latency of 28 ms (IQR: 27 ms) for auditory and 77 ms (IQR: 36 

ms) for visual responses and exhibited a broad range of audio-visual delay preferences. 

These results indicate a variable integration window for audio-visual stimuli that could allow SC 

neurons to encode a broad range of distances. Finally, we characterised the anatomical 

organisation of audio-visual delay encoding in the SC. 
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Abstract: In providing us with a complete perceptual experience, our brain naturally merges 

information from different sensory modalities (e.g., vision and hearing). This ability to integrate 

audiovisual stimuli is not static but adapts to conditions within our environment. For example, 



human studies have shown that past and present experiences can significantly affect both the 

accuracy and sensitivity of audiovisual perception. Interestingly, some clinical populations (e.g., 

ASD and schizophrenia) experience deficits in the perceptual binding of audiovisual stimuli, 

often observed through the widening of the temporal window of integration. These perceptual 

deficits imply disruption of the neural circuitry underlying audiovisual binding. While extensive 

research has been conducted in this field using human participants, the neural mechanisms 

underlying audiovisual perception remain elusive, due in part to a lack of translational studies 

using suitable animal models. To that end, we set out to develop and validate rat models of 

audiovisual temporal and synchrony perception; important first steps toward conducting 

mechanistic studies. To investigate audiovisual perception, rats were trained to report whether an 

auditory or visual stimulus was presented first (i.e., temporal order judgment; TOJ task), or 

trained to perform a synchrony judgement (SJ) task, in which they reported whether they 

perceived an auditory and a visual stimulus pair to be presented at the same moment in time 

(synchronous) or at different times (asynchronous). Once trained using operant conditioning, rats 

were tested under different protocols to reveal the suitability of the tasks to model audiovisual 

perception in humans, including: (1) rapid recalibration to asynchronous stimuli (2) sensory 

adaption to prolonged stimulus exposure (3) performance changes based on altered testing 

conditions, and (4) disruption of glutamatergic neurotransmission. Overall, rats were able to 

adapt to prolonged stimulus exposures in both tasks, but only showed evidence of rapid 

recalibration to asynchronous stimuli in the TOJ task. Similarly, altering the testing conditions 

through the introduction of a background noise affected performance on the TOJ but not the SJ 

task. Finally, disrupting glutamatergic neurotransmission through systemic injections of MK-801 

altered audiovisual perception in both tasks. Overall, the rat TOJ task appears to be the better 

choice for the mechanistic studies that we are planning to conduct; however, the SJ task still 

warrants further consideration due to its relevance to clinical populations. 
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Abstract: Self-motion through an environment induces various sensory signals, i.e., visual, 

vestibular, auditory, and tactile. In contrast to visual and vestibular stimulation, the interaction of 

visual and tactile self-motion stimuli has been rarely considered. In a previous behavioral study 

in humans, we could show an influence of tactile flow on bimodal (visuo-tactile) heading 

perception. The neural basis of this behavioral effect is currently unknown. Neurons in the 

macaque ventral intraparietal area (area VIP) have been shown to respond to visually simulated 

(optic flow) and real (vestibularly driven) self-motion but also to tactile (and auditory) 

stimulation. Remarkably, spatial locations of visual and tactile receptive fields are spatially 

congruent and preferred directions for motion are coaligned. This suggests an involvement of 

area VIP in the processing of visuo-tactile self-motion information. 

In our current study, we presented visual and tactile self-motion stimuli to a macaque monkey 

while recording neural activity in area VIP. Visual stimuli simulated self-motion through a 3D-

cloud of dots in three out of eight directions, covering the full azimuthal stimulus space (centered 

on the neuron’s preferred heading direction). Tactile stimuli were presented via one of eight 

nozzles, with an angular separation of 45°. Each neuron was tested in 9 (8 tactile directions + no 

tactile flow) times 4 (3 visual directions + no optic flow) conditions. 

Overall, 63% of the neurons responded to visually simulated self-motion, 59% responded to 

tactile stimulation and 34% responded to both modalities. We found that, on average, purely 

visually selective neurons showed lower baseline activities and higher stimulus response 

activities as compared to purely tactilely selective neurons. Interestingly, bimodal neuron 

responses formed a mixture, i.e. their baseline activity corresponded to those of purely tactile 

neurons, while their stimulus response to each individual modality resembled those of the 

respective selective neurons. However, during bimodal stimulation, the visual response was 

highly dominant. The response latency for both modalities was almost similar. 

In conclusion, our data show that macaque area VIP encodes visual-tactile self-motion 

information. Remarkably, responses do not reflect simple superposition of visual and tactile 

information, but more complex interaction terms. A functional equivalent of macaque area VIP 

has been identified in humans. This suggest that our results on visual-tactile interaction at the 

neural level can be transferred to human self-motion perception. 
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Abstract: The auditory, visual, and oculomotor systems work together to aid spatial perception. 

We have recently reported an oscillation of the eardrum that is time-locked to the onset of an eye 

movement in the absence of sounds or visual stimuli. These eye movement-related eardrum 

oscillations (EMREOs) suggest that interactions between auditory, visual, and oculomotor 

systems may begin as early as the ear itself. Much is still unknown about this phenomenon. Open 

questions include: 1) Which motor systems of the inner and middle ear contribute to this eardrum 

oscillation? Potential candidates include the stapedius muscle, tensor tympani muscle, and/or 

outer hair cells. 2) What neural circuits drive this oscillation? 3) What are the cognitive or 

perceptual effects of this oscillation, especially with respect to sound localization? To study the 

anatomical and neural circuits, we use the rhesus monkey as a model to perform controlled 

invasive surgical and pharmacological manipulations. The rhesus monkey can perform saccadic 

eye movements on similar time scales to human participants, and we are able to record ear canal 

changes in the same manner as with human participants. Monkeys have a highly-reproducible 

oscillation in both ears, comparable to humans, including alternating phase of the oscillation 

between the ears and separable horizontal and vertical components related to the horizontal and 

vertical components of the eye movement. Finally, monkeys allow for a single, specific surgical 

or pharmacological intervention after baseline data collection, data collection almost 

immediately after the procedure, and data collection on the order of thousands of trials. 
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Abstract: Smell and taste are highly interdependent sensory modalities, but how activity in 

olfactory and gustatory circuits impact one another in real-time remains unclear. Previous work 

has demonstrated that activity in the gustatory cortex (GC) can influence odor encoding in the 

piriform cortex (PC) and that GC is required for retronasal odor discrimination (the smell of food 

in the mouth, which generally accompanies eating). The aim of this study is to identify the 

temporal dynamics of information transmitted from GC to PC in a dynamic manner to mediate 

retronasal odor perception. By comparing the temporal response profiles of retronasal odor 

responses in the two areas, we can determine if there is a unique relationship between each area’s 

sensory responses in the context of retronasal olfaction. We have developed and successfully 

tested an easily produced 3D printed drivable electrode array that targets both PC and GC to look 

at these two regions simultaneously in freely moving animals. These electrophysiological 

recordings and manipulations provide insights to the characteristics and relationships between 

GC and PC retronasal odor responses. We will further dissect these relationships by comparing 

different ways in which GC processing specifically influences odor discrimination in the 

piriform cortex during consumptive behaviors. 
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Abstract: Background Unilateral spatial neglect (USN), a syndrome with reduced attention and 

awareness of the contralesional side of space, is a common impairment of right hemisphere 



stroke. Recently, attempts were made to adopt immersive-virtual reality (VR) in the assessment 

of USN. In this study, we developed a novel Neglect Syndrome Assessment Tool (NeSAT) using 

immersive-VR and tested in the stroke patients and healthy subjects. Method We enrolled 12 

right-handed healthy subjects (57.7±14.0 years old; 9 women and 3 men), and 14 right-handed 

patients with unilateral right hemispheric stroke (53.3±14.6 years old; 4 women and 10 men). 

NeSAT was developed using Pico Neo 3 Pro Eye (Pico Interactive Ltd., California, USA) to 

construct virtual environment. Subjects can move the pointer in the VR using a controller 

connected to VR and perform various tasks by pressing the button on the controller. There are 

two types of test in NeSAT; visual tracking and visual scanning. During visual tracking, the 

angle at which subjects identify a moving object (from the left to the center or the right to the 

center) on the screen and press the button was measured. The visual tracking angle difference 

(AD) was defined as the difference between the angle for an object from the left to the center and 

that from the right to the center. Visual scanning is similar to the apple test, pumpkins of various 

shapes are shown on the screen at regular intervals. Subjects were instructed to select normal 

pumpkins without any defects. The number of normal pumpkins correctly selected (CPS) and the 

difference between the number of pumpkins with defects on the right and left (defected pumpkin 

difference (DPD)) were measured. All stroke patients were evaluated with conventional 

Behavioral Inattention Test (BIT-C) and score below 129 were diagnosed as having USN. 

NeSAT results were compared between stroke patient with/without USN (USN+, USN- 

respectively) and the healthy subjects (HS) with Kruskal-Wallis test. Correlation between results 

of NeSAT and BIT-C in the stroke patients were analyzed with Spearman correlation. Result Of 

14 stroke patients, 6 were diagnosed with USN. There were significant difference in 

AD(p=0.031) and CPS(p=0.006) between USN+, USN- and HS. Post-hoc analysis revealed 

significant difference between USN+ and HS in both AD (p=0.048) and CPS (p=0.004). In the 

stroke patients, BIT-C showed significant correlation with AD (r=-0.542, p=0.045), DPD (r=-

0.675, p=0.008) and CPS (r=0.736, p=0.045). Conclusion This study revealed NeSAT as a valid, 

reliable tool for assessing USN in stroke. Results show the feasibility of developing a neglect 

battery test for the comprehensive evaluation of USN using VR. 
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Abstract: Multisensory temporal integration of visual and visuotactile stimuli is thought to occur 

within the alpha frequency: stimuli are integrated when they fall within the same cortical cycle 

and segregated for different cycles. However, it is unknown if alpha oscillations similarly bind 

also bodily sensory information to generate the sense of body ownership, i.e., the experience of 

one’s own body as one’s own. Here, we clarify if the individual temporal resolution of 

perception correlates with the temporal resolution of multisensory integration involved in body 

ownership (Exp 1). Then, we showed that alpha oscillations temporally integrate visuotactile 

signals to originate the sense of body ownership (Exp 2). In Exp 1, 30 adults performed (i) a 

simultaneity judgment task (SJT) to measure their multisensory temporal resolution, i.e., 

participants judged the perceived synchronicity of visual and tactile stimuli separated by 

different delays, and (ii) a body ownership task, where we induced illusory body ownership over 

a fake hand. To induce the illusion, two robot arms applied taps to a fake hand and to the 

participants’ hidden hand, either synchronously or at different asynchronies. After a short period 

of visuotactile stimulation, participants reported if they perceived the fake as their own hand or 

not. In Exp 2, we used transcranial alternating current stimulation (tACS) to modulate cortical 

oscillations at low (8Hz) or high alpha (13Hz) and also included a control condition with no 

brain stimulation (Sham). Participants (n=30) received tACS over the posterior parietal cortex 

while they performed (i) the ownership task and (ii) a modified SJT with the fake hand, i.e., 

participants judged if the taps on the fake and real hands were synchronous or not. Exp 1 showed 

that participants with a higher synchronicity threshold tolerated higher levels of asynchronies in 

the bodily illusion. Exp 2 found that tACS modulates multisensory integration in both tasks: Low 

alpha tACS, as compared to Sham, enlarges the synchronicity threshold and the level of 

asynchronies tolerated in the bodily illusion. High alpha tACS reduced the synchronicity 

threshold and the level of asynchronies tolerated in the bodily illusion. Thus, driving alpha 

frequencies toward faster vs. slower oscillations modulates multisensory temporal resolution 

involved in body ownership, just like in the SJT. These results indicate that alpha oscillations 

temporally integrate visuotactile information to generate the sense of body ownership, in 

addition to their role in multisensory temporal integration of external events. 
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Abstract: Mormyrid electric fish generate pulsed electric fields and identify the resistive, 

capacitive and spatial properties of nearby objects by detecting microvolt and microsecond 

distortions in these fields. They do this despite much larger external modulations caused by self-

motion, boundary effects and changing water conductivity. Mormyromast electrosensors on the 

skin of the fish are highly sensitive to the minute field distortions produced by objects. The 

cerebellum-like circuits of the electrosensory lobe process the mormyromast responses and 

enable the fish to perceive their surroundings. Although it has been suggested that particular 

features associated with the peaks of the electric pulse waveform are critical for object detection, 

the precise features used have not previously been characterized. By combining experimental 

measurements, neural network modeling and an electric field model, we identified temporal 

filters that characterize the operation of mormyromast electrosensors and developed a novel 

adaptive model of their sensory processing. Physical properties of the fish’s environment can be 

extracted from responses generated by the resulting mormyromast model. Our electric field 

model unifies previous work into a fast and scalable analytic framework that allows us to 

generate large simulated data sets for developing and analyzing neural network models. We 

characterized the mormyromasts as temporal convolutional filters optimized to extract 

behaviorally relevant stimuli. We also fit convolutional filters to experimentally measured 

responses of the mormyromasts and found results that agree well with those obtained by 

optimization. Our mormyromast model continually adapts to slowly varying input modulations, 

in line with experimental findings. We generated electrosensory data from thousands of model 

mormyromasts, distributed on the skin of a virtual fish, responding to various environmental 

conditions and nearby objects in the presence of many tail positions. We trained feed-forward 

neural networks to process inputs from our model mormyromasts and extract physical properties 

of the environment. Naïve neural networks only partially extract some of these properties, but 

specialized networks developed from fitting the data learn to accurately predict numerous 

physical parameters characterizing the fish’s surroundings. This result emphasizes the 

importance of specialization in the electrosensory lateral lobe. Our active electrolocation 

framework provides a basis for modeling computation in the cerebellum-like circuits of the fish’s 

electrosensory lobe and sheds light on mammalian cerebellum function and computation. 
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Abstract: Multisensory integration is a fundamental process underlying optimal decision-

making in mammals. However, the state-dependent flexibility in multisensory decisions remains 

elusive. Here, we found that the mouse posterior parietal cortex (PPC) mainly represents visual 

information of the audiovisual stimuli, which was suppressed when the mice make auditory-

dominant decisions in audiovisual conflict. Interestingly, locomotion suppresses auditory inputs 

to the PPC and switches auditory-dominant decisions to visual-dominant ones. In the auditory 

cortex (AC), locomotion suppressed neurons projecting to the PPC (ACPPC) but not those 

projecting to the striatum (ACSTR). By circuit-specific optogenetic manipulation, we double-

dissociated that the ACPPC mediates auditory-dominant decisions in audiovisual conflicts and the 

ACSTR mediates unisensory auditory decisions. Moreover, axons of the secondary motor cortex 

(M2) projected to and suppressed the ACPPC neurons, and this M2 input to the AC was critical 

for locomotion-dependent switches in multisensory decisions. Collectively, our data demonstrate 

that locomotion suppresses auditory afferents to the PPC to enhance visual decisions under 

audiovisual conflicts without disrupting unisensory decisions. This modulation promotes flexible 

perceptual decisions in actively moving animals exposed to multisensory stimuli. 
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Abstract: Context significantly influences mammalian sensory processing. In the predictive 

coding model, incoming sensory inputs are compared against sensory predictions based on 

previously encountered stimuli. Cortical responses to stimuli that align with predictions at that 

level of processing are suppressed, while stimuli that break from those predictions drive neural 

responses to send the information to the next level of the cortical hierarchy. Such prediction error 

and suppression responses exist within the primary visual cortex (Hamm et al., 2021). Whether 

and how such processes occur in hierarchically higher cortical areas, like those involved in 

multisensory (MS) processing, is not known, despite most real-world sensory information 

coming in MS formats. The posterior parietal cortex (PPC, PTLp in mice) is a MS integration 

region, as it receives inputs from primary and secondary sensory areas. We measured neuronal 

activity in PPC with two-photon calcium imaging using cre-dependent GCaMP6s expression in 

Vglut-Cre (pyramidal neurons, PYRs; n=10; 5 female) and SST-Cre (Somatostatin neurons; 

SST; n=10; 5 female) mice, during either unisensory (US) “oddball” paradigms, involving full 

square-wave gratings or pure tones in a random order (many standards control), then an oddball 

sequence with one redundant (88% “standards”) and one deviant stimulus (12% “oddballs”), or a 

MS oddball. For the MS “oddball” paradigm, visual (45º [Va] and 135º [Vb]) and auditory 

stimuli (2.0kHz [Aa] and 4.0kHz [Ab]) were paired. Mice were trained with sequences of 

consistent AaVa and AbVb combinations, then MS “oddball” sequences, with 87.5% trained 

pairs and 12.5% deviant pairs (6.25% each AbVa, AaVb). We hypothesized that PYRs and SSTs 

in PPC would display the predictive coding responses of deviance detection (DD; i.e., enhanced 

responses to deviant stimuli) and stimulus-specific adaptation (SSA; i.e., reduced responses to 

redundant stimuli), but mainly to complex, MS stimuli.Our results show that PYRs exhibit DD to 

MS audio-visual oddball stimuli (t(356)=5.62; p<0.001) but not to US audio (t(262)=-1.16; 

p=0.248) or visual oddball stimuli (t(241)=0.2; p=0.838). Intriguingly, SSTs in PPC show 

significant US SSA (vis: t(45)=4.5; p<0.0001; aud: t(19)=-2.7; p<0.015) and DD (vis: 

t(45)=3.08; p<0.005; aud: t(19)=-2.11; p=0.04) but not MS DD. Together, these results suggest a 

predictive coding ensemble in PPC for MS stimuli, involving only complex “prediction error” 

responses in PYRs and an active suppression of simpler “prediction errors” by SST neurons. 

NIMH (R00MH115082-04), Whitehall Foundation (2019-05-44), Georgia State University 

Brains & Behavior Fellowship 
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Abstract: Localizing a novel object in a complex environment and instantaneously evaluating its 

saliency is a fundamental brain function critical for survival. To achieve this, the brain needs to 

receive, process, and integrate sensory information from various modalities. A model to study 

spatial sensory integration is the superior colliculus (SC), a midbrain structure that receives 

somatosensory and auditory inputs that both align topographically with visual inputs. This 

sensory input provides information crucial about the location of objects with respect to the body 

and space. The SC then integrates these inputs to promote an appropriate motor response. 

Previous studies have elucidated that the development of the retinotopic maps uses a 

combination of genetic and activity-dependent mechanisms; expression of specific gene(s) and 

activity patterns give neurons instructions about where to project and with whom to synapse, 

thus instructing visual spatial map creation. However, the incident direction of the sound source 

must also be taken into consideration. It remains unknown how the computed auditory map of 

space develops and becomes aligned with the retinotopic map. We hypothesize that the 

topographic map of the auditory space in the SC develops using the retinocollicular map as a 

template. To test this hypothesis, we have manipulated the retinocollicular map by using retinal 

enucleated, dark-reared, and EphA3 knock-in mouse models. Together with blind analysis and 

large-scale in vivo physiological recordings of SC neurons in response to virtual space auditory 

stimuli, we are able to assess the topographic map of the auditory space under conditions 

whereby the retinocollicular map is altered. Our data show that in the absence of post-natal light-

induced visual experience, the auditory topographic map of space maintains its overall 

topological structure; however, the range of azimuthal coverage on the anterior-posterior axis of 

the SC is expanded, and the precise registration of topography between the visual and auditory 

maps is impaired. This suggests that light-induced visual activity is not required to form but to 

fine-tune the topographic map of auditory space and the alignment with the retinotopic map in 

the mouse SC. 
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Abstract: Spatial orientation (SO) is the perception of own postural and motor behavioral state. 

SO is formed by integrating multi-modal sensory information mainly from vestibular, visual, and 

somatosensory systems. The velocity storage mechanism (VSM) has been postulated to play an 

important role In integrating vestibular and visual sensory information (Laurens & Angelaki, 

2017). Characteristics of the VSM are known to be reflected in the reflexive eye movements 

called the vestibuloocular reflex (VOR) and optokinetic response (OKR) whose functions are to 

stabilize vision during head motion. One of the animal species most thoroughly understood for 

neuronal mechanisms of these eye movements is goldfish. Their VOR is known to be robustly 

induced for all horizontal (H), vertical (V), and torsional (T) head rotations (yaw, roll, and pitch, 

respectively); however, their OKR has been evaluated only in the H direction. Currently, we 

measured V and TOKR in 13 goldfish to identify their frequency characteristics and learning 

capabilities. Full-field velocity step visual stimulus were given alternating in direction every 10 s 

for 90 min around either of the three axes. Naïve animals presented minimal V and TOKR in 

contrast to their highly compensatory HOKR. However, V and TOKR gradually manifested, 

reaching to gains (max. eye velocity / visual stimulus velocity) greater than 0.3 on average by the 

end of the visual training. Interestingly, while VOKR gain increased in both upward and 

downward directions, TOKR gain increased only for extorsion. Frequency characteristics were 

identified to be low-pass filter-like as has been previously noted for the HOKR (Marsh & Baker, 

1997). During 90 min visual training, greater gain increases were observed at lower frequencies 

in both V and TOKR. These results suggest that because the probability of visual motions around 

roll and pitch axes without congruent vestibular signals were very unlikely for naïve goldfish, the 

inadequate eye movements resulted from inaccurate formation of SO. Prolonged exposure to the 

incongruent visual motions alone updated the prior as well as the likelihood of visual and 

vestibular information in the Bayesian inference framework and resulted in appropriate SO 

formation to produce a more compensatory OKR. The time course of V and TOKR gain changes 

during visual training may provide insights into how fast the VSM updates its multi-sensory 

fusion process to form SO. The asymmetrical change in TOKR may be associated with greater 

value for pitch-down head motion than pitch-up during feeding behavior, making extorsion more 

flexible than intorsion to stabilize vision. 
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Abstract: Movement error has long been known to be a driver of motor learning. Inherent to all 

movements is another cost, an effort cost of making the movement. Interestingly, similar to error, 

effort costs also reduce with motor learning. Is it possible that a desire to reduce effort costs also 

contributes to motor learning? More broadly, does the effort cost of movement influence how 

much we are willing to correct? Here we modulate the movement effort of performing a 

visuomotor rotation task, and ask whether effort alters the learning process. We hypothesized 

that when effort is dependent on task error, effort will accelerate learning. Additionally we 

hypothesized that when task effort is independent of error, effort will impair learning. 

Participants (n=59) performed a visuomotor rotation task, reaching to targets positioned at 45 

degree increments along the perimeter of a 10cm in five experimental blocks: i) baseline, ii) 

learning where a 30-degree rotation is introduced, iii) retention where visual feedback is 

removed, iv) washout, and v) savings where the 30-degree rotation is reintroduced. Four effort 

conditions were differentiated by modifying velocity-based damping resisting, b, of the reaching 

movement. In the first group, effort was dependent on the error of the previous reach, with larger 

errors incurring higher damping on the subsequent trial. The remaining three groups experienced 

effort costs that were independent of error with low (b=5Ns/m, n=17), medium (b=20Ns/m, n= 

17), and high (b=35Ns/m, n=8) damping. While not explicitly increasing with error, higher 

damping increases the cost of online corrections. We compared behavioral metrics between 

groups using two-way repeated-measures anovas. Additionally we fit exponential curves and 

state-space models to determine learning rate, remembering factor, and error-sensitivity. 

All groups learned the task, reducing error during learning, and with a faster reduction during 

savings. There were no differences between effort groups for learning metrics including initial 

error, final error (learning: p=0.63; savings: p=42), error reduction (learning: p =0.71; savings: 

p=0.82), and error change in retention (p=0.48). Exponentially fitted learning rates were also 

similar between groups (learning p=0.94; savings: p=0.35). No differences were detected 

between groups in the remembering factor (learning: p =0.50; savings: p=0.84) or error 

sensitivity (learning: p=0.94; savings: p=0.61). Our results suggest that neither the error-

dependent or error-independent effort costs presented impacted motor learning in this task. 

Future work will investigate mandatory online correction. 
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Abstract: Models of implicit adaptation have typically focused on how this process is driven by 

visual sensory prediction errors, without consideration of the possible role of proprioception. We 

address the latter by examining implicit adaptation in individuals who are functionally 

deafferented. While there has been previous work showing little effect of deafferentation on 

motor adaptation, the methods conflate implicit and explicit processes (Ingram et al., 2000; 

Bernier et al., 2006; Sarlegna et al., 2010; Miall et al., 2018), making the results difficult to 

interpret. We used a visuomotor adaptation task known to isolate implicit adaptation in which 

participants were instructed to reach with an unseen hand directly to a visual target while 

ignoring a visual cursor that moved at a fixed 30° offset from the target. Periodically, the 

participants were asked to report their perceived limb position after the movement was 

terminated, using a wheel of visual landmarks. The deafferented participants and their matched 

controls exhibited robust implicit adaptation, with the heading angle of the movements shifting 

across trials in the direction opposite to the cursor. Strikingly, the degree of implicit adaptation 

did not significantly differ between groups, suggesting that implicit adaptation is preserved in 

deafferented participants. Moreover, in both groups, reports of perceived limb position were 

biased towards the visual cursor, with a trend towards a greater bias in the deafferented group. 

This mismatch between perceived and desired position of the hand may result in a kinesthetic 

error that drives implicit adaptation, even in participants without peripheral afferent input. 
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Abstract: Sequential movement can be characterized by its organization in space and in time. 

Research simulating human cortical dynamics using recurrent reservoir networks has 

demonstrated that the serial and temporal structure of sensorimotor sequences are encoded in a 

shared representation. Evidence for this shared representation has been provided by human 

sequence learning experiments using the serial reaction time task. The current research examines 

how spatial and temporal structure of full upper-arm pointing sequences are learned. We tested 9 

human subjects (6 male) age 22.4 +/- 1.8) in a sensory motor sequence learning task approved by 

the UBFC ethics committee CERUBFC-2021-10-07-028. Subjects were seated face-to-face with 

the humanoid robot Pepper. The robot made pointing movement sequences with its left arm. 

Subjects were instructed to follow the pointing finger-tip of the robot with their own right finger-

tip, in a mirror image of the robot in front of them. An experiment consisted of 9 blocks of 

pointing movement to four targets (ABCD) in the shared frontal space between the human and 

robot. Each block consisted of 80 pointing movements with a duration of 90 seconds. Blocks 1-

4,6,7,9 all used a sequence that had a fixed sequential structure, and temporal structure. 

Temporal structure was created by systematically inserting 500ms pauses before two of the 4 

targets. Test blocks 5 and 8 systematically varied the sequential structure, while leaving the 

temporal structure intact, or vice-versa. Performance was evaluated by measuring the cross-

correlation lag between the robot and human movement trajectories recorded by a motion 

capture system (Vicon, 200Hz). We randomized the order of sequential and temporal structure 

perturbations in Blocks 5 and 8. We measured the effects of Block, and of the order of the Space 

and Time shift. There is a significant effect for Block ( F(8,40) = 10.8, p < 0.0001). Post hoc 

(LSD) tests revealed that lag for test block 5 is significantly greater than that for surrounding 

training blocks 4 and 6. Likewise, lag for test block 8 is significantly greater than the lag for 

training blocks 7 and 9. There is no effect for the order of the test blocks (F(1,5) = 0.6, p > 0.4). 

Importantly there is no interaction between the order of presentation, and the block effect 

(F(8,40) = 0.3, p >0.8). This allows us to conclude that the spatial and temporal structure are 

both learned. These results are consistent with the hypothesis of a shared and integrated 

representation of the sequential and temporal structure of these sensorimotor sequences in a 

common recurrent cortical network. 
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Abstract: Multiple processes contribute to successful goal-directed movements, including top-

down decision processes for movement selection and planning and lower-level processes that 

ensure movements are properly calibrated. A large body of empirical work using visuomotor 

rotation tasks has inspired computational models that characterize these lower-level implicit 

recalibration processes. However, computational accounts of top-down movement selection 

processes have been lacking. Here, we propose that the emergence of a re-aiming strategy can be 

understood within a reinforcement learning framework, where an action-value space is explored 

to maximize reward. We considered three models of strategic re-aiming: 1) Updating of action-

value associations occurs only for the selected action via trial-and-error ("local update" model); 

2) Updating of action-value associations occurs for all possible actions through an inference 

about the true underlying rotational relationship between the cursor and the hand ("global 

update" model); 3) Updating a belief about the size of the rotational relationship between the 

cursor and hand ("rotational update" model). To arbitrate between the three models, we 

examined two visuomotor rotation learning datasets in which participants strategically re-aimed 

to counteract a rotation imposed between their unseen hand and a visual cursor. Within 30 

reaches, participants learn to re-aim in the opposite direction of the rotation, bringing the rotated 

cursor to the target. For both datasets, the global update model provided a better account of both 

the group data and idiosyncratic individual re-aiming behaviors. These results indicate that re-

aiming after unsuccessful movements is neither a trial-and-error process - one that could be 

implicit and insensitive to the underlying rotation - nor an inferential process that explicitly 

updates an estimate of the rotation size. Rather, the data point to an iterative process that globally 

updates action-value associations via an inference about the true size and direction of the 

rotation. These results provide a computational perspective on a flexible, strategic process that 

allows the sensorimotor system to respond to rapid changes in the environment. 
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Abstract: Our previous work showed that a simple normal-baric 100% oxygen treatment (OxTr) 

can improve motor learning processes of visuomotor adaptation. Motor sequence learning (MSL) 

is critical for rehabilitation and training settings and our daily lives as well, as a large number of 

functional movements involves correctly ordered sub-movements. However, it is not known 

whether OxTr improves MSL. Thus, we investigated whether a similar OxTr improves MSL 

performance, focussing on the acquisition of motor components themselves and transitions 

between sub-movements.Our preliminary data set included 29 healthy young adults, randomly 

divided into a 100% oxygen treatment (OxTr; N=15, M=20.86 yrs.) and an air treatment (AirTr; 

N=14, M=20.71 yrs.) group. Participants performed a motor sequence task by pressing the 

spatial-compatible key on a keyboard according to four visual stimuli. Two pre-determined 8-

item sequences free of trills (e.g., 2-4-2-4) and runs (e.g., 1-2-3-4) were randomly assigned to 

test whether there is an effect of OxTr on MSL training progress. The experiment started with a 

baseline session with 10 trials of random 8-item sequences. Then, gas treatment was turned on 

and 4 training session blocks were conducted after a 3 minutes’ break. Each training block 

included 30 trials of one sequence (deep training, DT) and 10 trials of a different sequence 

(shallow training, ST). Gas treatment was provided via nasal cannula (5 l/min), with 100% 

oxygen flow in group OxTr or regular air flow in group AirTr. Gas flow was turned off at the 

end of the training session, and after a 3-min break followed a final testing session of two blocks. 

Each block included 5 trials for each sequence (DT, ST, random). Main performance variables 

were response time (RT; ms) to visual cues and correctness rate of the response (CR; %). Data 

was normalized by subtracting each participant’s baseline performance.ANOVA revealed a 

positive effect of OxTr on MSL. RT improvement was 16.1% greater in the OxTr than AirTr 

group (242 ± 63 vs. 208 ± 43 ms) for DT (p=0.051) and 27.0% greater (191 ± 73 vs. 150 ± 54 

ms) for ST in testing sessions (p<0.05). Final testing session also showed a similar pattern 

(p<0.05). There was no significant CR difference between groups (p>0.05).Our results show that 

100% oxygen supply reduced RT during a MSL task. Short-term consolidation of this effect 

sustained after the removal of gas treatment as well. Our study findings suggest that 100% 

normal-baric oxygen treatment could possibly improve motor sequence learning performance. 



Such a treatment may have the potential for a cost-effective and easily accessible add-on 

therapeutic strategy in rehabilitation or skill training scenarios. 
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Abstract: Studies using transcranial direct current stimulation (tDCS) to enhance motor training 

are often irreproducible. This may be due in part to differences in stimulation parameters (e.g., 

stimulation site, intensity, or duration) across studies, but it is also plausible that uncontrolled 

placebo effects may interact with the true ‘treatment’ effect of tDCS. Thus, the purpose of this 

study was to test whether there was a placebo effect of tDCS on motor training and to identify 

possible mechanisms of such an effect. Fifty-one participants (age: 22.2 ± 4.16; 26 F) were 

randomly assigned to one of three groups: active anodal tDCS (n=18), sham tDCS (n=18), or no 

stimulation control (n=15). First, participant expectations about how much tDCS could enhance 

motor function and their general suggestibility were assessed. Participants then completed 30 

trials of functional upper extremity motor training with or without online tDCS. Stimulation (20-

min, 2mA) was applied to the right primary motor cortex (C4) in a double-blind, sham-controlled 

fashion, while the control group was unblinded and not exposed to any stimulation. Following 

motor training, expectations about how much tDCS could enhance motor function were assessed 

again for participants in the sham and anodal tDCS groups only, along with their self-report of 

which stimulation type (sham or active) they believed they received. Results showed no effect of 

anodal tDCS on motor training (p=.23). However, there was a significant placebo effect, such 

that the sham and anodal tDCS groups improved more during motor training than the control 

group (p=.01). More specifically, average improvement in motor learning varied by group 

(p=.0005), such that the control group improved by 5.74 seconds from the first five to last five 

training trials (95% CI [5.36, 6.11]), the sham tDCS group improved by 8.38 seconds (95% CI 

[7.83, 8.93]), and the anodal (active) tDCS group improved by 8.9 seconds (95% CI [8.41, 

9.39]). This placebo effect was not due to participants’ overall suggestibility (p=.99) or 



expectations about tDCS (p=.43). Interestingly, regrouping participants by perceived tDCS group 

showed that those who thought they received active stimulation improved more during training 

than those who thought they received sham, regardless of whether they actually received active 

stimulation. Thus, this exploratory study showed that there is a measurable placebo effect of 

tDCS on motor training, likely driven by participants’ perceptions of whether they received 

stimulation. Future studies should consider placebo effects of tDCS, and identify their underlying 

mechanisms in order to leverage them in clinical care. 
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Abstract: The basal ganglia are thought to play an important role in controlling movement 

amplitude and adapting future motor commands in response to errors in movement extent and 

direction (i.e., gain and angular adaptation, respectively). As such, numerous studies have 

examined the impact of Parkinson’s disease (PD), a neurodegenerative disease of the basal 

ganglia, on motor planning and adaptation, but with mixed results. Additionally, surprisingly 

little is known about how PD impacts the scaling of movement amplitudes across different target 

distances or its effects on gain adaptation. Here, we set out to examine these questions during 

goal-directed reaching, leveraging behavioral methods and analyses that specifically assay 

feedforward control. We hypothesized that participants with PD would show greater planning 

deficits with respect to movement extent versus direction, especially during larger movements, 

and deficits in gain as opposed to angular (i.e., visuomotor rotation) adaptation based on recent 

work suggesting the latter remains intact. In Experiment 1, participants (n=10 patients ON meds, 

9 age-matched controls) made center-out reaches to two 8-target sets differing only in their radial 

distances (6 cm vs 12 cm). To better isolate feedforward control, only endpoint visual feedback 

was provided. Using principal components analysis, we found that the PD group demonstrated 

larger errors in both movement extent and direction than controls, with more pronounced deficits 

for the far targets. The same participants were tested in Experiment 2, where we gradually 

perturbed visual feedback related to movement extent and angle using sinusoidal perturbation 



schedules. Critically, the strong signal detection properties of this method allowed us to use 

perturbations that were a small fraction of the size that are typically used, thus minimizing 

cognitive contributions to performance changes. We examined adaptation in both movement 

extent and direction simultaneously by perturbing each at different temporal frequencies: 6 

cycles/session sinusoid for movement gain (max: 8% change) and 4 cycles/session sinusoid for 

movement angle (max: 4 deg). Our frequency domain analyses showed that, while controls 

adapted robustly to these miniscule perturbations, the PD group were impaired in both gain and, 

surprisingly, angular adaptation. In addition, for the PD group, there was a gross association 

across experiments between planning and adaptation deficits. Taken together, PD broadly 

impacted motor planning and adaptation, results that are consistent with an expansive role for the 

basal ganglia in feedforward control. 
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Abstract: In our daily lives, we perform skilled arm-reaching movements while looking at 

various locations. In addition, reaching movements are usually accompanied with eye 

movements. Although such static and dynamic gaze states are involved in reaching action, their 

potential contribution to arm motor learning has been largely overlooked. We have recently 

focused on two static gaze states, reaching to a target while looking at the target (Foveal-reach: 

FOV) and while looking elsewhere (Peripheral-reach: PER), and shown that two opposing motor 

skills (e.g., visuomotor rotations with different directions) can be learned simultaneously when 

each skill was associated with FOV and PER (Abekawa et al. 2022, Current Biology). While this 

result suggests that static gaze states can facilitate simultaneous learning, it still remains 

unknown whether and how dynamic chains of eye-hand movements are engaged in the learning 

of reaching. In Experiment 1, participants (n=12) performed reaching movements in three 

different gaze conditions. In the first two conditions, as in our previous study, participants 

reached to the target while maintaining gaze fixation (static conditions; FOV and PER). In the 

last condition, the trial started in the same way as in PER, but the fixation jumped to the target 

location before reaching was initiated. Participants had to make a saccade to a target followed by 

reaching toward that foveal target (dynamic condition; Sac-Reach). We applied visuomotor 



rotation with its direction varied across trials, but was uniquely associated with the static or 

dynamic condition. In other words, clockwise rotation was applied for both FOV and PER, and 

counterclockwise rotation for Sac-Reach. The results showed that in all three conditions, the 

reaching error decreased to a similar degree throughout the training session (1200 trials), with 

clear aftereffects in the post-learning session where the rotation removed. This indicates that 

motor memoires for reaching can be separated by the gaze state prior to the reaching execution. 

To further examine if naturally chained eye-hand movements are necessary for such learning, we 

designed Experiment 2 (n=10), where a time gap of more than 1 second was inserted between 

eye and hand movements in the Sac-Reach condition. The results showed no progress in 

simultaneous learning, especially for the Sac-Reach condition. These results suggest that the 

dynamic gaze state, continuous chain of eye-hand movements, would activate neural states 

inherently involved in the visuomotor pathway, which can be tightly linked with the formation 

and retrieval of internal models of reaching. 
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Abstract: It is well known that humans use multiple systems of decision making, broadly 

categorized as model based (MB) and model free (MF) systems. An arbitration system is known 

to select between MB and MF systems depending on the task context to make the decision 

process flexible. However, in motor control much emphasis was placed on how the MB system 

maintains nominal movements under task perturbations. Recently, Crevecoeur et al., 2019 

suggested a theory of model robust (MR) control that reduces the effect of task perturbations on 

movements, albeit incurring more effort. Day-to-day motor tasks are dynamic with varying 

levels of reliability. It is still unknown if a dynamic arbitration exists that selects between MB 

and MR motor controllers to optimize movements under different task conditions. So, we asked 

human participants (n=30) to perform reaching movements on the KINARM device in the 

presence of forcefields (FFs) in CW and CCW directions. The task reliability was controlled by 



the probability of persistence in FF direction across trials. From optimal feedback control 

simulations, we found that the MR controller produces significantly different kinematics in the 

target direction compared to the MB controller which affected movements mainly in the 

perturbed directions (in terms of after effects). Moreover, the simulations predicted increased 

MR contribution with decreased task reliability. In the human experiments, the low reliability 

task had a higher MR and a lower MB contribution and vice versa. We further tested what 

happens when the task transitions from switching FFs (low reliability) to consistent FFs (max. 

reliability). We estimated the changes in the MB controller using force channel trials which let us 

measure the amount of model adaptation. In the low reliable condition, the adaptation was zero 

but surprisingly the hand deviation reduced exponentially by 33% across trials. Furthermore, the 

EMG activity around the peak in the relevant muscles linearly increased by 25%. These motor 

variable changes are predicted by an increasing contribution from the MR controller across trials. 

As the task transitioned to maximum reliability the MR contribution decayed exponentially and 

the MB contribution increased (measured from force channels). The hand deviation was further 

reduced by 17%, and the EMG activity reverted to baseline while the EMG peak shifted to the 

early movement period indicating anticipation. The arbitration process followed first order linear 

dynamics with a decay factor of 10 trials, with task reliability as its forcing term. This study 

highlights how humans flexibly arbitrate between different control systems to deal with changing 

task conditions 

Disclosures:  H. Kalidindi: None. F. Crevecoeur: None. 

Poster 

548. Motor Learning: Human Psychophysics 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 548.10 

Topic: E.04. Voluntary Movements 

Title: Effects of error size on sensorimotor learning under uncertainty 

Authors: *C. L. HEWITSON1, M. J. CROSSLEY2, D. M. KAPLAN2;  
1Psychology, Yale Univ., New Haven, CT; 2Sch. of Psychological Sci., Macquarie Univ., 

Sydney, Australia 

Abstract: Adaptation of feedforward planning and feedback control of ongoing movements are 

essential error-reduction mechanisms for generating accurate motor behavior. Both the amount 

of adaptation induced by a movement error and the amount of feedback control correction issued 

to compensate for the real-time detection of that error are driven by its magnitude and direction. 

When measured in isolation from one another, the magnitudes of both of these error correction 

processes are inversely scaled by the operative level of sensory uncertainty. However, little is 

known about the role of sensory uncertainty for movement contexts that engage both 

feedforward and feedback correction mechanisms. In recent experiments, we found that in such 

contexts - when movement errors are constrained to be small - the effect of sensory uncertainty 



on feedforward planning does not appear to modulate the error-driven response, but rather, exerts 

a powerful effect on other error-independent processes. However, it remains unknown whether 

this pattern holds for large error sizes. Here, we report on experiments showing that (1) sensory 

uncertainty influences feedforward adaptation in the presence of feedback integration even when 

errors are large, and (2) the influence of sensory uncertainty on feedback integration is eroded by 

large error sizes. This work helps to shed further light on the nature of sensorimotor learning 

under uncertainty. 
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Abstract: Numerous experimental findings suggest that the motor system contains both a 

controller, which generates a necessary motor command from desired outcome, and a predictor 

(or “forward model”), which generates expected outcome from an issued motor command. 

Theory suggests that prediction is inherently easier to learn than control, and it has thus long 

been thought that, when adapting one’s behavior to a novel environment, prediction is learned 

first, and is then used to guide control - potentially through an inversion of the predictor. We 

recently showed, however, that implicit adaptation to a mirror reversal is incompatible with this 

forward-model based account: errors induced by a mirror reversal get amplified, rather reduced, 

from one trial to the next, in a pattern that is incompatible with inversion of an updated predictor, 

but is compatible with a direct update of the controller (Hadjiosif et al., 2021). A limitation of 

this study, however, is that it did not directly dissociate changes in prediction and control and it 

remains unclear whether the predictor itself can adapt to a mirror reversal.We designed an 

experiment to measure both in parallel while reaching under mirror-reversed visual feedback. 

Participants made 2D reaching movements while direct vision of the arm was occluded; instead 

they could receive visual feedback on a screen mounted above their hand. After a 

familiarization/baseline session, we introduced a mirror reversal about the y-axis; this was 

followed by a block in which visual feedback was withheld to investigate how any adaptive 

changes to either predictor or controller decayed in the absence of error.To probe control, we 



used trials where participants moved their hand through specific targets arranged close to the 

mirroring axis. To probe prediction, we used trials in which participants moved to self-selected 

locations close to the mirroring axis without visual feedback and, using the opposite hand, 

reported where they thought their hand just reached. Previous work has shown that such reports 

of hand location are strongly influenced by internal predictions about the consequences of motor 

commands (Synofzik, 2008). Predictor trials were interspersed with control trials at a ratio of 

1:2. If the control function and the prediction function are inverse of each other, then there 

should be a close correspondence between patterns of reach errors in control trials, and reporting 

errors in prediction trials. If control and prediction are distinct functions that are learned 

independently, however, then we should instead expect a dissociation between prediction and 

control. Our results suggest that prediction and control are dissociable. 
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Abstract: Savings refers to the gain in performance upon relearning. In sensorimotor adaptation, 

savings is tested by presenting the same perturbation over two learning blocks, separated by a 

washout phase. Savings has been attributed to the recall of an explicit strategy (e.g., Morehead et 

al. 2015). We have recently shown that implicit adaptation does not contribute to savings but is 

instead attenuated upon relearning (Avraham et al. 2021). Here, we hypothesize that this 

attenuation is due to feedback associated with the washout phase. When the perturbation is 

removed, participants experience an error in the opposite direction, a signal that drives behavior 

back to baseline. This experience may produce interference during relearning. We used a 

visuomotor task that isolates implicit adaptation. While reaching to a target, the cursor followed 

an invariant path with an angular offset from the target. Despite instructions to ignore the cursor, 

participants show implicit adaptation, with the hand path shifting in a direction away from the 

target (and cursor). In Exp 1, we replicated the attenuation effect in one group. For a second 

group, we eliminated all feedback during a long washout phase. This group did not show any 

attenuation, suggesting that attenuated relearning is due to interference from the feedback 

experienced during washout. In Exp 2, we asked if attenuation requires experience with the 



salient opposite errors observed at early stages of washout. We eliminated these large errors by 

applying a rotation that was contingent on hand position, gradually decreasing the size of the 

rotation until the feedback became veridical. We then kept it veridical for an extended washout 

phase. Thus, participants experienced a distribution of small errors that was slightly shifted in the 

direction opposite from the error experienced during learning. Surprisingly, this group showed 

robust attenuation, suggesting that the interference effect does not depend on large opposite 

errors. Lastly, we asked if attenuation requires experience with opposite errors. In Exp 3, we 

tested learning after a long block of trials with veridical feedback. Interestingly, adaptation to a 

subsequent perturbation was attenuated. In Exps 4-6, we replicated this effect within-

participants: The magnitude of attenuation was larger for targets that were previously associated 

with extended experience with veridical feedback. Thus, veridical feedback can produce 

proactive interference when experienced in a context of a subsequent perturbation. Overall, the 

results suggest that the formation and maintenance of motor memories is impacted by 

interference arising from prior experience in a similar context. 
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Abstract: Retention tests conducted after sensorimotor adaptation frequently exhibit a rapid 

return to baseline performance once the altered sensory feedback is removed. This so-called 

washout of learning stands in contrast with other demonstrations of retention, such as, savings on 

relearning and anterograde interference effects of initial learning on new learning. In the present 

study, we tested the hypothesis that washout occurs when there is a detectable discrepancy in 

retention tests between visual information on target position and somatosensory information on 

the position of the limb. Participants were tested following adaptation to gradually rotated visual 

feedback (15 degree or 30 degrees). In preliminary tests, we established that the smaller rotations 

were not detectable during learning and hence that any adaptation which occurred under these 

conditions was a likely consequence of implicit learning. Two different target types were used 

for retention testing, a point target in which a perceptual mismatch is possible, and an arc target 

which eliminated the mismatch. It was found that, with one exception, retention test movements 

were stable throughout after-effect trials, indicating no loss of information. Washout was only 



observed in tests with a single point target, following adaptation to a large amplitude 30-degree 

rotation. This suggests that washout in aftereffect trials following visuomotor adaptation is due to 

a detectable mismatch between vision and somatosensation. Otherwise, there appears to be little 

loss of information. 
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Abstract: When we make a movement, the observed outcomes of that movement sometimes 

differ from our expectations. These sensory prediction errors recalibrate the brain’s internal 

models for motor control, reflected in alterations to subsequent movements that counteract these 

errors (sensorimotor adaptation). Leading theories of motor learning suggest that all forms of 

motor adaptation are driven by learning from sensory prediction errors (e.g., Krakauer et al., 

2019; Hadjiosif et al., 2021). Conversely, dominant models of speech adaptation argue that 

adaptation results from integrating time-advanced copies of corrective feedback commands into 

feedforward motor programs (Guenther, 2016), which has also been suggested for reaching (e.g., 

Kawato et al., 1987; Albert & Shadmehr, 2016). Here, we test these alternative theories of 

speech adaptation by inducing planned, but not executed, speech: while the prediction error 

theory suggests that adaptation should only require a motor plan and a sensory error (Kim et al., 

2022), adaptation in the feedback model requires overt speech acts. Human speakers (n = 17, 

13F/4M) were prompted to speak a word and, on a subset of trials, were rapidly cued to withhold 

the prompted speech. On these “no-go” trials, just after withholding speech, speakers were 

exposed to playback of their own speech from the previous trial with an auditory perturbation of 

the first formant (i.e., the first resonant frequency of the vocal tract that helps to distinguish 

different vowels). Similar perturbations were also applied in real time to a subset of “go” trials to 

induce typical single-trial speech adaptation (Hantzsch et al. 2021). Results indicate that speakers 

adapt to auditory prediction errors on both go and no-go trials, altering the spectral content of the 

spoken vowel on subsequent trials to counteract the formant perturbation. Because adaptation 

occurred even in the absence of any movement, these results suggest that sensory prediction 

errors, rather than corrective motor commands, drive adaptation in speech. 



Given that adaptation in speech has been extensively shown to involve only implicit learning 

processes, the current results solidify recent observations in reaching experiments also 

demonstrating motor adaptation evoked by sensory errors in the absence of overt movement 

(Kim et al., 2022). Our results extend that observation to a more complex movement system, one 

that relies on multi-dimensional auditory feedback rather than visual feedback. Our finding that 

sensory errors drive adaptation in speech even in the absence of movement points to a shared 

computational structure across human motor systems. 
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Abstract: Human motor adaptability is of utmost utility after neurologic injury such as unilateral 

stroke. For successful adaptive control of movements, the nervous system must learn to correctly 

identify the source of a movement error and predictively compensate for it. Current 

understanding is that, in bimanual tasks, this process is flexible such that errors are assigned to, 

and compensated for, by the limb that is most likely to produce those errors. In right-handed 

adults, this is often the less-skilled, non-dominant left hand. After a stroke, muscle weakness, 

spasticity, and motor control deficits in the limb that is contralateral to the side of the stroke 

persist in the chronic phase causing it to become less skilled and produce more movement errors. 

Often, the non-paretic limb engages in prolonged functional practice and new skill learning to 

compensate for the paretic limb. The stark difference between the limbs in the likelihood of 



movement errors and skill renders the chronic stroke model uniquely suited for the study of 

flexibility in the responsibility assignment process. Here, we tested the flexibility of the error 

assignment process in right-handed neurotypical adults (n = 20) and chronic stroke survivors (15 

left and 15 right hemisphere stroke) using a redundant bimanual reaching task in which the hands 

jointly controlled a single cursor. We assayed adaptive control by examining compensation for 

two distinct error signals, within-trial compensation for sensory prediction errors and planned 

trial-by-trial adjustments for target errors. We predicted that errors will be assigned to, and 

compensated for, by the paretic hand, which is now more prone to error, regardless of the 

hemisphere of damage. We found that adaptive control is indeed reversed between hands after 

left hemisphere stroke, such that the paretic right hand predictively compensated for errors in 

cursor direction, more so than the non-paretic left hand. Furthermore, trial-by-trial adaptive 

response of the non-paretic left hand improved with time post stroke supporting the notion that 

adaptive control is learned and refined over time with practice. In individuals with right 

hemisphere stroke, however, rather than an exaggeration of existing interlimb asymmetries, 

adaptive control was lost for both hands. The loss of adaptive control observed in the right 

hemisphere stroke group seems inconsistent with the idea that responsibility assignment is fully 

flexible. The lack of compensatory adjustments for both types of errors in the right hemisphere 

stroke group point to the importance of right hemisphere circuits for flexible adaptive control of 

visually guided bimanual reaching movements. 
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Abstract: What is the role of conscious awareness in motor adaptation? Studies on simple forms 

of associative and perceptual learning posit that learning can occur over subliminal inputs 

(Rosenthal et al., 2016; Pessiglioni et al., 2008). Crucially, some of this work has been called 

into question on methodological grounds (Skora et al., 2021), suggesting that key human 

learning processes may actually require conscious inputs. Although there is general agreement 

that the effects of motor adaptation on movement kinematics are implicit (Taylor et al., 2014; 

Tsay et al., 2020), it is not clear if adaptation is implicit “end-to-end.” Here we ask if inputs to 

the adaptation system (i.e., errors) function when they are not consciously perceived. 

Subjects performed an error-clamp task that isolates implicit motor adaptation (Morehead et al., 



2017), moving to a single target using a mouse. At the start of movement, a visual mask was 

displayed (forward masking) and then quickly removed for a short interval during movement to 

reveal a feedback cursor rotated by 15° either CW or CCW (with direction randomized across 

trials). To induce unconscious perception, we rapidly applied a second mask (backward masking) 

after feedback exposure (Skora et al., 2021). Following each movement, subjects performed a 

forced choice concerning whether they perceived the feedback cursor or not. To maintain near-

threshold conscious perception, we set the duration of error exposure using an adaptive staircase 

procedure. As expected, subjects showed significant single-trial motor adaptation following 

consciously detected error feedback. Crucially, adaptation was not seen following subliminal 

errors, and Bayes factors demonstrated strong evidence for the absence of adaptation on these 

trials. The amount of error exposure (i.e., the number of frames of visual error feedback) did not 

drive these effects, suggesting that differences in error exposure time could not explain the result. 

These findings provide evidence that motor adaptation does not proceed without conscious 

awareness of errors. 
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Abstract: Therapists use motor learning as a framework to help individuals with stroke relearn 

motor skills that are important for daily living. Past studies have shown the capacity to learn and 

adapt arm movements after stroke may be linked with motor impairment as measured by some 

clinical scales (e.g. Fugl-Meyer Assessment and Chedoke McMaster Stroke Assessment). 

However, these observer-based ordinal scales may not fully capture movement quality. There is 

consensus that detailed kinematic measures are needed to understand the relationship between 

motor control and learning, and that the approach may help identify behavioural biomarkers of 

motor recovery after stroke. Here, we examined the relationship between how individuals adapt 

their reaching movements to a visuomotor rotation and performance on a visually guided 

reaching task. Adults with first-time unilateral stroke were recruited within the sub-acute and 



chronic stages of recovery. Controls matched for overall age and sex were recruited from the 

community. Subjects performed 1) a visuomotor adaptation task and 2) a visually guided 

reaching task in a Kinarm exoskeleton robot. Virtual targets and hand feedback were displayed 

in the subject’s workspace using a virtual reality system. The adaptation task required subjects to 

reach back-and-forth between two targets (10 cm reach). Subjects performed 25 baseline trials 

with the feedback cursor aligned with their fingertip to measure their typical movement patterns. 

Subjects then made 125 movements with a 30 degree counter-clockwise rotation imposed on the 

motion of the feedback cursor. The angular deviation of the hand was measured 150 ms after the 

onset of each movement. This measure was used to assess the amount each subject adapted their 

movements and the number of trials they required to adapt to the rotation. The visually guided 

reaching task required that subjects reach from a central target to one of eight peripheral targets 

(10 cm reach). Kinematic measures assessed the straightness, smoothness, and timing of each 

movement. Group contrasts were conducted using bootstrap hypothesis tests. Spearman’s 

correlations were used to examine relationships between motor adaptation and control measures. 

Subjects with stroke (n = 36) adapted slower and less than controls (n = 43). Impaired kinematics 

in the visually guided reaching task were associated with slower and reduced adaptation. Our 

results provide a deeper understanding of the link between impairments in motor control and 

adaptation after stroke. More research is needed to understand the link between motor learning, 

adaptation, and long-term motor recovery after stroke. 
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Abstract: Two classes of interventions to reduce age-related declines in cognition center on 

physical exercise and cognitive training. Recent studies suggest that virtual reality games offer 

one platform for cognitive training, an engaging approach that should lead to better participant 

retention. This has motivated a new area of research at the intersection of physical fitness and 

gaming, or what has been called, “exergaming.” Here, we asked whether exercising in an 



immersive virtual reality platform would benefit cognition more than exercising alone. To test 

this, we compared the benefits of two types of exercise (n = 10 per group) on a battery of 

cognitive and sensorimotor control tasks. The immersive VR group played VR games while 

exercising on a customized treadmill system; the control exercise-only group exercised without 

the VR games. We evaluated cognition using the Adaptive Cognitive Evaluation (ACE), a 

battery that assesses attention, goal management, and working memory. We evaluated 

sensorimotor abilities with the Clinical Kinematic Assessment Tool, a battery that assesses 

human kinematics such as reaction time, movement time, and path accuracy in response to 

interactive visual stimuli. Each participant completed the psychometric assessment at four time 

points throughout the study: At initial study enrollment, after a two-week delay prior to the 

exercise program, and halfway and at the end of the exercise program. The exercise program 

lasted four weeks (three 35-minute sessions/week). We included two assessments prior to onset 

of the exercise to gauge performance changes due to time and/or repetition. All participants 

completed the trial and based on subjective reports, found the VR treadmill engaging and 

enjoyable. Individual differences were relatively stable across the assessments, indicating 

reasonable reliability of our measures. Preliminary results fail to show differences in 

improvement across sessions between the exercise-only and VR groups on any of the tasks. 

However, the initial results also point to limitations with our pilot study. The sample was 

composed of college students and most exercised on a regular basis. As such, the exercise 

intervention may not have been intensive enough to confer additional benefits. Additionally, 

performance on many of the tasks showed little improvement over time, pointing to a possible 

ceiling effect on these tasks for this population. Testing with older adults, including those who 

are more sedentary, would likely provide a more sensitive assay of the benefits of VR-enhanced 

exercise. 
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Abstract: Alzheimer’s disease (AD) is the most common cause of dementia. The initial stages of 

the disease (referred to as mild cognitive impairment) are characterized by deficits in declarative 

memory, the recollection of explicit facts and events. Motor learning is traditionally viewed as a 

form of procedural learning, defined as the process of (re)gaining or retaining a given level of 

motor performance. While some studies suggest that AD patients are still able to (re)learn motor 

tasks, it is not clear how this motor learning is achieved. 

Research in cognitively unimpaired participants has described motor adaptation as the sum of a 

fast process that learns and forgets quickly and a slow process that learns and forgets slowly. 

Because the fast process is driven by large, explicit errors, it has been suggested that it shares 

similarities with the declarative memory system. We therefore hypothesized that in AD patients 

the fast learning process is disturbed while adaptation follows the slow process that is still intact. 

Using a force-field adaptation task we evaluated the contribution of fast and slow processes of 

motor adaptation in AD patients (n = 20, age range 55-87, mean MoCA score 20.1, clinical 

dementia rating 0.5 - 1). Control groups were age-matched cognitively unimpaired participants 

(n = 21, mean MoCA score 26.4) and young healthy participants (n = 20). Participants performed 

reaching movements to a target while holding the handle of a robotic manipulandum. The 

experiment started with 100 trials without a force-field perturbing the reach, followed by 240 

trials of a clock-wise force field with interspersed error-clamp trials, 30 trials of a counter-

clockwise force-field and ended with 50 error-clamp trials. Motor adaptation was measured 

using the error-clamp trials in which participants reach to the target, but the movement was 

constrained to a straight line using a virtual channel, while the force in the channel was recorded. 

We computed the adaptation index (AI), i.e. the relative force that participants produced against 

the channel walls. 

We used a hierarchical Bayesian two-state model to capture the dynamics of the AI by a fast and 

slow process. Our preliminary analyses are in line with previous observations showing that AD 

patients have selective deficits in motor adaptation, with a lower overall adaptation, and a time 

course that mostly hints at a slow learning process. Further analyses are currently under way to 

examine how AD patients differ from their age-matched controls as well as from young 

participants. 
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Abstract: In sensorimotor adaptation, savings is defined as the faster relearning of a task that has 

been learned before. However, which of the many mechanisms that contribute to adaptation 

gives rise to savings, remains a matter of debate. One view is that savings arises from the recall 

of verbally-sensitive cognitive strategies employed largely to cancel out task performance errors 

during initial learning. However, other studies have argued that savings results from the 

operation of implicit mechanisms that bring about a reduction in limb-related sensory prediction 

errors. A primary reason for this debate is the difficulty associated with isolating the 

contributions of implicit and explicit mechanisms during adaptation. In order to address this 

issue, here we employed adaptation paradigms in which error reduction occurs either through 

implicit processes or explicit strategies, and then probed for savings during re-exposure to the 

same errors. Our first group of participants underwent visuomotor adaptation under conditions in 

which motion of the feedback cursor was clamped in a fixed direction regardless of the 

underlying hand motion. Furthermore, they were asked to ignore the cursor and reach to the on-

screen target. Learning under such conditions is thought to proceed entirely implicitly, but it is 

unclear if any explicit strategies are also employed since a task error is always present. 

Following adaptation under these conditions, when subjects were re-exposed to the same error in 

a canonical visuomotor adaptation task, we did not find that learning was any faster than that of a 

control group that had not undergone any prior implicit learning. In other words, there was no 

evidence of savings. In a second group, we proceeded to remove any potential explicit learning 

by also shifting the location of the reach target such that the clamped cursor would always hit it, 

thereby eliminating task errors. Again, we found no evidence for savings in this group. Finally, a 

third group of subjects performed a task where the target jumped to a new location thereby 

producing a task error, but cursor feedback always remained veridical with the hand thereby 

eliminating any sensory prediction error. This ensured that learning occurred purely strategically 

and implicit mechanisms were not engaged. When this group was exposed to a rotation 

thereafter, they learned remarkably faster than controls, and demonstrated clear savings. 

Collectively, our results demonstrate that explicit strategy-driven mechanisms are necessary and 

sufficient to produce savings, and implicit-learning mechanisms do not contribute to faster 

relearning. 
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Abstract: Early in the process of learning a new skill, performance is typically thought to be 

cognitively demanding. For example, when initially learning to drive a car, it can be difficult to 

focus on anything other than driving, such as holding a conversation. However, with more 

practice, driving will demand fewer cognitive resources, allowing one to simultaneously perform 

other activities. Spatial working memory, in particular, has been suggested to be a key resource 

for learning visuomotor skills; abilities such as performing mental rotations and holding multiple 

spatial locations in working memory have been implicated as critical cognitive processes for 

motor skill learning. While the role of cognition has been explored in sensorimotor adaptation 

tasks, such as visuomotor rotations, these tasks may not provide a general model of skill learning 

as they can typically be learned quickly (within minutes) and are known to depend on implicit 

recalibration. Instead, we performed an experiment to examine whether, early in learning, spatial 

working memory would be required for the performance of "de novo" learned skills, i.e., skills 

that are learned from scratch. Participants (n = 16) learned to control an on-screen cursor using a 

non-intuitive bimanual mapping by performing point-to-point reaches. Previously, we have 

demonstrated that this mapping is learned de novo and that participants require roughly five days 

of practice for their performance improvements to asymptote. After two days of practice (i.e., 

early in learning), we measured the extent to which participants' ability to control the cursor 

under the bimanual mapping became worse while they simultaneously performed two other tasks 

that required spatial working memory. The first task involved mentally rotating one's reaching 

goal. The second task involved reaching towards the remembered positions of a sequence of 

targets. If the kinematic quality of participants' bimanual control declined relative to baseline 

while simultaneously performing the two tasks, this would suggest that the performance of the 

bimanual mapping depended on the cognitive resources that these tasks engaged. Surprisingly, 

we did not find any difference in the effect of the additional tasks on bimanual versus baseline 

control of the cursor. Critically, we did observe dual task interference between the two additional 

tasks, demonstrating that our results could not be explained by the fact that the tasks we chose 

were simply not cognitively demanding. These data suggest that the spatial working memory 

demands of performing motor skills can be low early in learning, even before one has become 

highly skilled. 
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Abstract: Perturbing movement-related sensory feedback typically leads to implicit, temporary, 

and reversible recalibration of the motor controller involved - a characteristic of established 

controllers involved in, e.g., arm reaching. Here we ask whether this kind of adaptability can 

arise in newly acquired controllers associated with a novel skill. We hypothesized that a well-

practiced skill would exhibit implicit adaptation to an imposed perturbation similar to an 

established behavior like reaching, but that this capacity would not be present when the skill is 

less practiced. 

We challenged healthy participants to learn a new skill in which they were required to control an 

on-screen cursor to a series of targets via a novel mapping from their hands to the cursor 

position. Forward-backward movement of the left hand controlled left-right movement of the 

cursor, and left-right movement of the right hand controlled forward-backward movement of the 

cursor. We have previously shown that this task is not learned through adaptation but is instead 

learned by building a new controller “do novo” over multiple days of practice (Haith et al., 

2021). We compared two groups who either had substantial experience with the task 

(Experienced group, 6 day experience) or minimal experience (Novice group, 1 day experience). 

To evaluate how the newly learned skill would adapt to a perturbation, we subsequently exposed 

participants to a 15° visual-clamp perturbation (Morehead et al., 2017) in a center-out, target-

shooting paradigm. To ensure that we only elicited implicit learning mechanisms, participants 

were told to keep aiming their (bimanually-controlled) hand to the target - an instruction 

mirroring what’s told to participants in the standard, unimanual version of the task. This 15° 

visual-clamp was followed by a decay block in which the visual-clamp was set to zero, to 

observe the decay of adaptive changes in the absence of visual error. 

The Experienced group implicitly adapted to the visual-clamp, with performance gradually 

drifting away from the target to about 20° and resulting in aftereffects that decayed gradually in 

subsequent zero-error clamp trials - paralleling established findings for reaching movements. In 

the Novice group, implicit adaptation to the visual-clamp was markedly reduced and any 

adaptive changes that did occur did not exhibit decay in zero-error clamp trials, suggesting a 

more permanent reconfiguration of the previously learned controller. Our results suggest that 

implicit, reversible recalibration in response to sensory errors can occur for a de novo learned 

controller, but only emerges after sufficient practice. 
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Abstract: Research surrounding human augmentation and restoration technologies has sought to 

understand the flexibility of neural body representations to support the control of external 

devices, a concept known as technological embodiment. To test the validity of this framework in 

the brain, we investigated the neural representations supporting both biological and robotic 

hands, in the context of a longitudinal robotic hand training study. We trained two groups of 

able-bodied participants (n = 40) to use a multi-articulating myoelectric robotic hand over the 

course of four days (2 hours/day). The robotic hand was attached to participant’s left arm and 

was operated by an 8-channel EMG pattern recognition system. Additionally, a separate control 

group (n = 20) was tested with the robotic hand without training. All participants underwent 

functional MRI (fMRI) scans before and after training (1-week apart for the controls). To 

characterize both visual and motor features of hand representation, participants performed a 

visuomotor task that required participants to either execute a specific hand gesture or to observe 

a first-person video of either a biological or robotic hand performing a gesture. Here, we 

primarily focus on the pre-training fMRI data (n = 60) to characterize the representational 

differences that exist between biological and robotic hands prior to training. Using 

representational similarity analysis, we measured differences in the representational structure of 

biological and robotic hands. Within visual brain regions associated with hands and tools, we 

observe a similar representational structure for viewing biological and robotic hands. Further, 

there was a distinct representational structure for executing gestures. However, we observed 

limited correspondence between the representational structure when viewing biological hand 

gestures and executing the same gestures. Ongoing analyses will attempt to decode across 

modalities (action, observation) and hand-type (robotic, biological) in occipitotemporal, 

sensorimotor, premotor, and parietal regions of interest. Overall, this work provides a critical 

framework for exploring the neural capacity for technological embodiment. 
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Abstract: For individuals missing a limb, the development of robotic prostheses and their 

control often centers on embodiment as the ultimate goal: making devices more like the 

biological system (biomimetic). The untested assumption is that by using control strategies that 

are biomimetic, the user is likely to recruit already existing motor skill to control the prosthesis, 

therefore providing more intuitive control which will reduce the burden of skill training and 

improve the generalizability of learning. However, given clear differences between biological 

and prosthetic limbs, biomimetic control strategies might actually hinder usage, due to known 

neurocognitive bottlenecks. We compared two motor control strategies in participants controlling 

a robotic hand: biomimetic (mimicking the desired movement with their own hand) versus 

arbitrary (pairing an unrelated hand gesture with the desired movement). We focused on skill 

learning and generalizability. To accomplish this, we trained two groups of able-bodied 

participants (n = 40) to use a multi-articulating myoelectric robotic hand over the course of five 

days (2 hours/day). The robotic hand was attached to participant’s left arm and was operated by 

an 8-channel EMG pattern recognition system, positioned around the forearm. Additionally, a 

separate control group (n = 20) was tested with the robotic hand without training. We used pre- 

and post- comparison measures to assess behavioural outcomes of robotic hand usage. 

Questionnaires for explicit sense of embodiment revealed increased embodiment over the robotic 

hand specifically in the trained users, with no differences across motor control strategies. The 

biomimetic group performed better than the arbitrary group on speed tasks, but both groups 

performed similarly on other aspects of robotic hand control (i.e. grasping precision and gesture 

switching). Crucially, when assessing how well the training generalized to a novel hybrid control 

strategy, the biomimetic group showed no benefits of training, and performed similarly to the no-

training control group. In contrast, the arbitrary users showed significant behavioural gains 

which were further reflected in subjective ratings for control difficulty, relative to both other 

groups. Overall, our findings suggest that biomimetic and arbitrary control strategies may 

provide different benefits. The best strategy likely depends on the strengths of the technology, 

training opportunities and user requirements. 
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Abstract: Brain-computer interface (BCI) control of high degree of freedom (DoF) assistive 

devices (such as a robotic arm) have enormous potential in enabling reach-to-grasp function in 

human patients with severe motor disabilities. While impressive proof-of-principle 

demonstrations have been shown using spike-based BCIs, clinical translation to daily use has 

been challenging due to the difficulty in achieving daily reliable control of high DoF assistive 

devices, with long decoder calibration times and learning periods. Our recent work (Silversmith 

et. al., 2020) has shown that the stability of mesoscale electrocorticographic signals (ECoG) can 

be used to track neural plasticity and decoder learning, resulting in stable ‘plug-and-play’ (PnP) 

BCI control without the need for recalibration; however, this was done in the context of 2D 

cursor control. Here, we present a framework of leveraging the stability of ECoG, its 

representational content (Natraj et. al., 2022) and its ability to track neural plasticity across 

different time scales to achieve reliable PnP control of high DoF BCIs with minimal training and 

across a wide variety of use-contexts. Our BCI system involved a 128 channel ECoG grid placed 

over left sensorimotor cortex in a right-handed male tetraplegic. We extracted delta (0.5-4Hz), 

beta (13-30Hz) and high gamma (70-150Hz) power at each channel, subsequently binned at 5Hz. 

We first show that stable neural representations for imagined actions of the entire body are 

encoded by the single unihemispheric grid, with diverse spatial activations specific to the 

imagined action. The mesoscale representations were remarkably stable at the single trial level, 

allowing us to seed and rapidly consolidate a discrete high DoF decoder. We found evidence of 

rapid plasticity from imagined seeding to online BCI control, assessed using deep autoencoders, 

both within a single session and across a few days, resulting in a PnP high DoF decoder that was 

stable for up to 4 weeks (~2 bits per second on average). This decoder was then used to provide 



user-inputs to control the 3D pose and gripper dynamics of a Kinova Jaco robotic arm. Our 

subject was able to proficiently control the robotic arm for reaching and grasping across a wide-

variety of use-contexts (horizontal vs. vertical), perspectives (left-handed vs. right-handed, 

allocentric vs. egocentric) and environments (virtual vs. real-world physical). Median task 

completion times for reaching, grasping and object transport was 45s, with an accuracy of 100% 

within a week of practice. Our results thus highlight the potential of leveraging the rapid 

representational neural plasticity with ECoG for stable high DoF BCIs. 

Disclosures:  N. Natraj: None. S. Seko: None. R. Abiri: None. A. Tu-Chan: None. E.F. 

Chang: None. K. Ganguly: None. 

Poster 

549. Neuroprosthetics, Brain Computer Interfaces, and Body Machine Interfaces: Motor 

Learning and Plasticity 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 549.04 

Topic: E.05. Brain-Machine Interface 

Support: ERC Grant Agreement No. 864729 

DGA AID 

Title: Comparison of strategies to elicit motor imagery-related brain patterns in multimodal BCI 

settings 

Authors: *T. VENOT1, A. DESBOIS1, M.-C. CORSI1, L. HUGUEVILLE2, L. SAINT-

BAUZEL3, F. DE VICO FALLANI1;  
1Sorbonne Université, Inst. du Cerveau - Paris Brain Inst. - ICM, CNRS, Inria, Inserm, AP-HP, 

Hôpital de la Pitié Salpêtrière, Paris, France; 2Sorbonne Université, Inst. du Cerveau - Paris 

Brain Inst. - ICM, CNRS, Inserm, AP-HP, Hôpital de la Pitié Salpêtrière, Paris, France; 3ISIR, 

Sorbonne Univ., Paris, France 

Abstract: Cognitive tasks such as motor imagery (MI) used in Brain Machine Interface (BMI) 

present many issues: they are demanding, often counter-intuitive, and complex to describe to the 

subject during the instruction. Engaging feedback related to brain activity are key to maintain the 

subject involved in the task. We build a framework where the subject controls a robotic arm both 

by gaze and brain activity in an enriched environment using eye tracking glasses and electro-

encephalography (EEG). 

In our study, we tackle the important question of the preferable moment to perform the MI task 

in the context of the robotic arm control. To answer this question, we design a protocol where 

subjects are placed in front of the robotic arm and choose with gaze which object to seize. Then 

based on stimuli blended in an augmented table, the subjects perform MI or resting state tasks. 

The stimuli consist of a red (MI) or blue (Resting) dot circling the object to seize. At the end of a 

MI task, the hand should close. There are three strategies corresponding to three different 



moments when to perform the mental task, 1) after the robot’s movement towards the object, 2) 

before the robot’s movement, 3) during the robot’s movement. The experimentation is split into a 

calibration and two control phases, in the calibration phase, the hand always close during MI 

task, and in the control phases, it relies on the subject’s brain activity. 

We used power spectral density estimates using Burg Auto regressive method to differentiate 

between MI and resting state in the alpha and beta bands (8-35 Hz). 

Our method to compare the strategies relies on classification performance (LDA 2 classes) using 

sensitivity scores and statistical differences between conditions (R-squared map). 

The early results on the first 10 subjects only showed significant differences between strategy 1 

and 2 in terms of offline classification using SVM with RBF kernel (p < 0.01 on sensitivity, 2-

way permuted ANOVA test) and online performance scores. In all subjects this difference was 

accompanied by a significant brain activity localized in the sensorimotor cortex (p <0.01 

between MI and resting state using Wilcoxon test). These findings indicated that providing 

subjects with eye-gaze control increase their sense of agency and improve the subsequent BCI 

accuracy. 

Taken together, our results indicate that the moment when to perform a MI in a BCI task is 

crucial to the overall system performance. 
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Abstract: Non-invasive brain computer interfaces (BCIs) present promising solutions for 

patients with neuromuscular impairments by providing alternative interaction channels for the 

control of a wide range of assistive devices. BCIs are commonly controlled through the 

imagination of limb movements - motor imagery (MI), which relies on voluntarily modulated 

sensorimotor rhythms (SMRs) that can be detected noninvasively from brain signals and then 

translated into external commands. However, a major challenge in controlling MI-based BCIs is 

the instability of SMRs, which require feedback training for MI skill acquisition. Recent research 



has shown that coupling BCI training with cortical or peripheral electrical stimulation leads to 

neurophysiological changes that correlate with enhanced MI skills. While such approaches aimed 

at increasing the excitability of the sensorimotor networks within the corticospinal tract, less 

focus has been given to the inhibitory circuits involved in MI. As an emerging stimulation 

technique, Transcutaneous Electrical Spinal Stimulation (TESS) has shown excitatory effects at 

the spinal level and inhibitory effects at the cortical level. It has also demonstrated great potential 

in motor rehabilitation and functional recovery. We show that incorporating TESS in BCI 

training fosters MI skill acquisition and leads to better and faster BCI control. Within a 

controlled BCI study, 10 out of 20 participants received 20 minutes of TESS before each MI 

session in a five-days training protocol. We found significant improvement in BCI performance, 

measured by the percentage of time participants correctly control the interface, after two training 

sessions in the TESS group (p < 0.001, n=40, Linear Mixed-effect (LME) modeling) opposed to 

four sessions in the control (p < 0.005, n=40, LME). Notably, the TESS group had significantly 

better performance compared to the control starting on the second training session (p < 0.001, 

n=40) until the end of training (TESS: 74.4% ± 13.5%, Control: 62.9% ± 19.5%, p < 0.01, n=40, 

LME). The performance in the TESS group was also correlated with evidence of increased focal 

activation and functional reorganization in cortical networks, which is consistent with the 

expected focal activation/surround inhibition phenomenon during MI. In contrast to previous 

works, our findings highlight the role of inhibition in MI skill acquisition. We propose that using 

TESS to induce cortical inhibition before focally activating the motor cortex with MI promotes 

the acquisition of the MI skill for better BCI control. This not only has implications for replacing 

lost functions, but also for rehabilitation. 
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Abstract: Human motor control is predicated on the ability for the motor system to generate 

efferent commands that travel to a specific muscle as well as receive afferent feedback 



throughout a movement. Following a neurological injury or trauma however, there may be 

disruption to this feedback cycle which manifests as impairment in sensorimotor control during 

motor actions. The goal of this project was to develop a novel brain-computer interface (BCI) 

rehabilitation technology that records cortical and muscle activity and provides this as 

neurofeedback to individuals using a visual display to improve sensorimotor control following 

neurological injury. Simultaneous recording of electroencephalography (EEG) and 

electromyography (EMG) allows for the calculation of corticomuscular coherence (CMC) and 

can be used as neurofeedback reflecting both cortical and muscular involvement in the real-time 

control of movement. CMC is suggested to reflect the flow of information from the sensorimotor 

cortex to the muscle, as well as feedback from the limb back to the brain. CMC has been used to 

assess improvement during post-stroke motor recovery, however, its use as a method of 

rehabilitation has not yet been explored. In this BCI application, EMG and EEG signals are 

simultaneously recorded during a movement and processed to remove noise and increase feature 

separation between the two signals. Specifically, the mu band is extracted from the EEG signal 

from channels positioned over the contralateral sensorimotor cortex and surface EMG from the 

enervated muscle. CMC is calculated using the correlation between band-limited power time-

courses method. This method computes the correlation between event related desynchronization 

observed in EEG and the increase in power in EMG during a movement. This method allows for 

CMC to be provided as neurofeedback after each trial as traditional methods for estimating CMC 

from single trial data can be inaccurate. The calculated CMC value is the neurofeedback that is 

presented to the participant as a correlation (0 to 100%) after each action. This feedback allows 

participants to engage in and modify cortical processes implicated in sensorimotor control that 

are not normally perceptible. CMC can be intentionally modulated through different mental 

strategies such as mental imagery and attention, which can improve synchronization between the 

brain and active muscle. This novel technology may have beneficial impact as a rehabilitation 

tool in clinical populations such as stroke, incomplete spinal cord injury, and chronic pain to 

improve sensorimotor control and improve activities of daily living and quality of life. 
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Abstract: Action observation (AO) and peripheral electrical stimulation (PES) are conventional 

methods used to enhance rehabilitation outcomes by promoting neural plasticity. In providing 

AO and PES simultaneously, one’s attentional state could affect the brain plasticity. Brain-

computer interface (BCI) is one of promising techniques which can enable the identification of 

subjects’ intentions and attentional state so that it could provide them with brain state-dependent 

feedback. In this study, we assessed the effects of attentional state-dependent feedback in the 

combined application of BCI-AO with PES on sensorimotor cortical activation in patients after 

stroke. Our approach involved showing all participants a video with repetitive grasping actions 

under two different tasks. One condition has feedback stimulation controlled by BCI and other 

conditions have feedback stimulation provided regardless of subjects’ attentional state. There 

were significant differences in mu suppression in the affected motor and frontal cortices in stroke 

patients between two conditions. The involvement of both frontal and motor cortices became 

prominent in BCI-AO+triggered PES tasks in which feedback was given to patients according to 

their attentive watching, while conditions in which the condition in which the stimulation was 

not controlled showed activations only in the occipital lobe which processes visual information. 

Our findings suggest that synchronous stimulation according to patient attention is important in 

combining BCI-AO feedback with PES for the neurorehabilitation of stroke patients. BCI-AO 

feedback combined with PES is shown to be more effective for facilitating sensorimotor cortical 

activation in the affected hemispheres of stroke patients. 
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Abstract: Objective Stroke often results in upper extremity motor impairment which can be 

characterized by a loss of function and capacity in one or both hands. Stroke-impaired hand 

strength and quality of function are deficits that negatively impact activities of daily living for 

survivors, limiting their independence. Multimodal BCI-FES interventions show efficacy in 

rehabilitating stroke-impaired hand function. This analysis seeks to determine if multimodal 

BCI-FES intervention is able to deliver perceivable improvements in hand function relative to a 

time-matched control group of stroke survivors. Methods Stroke survivors were randomized to 

either an immediate BCI-FES intervention group (n = 35, 16 females, mean age 62 yrs±12.8 yrs) 

where they completed <30 hours of multimodal BCI-FES intervention, or to a waitlist control 

(n= 21, 9 females, mean age 59.4 yrs±14.2 yrs) that was time matched to the intervention phase, 

after which the stroke control participants crossed over into the intervention phase. All were 

assessed with behavioral measures at baseline (M1), midpoint of intervention (M2), and at 

completion (M3) that included the Stroke Impact Scale-strength (SIS-S) domain and the Motor 

Activity Log’s How Well scale (MAL-HW). Means at each timepoint were calculated for each 

phase and compared using independent samples t-tests. Results There were greater mean scores 

at each timepoint in intervention compared to controls in SIS-S and MAL-HW and greater mean 

change for intervention compared to the waitlist control in both measures (SIS-S intervention 

mean difference = 0.257, SD=±0.78, SIS-S waitlist control mean difference = 0.1904, 

SD=±1.078) (MAL-HW intervention mean difference = 2.91, SD=±0.801, MAL-HW waitlist 

control mean difference = 2.29, SD=±2.702) though mean change over time in either measure 

was not significantly different between the groups. The mean differences over time (M1 to M3) 

between the groups were not significant in either the SIS-S or the MAL-HW measures. Mean 

differences at completion between the intervention and waitlist control groups were also 

recorded in SIS-S (mean difference = 0.11, SD=±0.13) and MAL-HW (mean difference = 2.27, 

SD=±1.95), however, neither difference reached significance. Discussion While participants in 

the intervention phase may report greater improvements in perceived stroke-impaired hand 

function as compared to controls, the difference between means and outcome measure over time 

are not significant. Conclusion Multimodal BCI-FES can induce clinically meaningful motor 

recovery to the BCI-FES users but, in this sample, perceived change as well as change reported 

by participants are not significant. 
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Abstract: Introduction: There are limited therapy options for stroke survivors with severe arm 

impairment. Repetitive task practice facilitates recovery, but standard therapy for severe stroke 

tends to yield low doses of practice. Telerehabilitation can increase the dose of therapy, but 

many paradigms rely on active movement, rendering them inappropriate for severe cases. 

Electromyography (EMG) biofeedback provides high repetition arm training in the absence of 

active movement and has been shown to reduce synergies and improve motor control. The 

purpose of this exploratory study is to present preliminary data from an at-home EMG 

biofeedback system (Tele-REINVENT) for severe post-stroke upper extremity 

hemiparesis.Methods: Tele-REINVENT is a neurofeedback system that acquires, processes, and 

transforms surface EMG signals into game activity. We piloted Tele-REINVENT with 4 chronic 

stroke survivors (age=56-74 years) with severe hemiparesis. Participants were asked to use Tele-

REINVENT for 30, 1-hour remote sessions over 6 weeks. Signals were recorded from 

antagonistic muscles in the affected arm as participants attempted wrist extension in the games. 

The system reinforced individuated muscle activity by calculating a ratio of extensor to flexor 

activity and rewarding extensor recruitment in the game. Additionally, we collected clinical 

assessment data, including the Fugl-Meyer Assessment, Action Research Arm Test, grip 

strength, and range of motion (ROM) during in-person evaluations before and after the remote 

sessions. Finally, we also included a test of isometric muscle control during these 

evaluations.Results: Results from the pilot data suggest greater individuation of muscle activity 

across the 6-week trial and modest improvement on clinical assessments. Participants 

demonstrated improved isolated extension during the muscle control test, which was statistically 

significant for two of them. Furthermore, average muscle activity during the sessions improved 

for 3 of 4 participants; however, only 1 showed a statistically significant improvement. Finally, 

all participants showed improvements in different clinical assessments. However, the only 

improvement consistent across all participants was passive extension ROM. Conclusion: Tele-

REINVENT is a promising telerehabilitation option to improve sensorimotor function for stroke 

survivors with severe hemiparesis. Despite a small sample, preliminary results suggest Tele-

REINVENT is feasible and may reduce dysfunctional coactivation. Future work will examine 

the efficacy of Tele-REINVENT and characterize recovery patterns to determine for whom Tele-

REINVENT is most appropriate. 
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Abstract: Strokes are a leading cause of lifelong disability (e.g., impaired hand function). 

Therefore, stroke survivors must undergo extensive therapies to attempt to regain motor control. 

Certain technologies are being developed to help improve these rehabilitation strategies. Brain-

computer interfaces (BCIs) offer disabled individuals the means to interact with external devices 

by decoding electroencephalogram (EEG) signals. In the case of hand rehabilitation, integrating 

a BCI system with a sensor glove can provide vital information on fine motor control in 

individuals with large cortical lesions. Here we investigate the feasibility of predicting motor 

effort from the EEG associated with graded finger extension as measured by a sensor glove in 

stroke patients with left-hand paresis and healthy controls of similar age. Following an IRB-

approved protocol, participants extended fingers of one hand in response to visual cues to one of 

four levels: low, medium, high, or “no-go” (i.e., none). Hand, extensor muscle, and brain activity 

were monitored using motion capture, electromyography (EMG), and EEG (32 channels), 

respectively. Event-related desynchronization (ERD) of the sensorimotor EEG was measured as 

the 8-30 Hz signal power at each scalp location relative to a pre-trial reference period. A 

quadratic classifier was trained on this ERD feature vector to predict the level of finger extension 

and its accuracy assessed using k-fold cross-validation in each participant. In both stroke and 

control groups, the ERD classifier gave 46-67% accuracy per target on either hand—much 

greater than chance (25%)—despite severe spasticity in the stroke-impaired hand. In contrast, an 

EMG power classifier gave only 34-44% accuracy per target on the stroke-impaired hand but 44-

97% in the unimpaired hand and in controls. Hence, the EEG captures the effort or intent 

associated with finger extension regardless of success or failure in the task. The motion capture 

glove provided confirmation of attempted or accomplished movement. Work is ongoing to 

extend this protocol to include hand contraction and grip force using a custom-designed sensor 

glove. This system could be useful in rehabilitative BCI protocols that emphasize fine control. 
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Abstract: Body-Machine Interfaces (BoMIs) exploit the many degrees of freedom of the body 

by mapping them into a smaller number of commands that are used to control a device. Due to 

this feature, BoMIs can be used to evaluate how a user’s internal model of the body and device 

changes over time when learning a new skill. Studies have shown how, despite presenting 

subjects with an ill-posed inverse problem, through training, BoMI users converged to a stable 

model. So far, motor learning has been considered as a process taking place within single 

individuals. Here, we focus on how shared practice of a new skill by a group affects the 

concurrent individual and collective learning dynamics. Our aim was to characterize and 

compare learning as it occurs when using a BoMI solo or in a dyadic manner and also to 

investigate the evolution of the related internal models through time. We recruited 20 pairs of 

naïve participants. Each participant controlled a cursor presented on two computer monitors. 

Body motions captured by 4 Inertial Measurement Units, positioned on the upper arms of both 

users, were mapped onto the positions of the two cursors. Participants performed a reaching task 

and underwent 3 phases of training:1-individual, 2-social and 3-individual practice. The body-to-

cursor map changed according to the type of practice. In phases 1 and 3 each participant used an 

individual map and had complete control of their computer cursor. In phase 2 participants shared 



cursor control via a common map, and the same cursor positions were displayed on both screens. 

With practice, all participants learned to control the cursor. When investigating their behaviour 

during phase 2, we observed how, in each couple, one participant contributed more than the other 

to the task performance. We compared these 2 responses and, despite not noticing a difference in 

the individual performance either before or after social practice, we observed a difference in the 

evolution of their individual inverse model. In phase 2, participants who contributed less to the 

cursor’s control adopted a new model when sharing the cursor, while those who contributed 

more kept a consistent model, similar to that used in the individual practice. Results indicate that 

synergic learning is likely to influence the evolution of the inverse model even after an initial 

individual practice. It remains to be established how different types of interactions guide the 

formation and evolution of the internal model when learning a new skill. 
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Abstract: Background: Changes in gravitational load can drive adaptations in leg speed, foot 

placement and pressure distribution, as well as affect joint angles and muscle activity during 

walking. There are still unanswered questions about how different levels of simulated 

gravitational loading can influence kinematics and muscle activity; in particular, it is unclear if 

the effects seen are specific to a certain level of unloading, or if the previous level of unloading 

influences the current one. Objective: To explore the effects of simulated gravitational 

unloading on kinematics and muscle activity during walking. Methods: 15 healthy adult 

participants walked for trials of 1 minute in a positive pressure unloading treadmill at a 

comfortable speed. Each participant experienced a series of unloading steps from 100% to 20%-

unit earth gravity, in 20% increments. There was no delay between conditions. Mean and 

difference kinematic and electromyographic waveforms were compared using statistical 

parametric mapping (SPM). Phase diagrams, phase diagram areas, root mean square and 

integrated areas were calculated for each condition. Results: Testing revealed differences 

between conditions and for difference waveforms for both kinematics and electromyographic 



variables across the hip and knee, as well as the rectus femoris and medial gastrocnemius. The 

ankle, anterior tibialis, and biceps femoris did not appear to be affected by the unloading. RMS, 

integrated areas, phase portraits and phase areas were also modified by unloading. Conclusions: 

Simulated gravitational unloading appears to modify kinematic and neuromuscular activity in the 

joints and muscles of the lower extremities, particularly in those resisting gravitational forces. 

Differences in joint angles and muscles also appear non-linear, and each joint and muscle 

displays a distinct pattern of adaptation to unloading. 
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Abstract: Sensory feedback is a crucial part of how the nervous system controls robust and agile 

walking. Dynamic feedback from sense organs helps continually influence activity in the low-

level motor networks and high-level control centers, which in turn dictate limb movements. 

Furthermore, the sensory feedback available to the nervous system is highly dependent on the 

mechanical structure of the organism. The foot (or tarsus) is one key part of this structure, as its 

morphology influences the organism’s interaction with the ground, and subsequently the sensory 

feedback collected from load sensors. In many insects, the tarsus is comprised of several nested 

segments actuated by a singular elastic tendon running through the center. This allows the tarsus 

to both passively deform to the ground and actively grip onto it when the tendon is pulled. 

Additionally, tarsal segments contain groupings of campaniform sensilla (CS), which measure 

the strain of the cuticle. These strain measurements, in addition to those collected by CS in 

various locations on the limbs, provide load feedback to the nervous system to influence stepping 

motions by activating muscle synergies that resist such loads. Due to the nature of strain, these 

sensors are influenced both by external forces as well as the internal limb structure (e.g., its 

geometry and compliance). 

In order to further elucidate the interplay between tarsal structure and CS readings in the insect 

nervous system, we developed tarsi with different degrees of biomimetic structure, compliance, 



substrate gripping capability, and sensing, and tested them on our physical robotic limb 

performing stepping. We have previously developed a physical robotic model of a stick insect 

leg with biomimetic strain sensing in reported CS locations on the limbs in order to replicate the 

sensory feedback available to the nervous system. However, our previous data collection with 

this model utilized a simplified, semi-spherical, rigid tarsal segment. Our new experiments 

enable us to extract strain readings analogous to CS discharge for differing tarsal functionality, 

which can be used to infer what sensory information is available to the nervous system during 

walking in different conditions. These readings can then be used to explore how active substrate 

grip could be controlled by the nervous system by developing a synthetic nervous system 

controller that relies on strain feedback to modify stepping. Such a controller utilizes dynamical 

neurons arranged in morphological configurations, so its structure aids in understanding how the 

nervous system may integrate sensory information to control stepping. 
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Abstract: Manually keeping a visual inverted pendulum (VIP) upright requires dynamic visual 

information coupled to rapid selection and execution of motor commands. Current models of 

human VIP balancing focus on continuous or intermittent visual feedback about pendulum state 

(position and velocity), and this study is the first to differentiate the roles of visual streams of 

information about motion, orientation, and their combination in the perception-action cycle for 

balancing. In this VIP paradigm, a circular random dot kinematogram (RDK) composed of 100 

dots, subtending 10.3° visual angle, underwent simple inverted pendulum roll motion 

(Ӫ=KPsinӨ) about its fixed center. Left-right joystick deflections accelerated the RDK 

ipsilaterally. Subjects (N=32) were instructed to keep the RDK as upright and stable as possible 

without exceeding programed fall limits at ±180°. The pendulum constant, KP, was individually 

calibrated to produce about 10 falls in the first trial, and then subjects completed 36 30-sec trials 

in 3 randomized conditions: 1) 50 Hz frame rate with 50% coherent dot motion, activating first-

order, low-level retinal motion detectors, 2) 8 Hz strobe rate with 100% coherence, activating 

long-range orientation and motion perception, and 3) 50 Hz with 100% coherence, activating 



both the low- and high-level systems. VIP performance was best (fewest falls and lowest sway 

velocity) in the naturalistic condition which provided visual orientation and motion information 

via low- and high-level pathways. The 50% coherent condition (only low-level motion 

information) showed a significant performance decrement, and the 100% coherent 8 Hz strobe 

condition (no low-level motion information) showed an additional significant decrement. 

Performance improvement over repetitions was inversely proportional to the average 

performance per condition. The incidence of destabilizing joystick commands (which accelerate 

the pendulum toward the nearest fall boundary) varied in parallel with performance under the 

different visual conditions, and with learning. Reactive and anticipatory joystick commands were 

significantly less frequent in the condition which produced the worst performance - 8 Hz, 100% 

coherent - than the other two conditions. A second experiment varied the strobe rate of 100% 

coherent RDKs, and showed a significant exponential, asymptotic improvement in performance 

from 5 to 8 Hz. Conclusion: Loss of high-level orientation and motion information degrades VIP 

balancing more than loss of low-level visual motion information. Future studies will assess the 

differential roles of low- and high-level pathways in single and dual task bipedal balance. 
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Abstract: Controlling balance while walking requires intentional foot placement based on the 

body’s Center of Mass (CoM). Our study explored how the neural control processes of walking 

change with steady state walking cadence. Specifically we ask how foot placement, as a 

mechanism of balance regulation, changes with cadence. Prior work has shown no effect of 

walking speed on foot placement within a narrow range of speeds, but here we considered a wide 

range of walking cadences. Previous studies established a linear relationship between CoM state 

and next foot placement during steady state walking. We measured the slope and explanatory 

power of this linear relationship between CoM state and medial-lateral foot placement and 

analyzed changes with walking cadence. 24 young healthy participants walked at one of five 

designated metronome paces (50, 75, 100, 120, and 140 bpm) on a self-paced treadmill in trials 

of 100 strides. They completed three trials at each cadence, with order of metronome pace 



randomized within blocks of five trials. We measured kinematic data from 44 markers in 

Qualisys Motion Capture, kinematic data from force plates captured kinetic data. and calculated 

the whole-body CoM position relative to stance foot ankle. We found high R^2 values across all 

cadences in our data, which confirms that these linear models have high predictive value within 

the range of cadences studied. We found a statistically significant decrease in slopes of the linear 

model relating CoM state to foot placement with increasing cadence. The decrease in slopes with 

increasing cadence suggests that neural processes change with walking speed or stepping 

frequency. In particular, this suggests that feedback plays a lesser role at higher walking speeds. 

Our results confirm that foot placement can be predicted by the COM state across a range of 

walking cadences as neural control parameters change with pace. However, clinical populations 

with slower paces around 50bpm may not have a clear relationship between CoM state and foot 

placement, which suggests that they may use other balance mechanisms to regulate balance 

during walking. 

Disclosures:  J. Gray: None. A. Sansare: None. M. van Leeuwen: None. S.M. Bruijn: 

None. H. Reimann: None. 

Poster 

550. Posture and Gait: Afferent Control 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 550.05 

Title: WITHDRAWN 

Poster 

550. Posture and Gait: Afferent Control 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 550.06 

Topic: E.06. Posture and Gait 

Support: NIH Grant NS110550 

NIH Grant NS100928 

NIH Grant HD032571 

NSF Grant 2024414 

Title: The role of forelimb muscle morphology in muscle motor and sensory function during 

locomotion in the cat 

Authors: S. M. A. RAHMATI1, A. KLISHKO1, R. S. MARTIN2, N. E. BUNDERSON3, T. R. 

NICHOLS1, I. A. RYBAK4, A. FRIGON5, T. BURKHOLDER1, *B. I. PRILUTSKY1;  



1Georgia Inst. Technol., Atlanta, GA; 2AVEVA, San Leandro, CA; 3Autonomous Solutions, 

Petersboro, UT; 4Dept. of Neurobio. and Anat., Drexel Univ., Philadelphia, PA; 5Dept. of 

Pharmacology-Physiology, Univ. de Sherbrooke, Sherbrooke, QC, Canada 

Abstract: Previous studies established a strong link between morphological characteristics of cat 

hindlimb muscles and their sensorimotor functions during locomotion. Less is known about the 

role of cat forelimb muscle morphology in producing motor outputs and generating length- and 

force-dependent sensory signals. This information is needed to understand contributions of the 

forelimbs to the spinal control of quadrupedal locomotion. To evaluate the role of forelimb 

muscle morphology in muscle sensorimotor function during locomotion, we used morphological 

characteristics of 40 forelimb muscles measured in 4 adult cats. These characteristics included 

3D coordinates of muscle attachments; muscle physiological cross-sectional area (PCSA); 

sarcomere length; etc. We also recorded full-body mechanics and EMG activity of 12 forelimb 

muscles during level walking. For each walking cycle, we computed moment arms, muscle-

tendon unit length, and resultant joint moments. Using the above information, we computed 

forces of 40 forelimb muscles during walking along with muscle force- and length-dependent 

sensory signals mapped onto the corresponding cervical spinal segments. The firing rates of 

muscle spindle group Ia and II and Golgi tendon group Ib afferents were computed from the 

muscle-tendon unit length, velocity, activation and force during walking using regression 

equations developed by Prochazka and Gorassini (1998). Muscle morphology contributed 

strongly to the estimated motor and sensory functions of forelimb muscles. For example, patterns 

of computed forces of forelimb muscles and the activities of group Ib afferents were affected by 

the muscle moment arm and PCSA of individual muscles. Muscle moment arms also strongly 

effected muscle-tendon unit length and velocity changes and thus activity patterns of spindle 

group Ia and II afferents. We identified forelimb muscles that likely trigger the swing-to-stance 

(spinodeltoideus, teres major) and stance-to-swing (supraspinatus, biceps brachii, extensor carpi 

radialis) transitions based on their length-dependent afferent activities. Similar to the hindlimb, 

these muscles cross mainly proximal limb joints. We conclude that forelimb muscle morphology 

contributes substantially to sensorimotor locomotor muscle function in the cat. 
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Abstract: Tremor is a neuromuscular disorder that leads to involuntary oscillations of the upper 

limb in persons with Parkinson's disease (PD) and Essential Tremor (ET). These oscillations 

significantly hinder well-being when performing activities of daily living. Current medications 

for tremor suppression have limited efficacy. Surgical treatments such as deep brain stimulation 

and high-intensity focused ultrasound, although effective, risk side effects due to permanent 

damage to the healthy brain tissue. Recently non-invasive peripheral nerve stimulation has 

shown promising results. It is devoid of side effects, and one such method has even garnered 

FDA approval for transient reduction of moderate to severe tremors. However, there is a limited 

understanding of the mechanisms involved in tremor suppression due to the electrical 

stimulation. Improved modeling of the involved mechanisms and closed-loop algorithms based 

on these models can determine the correct stimulation dosage and timing. Sensing modalities to 

measure tremors include inertial measurement units (IMU), motion capture, and 

electromyography (EMG). The data collected from these sensors is crucial for the creation of a 

mathematical model of tremor. However, these modalities have inherent limitations. IMUs 

measure limb kinematics during the tremor but cannot visualize tremor-causing muscles thus 

providing limited insight into tremors at the neuromuscular level. EMG is affected by stimulation 

artifacts during high frequency electrical stimulation making it difficult to determine the tremor 

signals during electrical stimulation. We believe ultrasound (US) imaging is a novel tremor 

sensing method to accurately model and assess tremor severity as it can provide direct 

visualization of the tremor-causing muscles. We have previously shown that US can detect the 

tremor frequency of participants with PD and ET. To expand the study, we collected US images 

and EMG and IMU signals from three groups of human participants (ET, PD, and healthy 

control). Participants performed a grasping motion while we used a range of sensory stimulation 

parameters to model the tremor behavior. Our preliminary results show that a data-driven model 

based on US-derived tissue position and velocity measurements can predict the wrist joint 

position during a tremor, within 3.5% of the wrist position measured by the IMU. The 

preliminary analysis and electrical stimulation testing show that US imaging provides vital 

information to create models of tremors on the muscular level and has the potential to be used as 

a feedback signal in closed-loop control for sensory stimulation. 

Disclosures:  A. Iyer: None. X. Xue: None. D. Roque: None. N. Sharma: None. 

Poster 

550. Posture and Gait: Afferent Control 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 550.08 

Topic: E.06. Posture and Gait 

Support: PF-JFA-2036 



Title: The Condition for Dynamic Stability in Walking with Foot Placement Control 
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Abstract: The upright human body is mechanically unstable. The nervous system must 

continuously regulate motor activity based on sensory information to prevent loss of balance. 

This sensorimotor control process has been studied intensively in standing, where balance is 

largely regulated by continuous modulation of ankle musculature, changing the center of 

pressure under the feet. Stability in standing can be quantified in purely biomechanical terms by 

the Margin of Stability, which is proportional to the impulse the standing body is able to 

withstand without having to take a step. In walking, this principle is less meaningful, because 

stepping is a regular and necessary component of locomotion. Our research goal is to 

characterize the stability of the walking human body in a meaningful way. One way to regulate 

balance in walking is to modulate the location of the foot placement at each step based on the 

kinematic state of the center of mass. Human experiments show that the foot placement location 

can be reliably predicted from the kinematic state of the the center of mass at midstance, 

indicating that humans do use feedback control of foot placement for balance during walking. 

The behavior of this feedback-controlled system, including stability in the sense of robustness 

against perturbations, depends both on the biomechanics of the body and the specific details of 

the feedback control law for foot placement. In this work, we model human walking as a 

linearized single-link inverted pendulum controlled by taking a step after a fixed time to a 

location determined by a proportional-derivative control law based on the position and velocity 

of the center of mass at midstance. We show that for each combination of proportional and 

derivative control gains, this system has a periodic limit cycle solution corresponding to a gait at 

a stepping frequency determined by the step time parameter. To characterize the stability of the 

system, we analyze the transition matrix that represents how small perturbations at midstance are 

carried over into the next step. This allows us to determine which combinations of control 

parameters result in a stable gait in the sense that the system will eventually return to the limit 

cycle after a perturbation. We find that the control gains for which the system is stable depend on 

the stepping frequency, with slow-paced gaits requiring higher control gains for foot placement. 

The model result implies that humans have to adjust feedback gains for balance control during 

walking depending on the walking cadence. 
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Title: Light touch reduces, but does not eliminate, sway evoked by a rapid visual disturbance 

during standing. 
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Abstract: Postural sway increases when standing with eyes closed, highlighting the importance 

of visual inputs to balance control. Moreover, movement of the visual surround entrains sway to 

an oscillating stimulus or induces lean with a persistent stimulus. These effects are reduced when 

touching a stable reference. However, the effect of a short, rapid visual field displacement (VFD) 

on standing balance is not yet known. In this study, we tested the effect of a short, but rapid VFD 

on standing balance with or without touching of a stable reference. We hypothesized that 

participants would sway in the direction of the VFD and that touch would reduce the effect. To 

test this, participants stood on a foam pad atop a force plate, surrounded by an enclosure 

mounted on a set of rails. The surround was driven by a motor to produced a 2.5 cm linear 

displacement with a peak velocity of 124 mm/s. A total of 40 naïve participants (4 groups of 10), 

received either forward or backward VFD, with or without touch of a stable reference. Responses 

to the VFD were measured as 1) the anterior-posterior sway in the center of pressure (COPap) 

data, 2) ankle joint motion, and 3) electromyographic (EMG) activity of leg muscles. VFD in 

either direction produced a biphasic displacement of the COPap, with the initial, smaller 

deflection moving the opposite direction of the VFD. The larger second deflection moved in the 

same direction as the VFD. A similar biphasic pattern was observed in the ankle goniometer 

trace. Despite the consistent behaviour observed across participants in the mechanical data, the 

EMG data did not reveal a consistent pattern of activation across, or within participants. The 

amplitudes of the first and second peaks in the COPap deflections were reduced with light touch, 

for both forward and backward VFD. In contrast, whereas the amplitude of the initial peak 

habituated with repeated stimuli in both directions, the amplitude of the second peak habituated 

with repeated backward stimuli, but not forward stimuli. Overall, short, rapid VFD produced a 

long-latency postural reaction in the direction of the VFD, consistent with previous reports. The 

shorter-latency deflection in the COPap and ankle goniometer data are likely due to postural 

changes needed to allow the force necessary to propel the body in the direction of the stimulus. 

Touching a stable reference reduced, but did not eliminate, the visually evoked sway. This 

indicates that the potentially threatening stimulus introduced by the VFD is difficult to ignore, 

despite the lack of corroborating sensory inputs from other sources. 
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Abstract: Locomotion allows animals to move in the world. The underlying neuronal control 

involves rhythm-generating and limb-coordinating circuitry in the spinal cord that integrates 

afferent feedback to execute descending commands. Most of what we know about the neuronal 

control of locomotion pertains to straightforward locomotion; how turning or the change in 

direction is controlled, remains poorly understood. Various left-right asymmetries could lead to 

changes in movement direction, but it is not clear which turning strategies optimally maintain 

stability and how these strategies depend on speed, gait, and environmental conditions. Here, we 

present a simulation of a quadrupedal robot controlled by a model of the spinal locomotor 

circuits to study various mechanisms of turning. Using a robot allows us to study the impact of 

these turning strategies on stability and balance. The quadrupedal robot model has 13 degrees of 

freedom: three joints per limb and one joint within the torso that allows for lateral bending of the 

body. The neuronal model controlling the robot includes four coupled rhythm generators, each 

controlling one limb. These rhythm generators receive sensory feedback that characterizes 

loading and extension of the corresponding limb. The robot model was able to locomote at 

different speeds and gaits while exhibiting speed-dependent changes of stance and swing phase 

durations. Furthermore, the model was able to adapt to changes in the environment and external 

perturbations. We studied the effectiveness of left-right asymmetric changes in locomotor 

frequency, duty factor, stride length, medio-lateral paw placement, and body bending to induce 

turning at different speeds and gaits. Our model predicts that each turning strategy leads to a 

change in direction but differently affects the stability of locomotion. Lastly, our model suggests 

that a combination of strategies is needed to effectively turn while maintaining stability, and that 

the optimal strategy depends on the locomotor gait and speed. Thus, control of turning likely 

involves task- and speed-dependent modulation of the spinal neuronal circuits at multiple levels. 

We are currently working on a physical robot that will allow us to validate our simulation results 

in the future. 
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Abstract: Locomotion in quadrupeds is a complex process that involves coordination of 

movements of four limbs actuated by numerous muscles. This coordination defines locomotor 

gait and ensures postural stability during locomotion at the desired speed and direction, and their 

changes. Due to the complexity of the system, researchers often resort to studying locomotion in 

simplified quadrupedal robots and mathematical models which allows them to limit the system’s 

complexity and focus on general principles. 

The basic pattern of limb movements during locomotion is produced by rhythm-generating 

neural circuits within the spinal cord controlling each limb. Interlimb coordination is provided in 

part by central interactions between these circuits. The rhythm-generating and limb-coordinating 

spinal circuits represent the central neural controller, whose operation is modulated by sensory 

feedback from the limbs that informs the central controller about the state and position of the 

limbs and the body (posture). The interactions between the central controller and sensory 

feedback and their role in locomotor gait and posture adjustment during locomotion are poorly 

understood. In this study, we address these issues by combining some fundamental findings from 

the biomechanical studies on quadrupedal locomotion and recent discoveries on neural 

interactions within the spinal locomotor circuitry in the form of a tractable mathematical model. 

The model is minimalistically designed to account for feedback signals arising from loading and 

extending each limb, as well as postural stability. The central controller in the model includes a 

minimal model of the locomotor rhythm generators whose interconnections and inputs have clear 

interpretation in terms of specific neuronal interactions and sensory signals. We systematically 

explore the model behavior in a range of locomotor speeds and test it against existing 

experimental data from mouse locomotion. Our model predicts that in freely moving mice, some 

of the locomotor phase transitions are triggered by specific feedback signals while other 



transitions are controlled by the central interactions. Moreover, the mechanisms of these 

transitions may change with speed and gait. Our model can be scaled for other quadrupedal 

animals and be used as a convenient theoretical framework that couples neural dynamics with 

mathematically tractable biomechanics. 
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Abstract: Locomotion in animals results from a complex interplay between neuronal circuitry in 

the spinal cord, descending supra-spinal signals, the musculoskeletal system, and sensory 

feedback. With the advent of modern molecular-genetic tools, significant strides have been made 

in identifying specific neuron types in the spinal cord and brainstem involved in different aspects 

of locomotion. However, how somatosensory feedback interacts with the spinal circuitry to 

provide stable, adaptive locomotion remains poorly understood. Here, we present a 

neuromuscular model of mouse locomotion and use it to explore interactions between the spinal 

circuitry and afferent feedback and their role in the control of locomotion. We adapted the 

previously developed three-dimensional (3D) musculoskeletal model of the mouse and integrated 

it with a model of spinal locomotor circuitry. Motor outputs of the spinal circuit model was used 

to drive muscles of the biomechanical model; proprioceptive (spindle Ia and II, and Golgi tendon 

Ib) and exteroceptive feedback signals provided sensory feedback to the spinal circuit model. 

The spinal circuit model included rhythm generators, each controlling one limb, that defined the 

locomotor frequency and flexor-extensor alternation. The rhythm generators controlled the 

pattern formation circuits which generated muscle synergies and created muscle-specific 



activation patterns. Afferent feedback was connected to the rhythm generators (affecting timing 

of phase-transitions), to the pattern formation circuits (affecting muscle synergies), and directly 

to the motoneurons, forming basic reflex circuits. The closed-loop neuromuscular interactions 

were simulated in a 3D physics environment (MuJoCo). The model reproduced speed-dependent 

gait expression of mice while being able to adapt to different changes in the environment. We 

systematically studied the influence of somatosensory afferent pathways by manipulating them 

during different locomotor behaviors. Our results suggest that task-dependent modulation of 

afferent feedback is essential for robust changes of speed and gait. In the future, we will extend 

our model to simulate neuromuscular control of 3D-quadrupedal locomotion with the aim to 

provide an open-source model that can be used as a testbed to explore different hypotheses on 

the interactions between spinal circuits and sensory feedback and the role of feedback in the 

control of locomotion under different conditions. 
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Abstract: Transvertebral magnetic stimulation (TVMS) of the human lumbar spinal cord can 

evoke bilateral rhythmic leg movement as walking, supposedly trough the activation of spinal 

locomotor circuitry. However, an appropriate stimulus condition to effectively evoked walking 

movement remains to be elucidated. As spinal motoneurons innervating leg muscles that engage 

in walking movement are present in the entire lumbosacral spinal cord, the change of stimulus 

intensity or stimulus location may induce ununiform patterns of activations in spinal motor 

network and then modulate the pattern of evoked leg movement. Here, we systematically 



investigated the effects of stimulus intensity and location on the bilateral leg movements induced 

by non-invasive TVMS. Neurologically healthy adult participants were tested in semi-prone 

posture on a bed with both legs suspended from the ceiling and received the bursts of TVMS via 

a closed-loop paradigm while legs were fully relaxed. In the first experiment, TVMS was 

delivered over an intervertebral space of the lumbar cord (L1-L2) at the stimulus intensity from 

10% to 70% of maximum stimulator output. In the second experiment, a fixed intensity of 

TVMS was given to a 6 by 3 stimulation target grid over the back that covered 6 intervertebral 

spaces from T11 to L5 and ~3 cm left to right from the midline. The rhythmically controlled 

bursts of TVMS induced two major patterns of cyclic leg movements in which left-right 

movement cycles were coordinated with different phase relationship; hopping-like movements, 

in which both legs moved in the same direction in phase, and walking-like movements, in which 

both legs moved alternatively in anti-phase. In experiment 1, the stimulus-evoked rhythmic 

movements changed from the hopping-like movements to walking-like movements as stimulus 

intensity was increased. In experiment 2, the walking-like movement were evoked when TVMS 

was given at around T12-L2, whereas the hopping-like movement were mostly evoked when 

TVMS was given to either T11-T12 or L2-L5. We demonstrated that TVMS induced different 

patterns of cyclic leg movement depending on the stimulus intensity and location. These results 

suggest that TVMS activates distinct neural modules in the human spinal cord to generate 

hopping- and walking-like movements. 

Disclosures:  K. Kawai: None. T. Tazoe: None. Y. Nishimura: None. 

Poster 

550. Posture and Gait: Afferent Control 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 550.14 

Topic: E.06. Posture and Gait 

Support: KAKENHI: 18H03141 

KAKENHI: 18H04038 

KAKENHI: 18H04958 

KAKENHI: 18H05287 

KAKENHI: 20H05714 

Title: Reorganization of human spinal locomotor circuitry after spinal cord injury 

Authors: *T. TAZOE1, T. MURAYAMA2, T. TOSAKA2, M. KANESHIGE1, M. SUZUKI1, N. 

KIKUCHI3, Y. UGAWA4, Y. NISHIMURA1;  
1Neural Prosthetics Project, Tokyo Metropolitan Inst. of Med. Sci., Tokyo, Japan; 2Dept. of 

Rehabil. Treatment, 3Dept. of Rehabil. Med., Chiba Rehabil. Ctr., Chiba, Japan; 4Dept. of 

Human Neurophysiology, Sch. of Med., Fukushima Med. Univ., Fukushima, Japan 



Abstract: Bipedal human walking is mediated by spinal locomotor circuitry in the lumbar cord. 

As transvertebral magnetic stimulation (TVMS) to human lumbar cord is capable of inducing a 

cyclic alternative leg movement as in walking, it is presumed that TVMS activates a neural 

module involved in the spinal locomotor circuitry to induce walking movement. Using TVMS 

technique, here, we aimed to discover potential adaptive changes in the spinal locomotor 

circuitry caused by spinal cord injury (SCI). Thirteen patients with chronic SCI and nine intact 

controls were participated in the experiment. Six out of thirteen patients and the others were 

clinically diagnosed as incomplete and complete loss of lower extremities sensorimotor 

functions, respectively. The participants were in semi-prone posture on a bed with both legs 

suspended from the ceiling and received the bursts of TVMS via a closed-loop paradigm while 

legs were fully relaxed. A 6 by 3 stimulation target grid was arranged over the back that covered 

6 intervertebral spaces from T11 to L5 and ~3 cm left to right from the midline. The 

rhythmically controlled bursts of TVMS induced the cyclic bilateral leg movements in all 

participants. Notably, the phase relationship between the left and right leg cycles was changed 

with shifting the stimulus site in all participants. However, the number of sites inducing the 

walking-like, left-right alternative leg movement was different among the groups. In controls and 

incomplete SCI, the stimulus sites inducing walking-like movement were confined to the 

intervertebral spaces between T11-L2. TVMS to the other sites mostly induced the hopping-like, 

bilateral cyclic movement in-phase. In contrast, the walking-like movements were induced at 

border sites in complete SCI. The complete SCI patients had more stimulus sites inducing the 

walking-like movements than incomplete SCI patients or controls (complete SCI=5.0±3.2; 

incomplete SCI=1.2±1.2; controls=2.4±1.2), whereas the stimulus sites inducing the hopping-

like movements were less in complete SCI patients (complete SCI=2.9±2.5; incomplete 

SCI=8.2±2.7; controls=11.3±3.5). We demonstrated that the disconnection of neural pathways 

between the brain and the lumbar cord lead a new spinal locomotor circuitry in the humans. This 

new circuitry may be the primitive spinal locomotor circuitry unmasked by the SCI which 

disconnected the spinal locomotor circuitry with the descending commands from the brain. 
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Abstract: Individuals with cerebral palsy (CP) have lower limb sensory deficits, such as 

difficulty in perceiving touch, vibrations, position of joints and limbs, and in discriminating 

between two points in space. They compensate for these deficits typically by relying on vision 

over other senses for balance control. They have magnified responses to visual perturbations, 

implying that they are more affected by changes in visual input. The aim of this study was to 

investigate the relationship between sensory deficits and responses to visual perturbations during 

walking. Our hypothesis, based on previous studies on standing balance, is that individuals with 

degraded sensory processing will have a larger response to visual perturbations. Twenty-eight 

individuals (14 with CP, 14 age-and sex-matched controls) walked on a self-paced treadmill 

inside a virtual reality cave that induced a visual fall stimulus in the frontal plane every 10-12 

steps. Each trial lasted two minutes and was repeated ten times, with intermittent rest breaks. We 

correlated the magnitude of the center of mass response to the visual perturbations with their 

performance on sensory tests, including ability to perceive touch, vibration, joint position sense 

and 2-point discrimination. We found significant (p<0.05) and strong correlations between the 

response to visual perturbations and performance on tests of vibration (r=-0.74), joint position 

sense (r=0.71) and 2-point discrimination (r=0.62). These results support our hypothesis that 

those individuals with degraded sensory processing are more affected by visual input during 

walking. We speculate that they rely more on visual information for balance control to 

compensate for deficits in somatosensory and proprioceptive processing. Also, while our results 

showed a strong correlation between sensory deficits and a response to a visual perturbation for 

both the CP as well as the healthy control group, the relationship was stronger for CP (r=0.80, 

0.88, and 0.77 for vibration, joint position and 2-point discrimination respectively) and the non-

dominant side in the control group (r=0.74, 0.84, and 0.70 for vibration, joint position and 2-

point discrimination respectively). Overall, our findings suggest a direct link between sensory 

deficits and visual reliance during walking. While most assessments as well as treatments for 

balance rehabilitation in CP address motor deficits, our findings highlight the importance of 

considering sensory regulation of walking balance in rehabilitation protocols. 
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Abstract: Efficient postural control results from an effective interplay between sensory feedback 

integration and muscle recruitment and can be affected by ageing, neuromuscular injuries as well 

as by external stimuli. Whole body vibration (WBV) is a renowned way to stimulate muscle 

spindles firing rate with mechanical vibrations delivered to the body via mean of a platform and 

has recently been incorporated in many rehabilitative programs. However, the effect of this 

stimulation on muscle modulation for postural control is poorly understood. Here, we investigate 

the latter by measuring centre of pressure (COP) displacement via a force platform one and four 

minutes before and after WBVs delivered at 30 Hz. To characterize muscle modulation elicited 

by the central nervous system (CNS), we measured electroencephalography (EEG) and 

electromyography from 10 calf and thigh muscles of 17 healthy subjects. We investigated the 

postural control strategies via mean of corticomuscular and intramuscular coherence (CMC and 

IMC), cortical beta-band activity (BBA, 13-30 Hz) and COP complexity index (CI). Most 

differences were noticeable in the short term (one minute after the WBV), rather than in the long 

one. The CMC between dominant calf muscles (gastrocnemius lateralis, GL, and soleus, SOL) 

and a set of contralateral central EEG sensors increased after the WBVs, suggesting that the 

communication between the CNS and the periphery was enhanced, as expected after such 

stimulation of the spindles. We also found a bigger BBA over the central electrodes, supporting 

the hypothesis that a greater cortical effort was necessary to maintain the current physical output 

and, on the same line, we found that balance worsened in the acute term, as the COP CI 

increased in the medial-lateral direction. However, it recovered over the four minutes, as a lower 

anterior-posterior CI indicates a more spontaneous and efficient postural control. Finally, the 

network analyses performed on the IMC highlighted a short-term reconfiguration of muscle 

recruitment patterns pointing at a more individualized modulation –likely from supraspinal 

origins rather than subcortical ones- of the dominant GL and SOL. Altogether, our results 

suggest that the WBV stimulation is able to affect the interplay between the CNS and the 

peripheral muscles not only during the stimulation but also once it ends, leading to a greater 

contribution of cortical activity and recalibration of the sensorimotor set. On the posturography 

side, although balance seems disrupted at first, the ability to maintain an upright stable posture 

seems to be even bettered by the stimulation in the longer term. 
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Abstract: Despite recent technological advances, how the activities of sensory neural 

populations are combined to give rise to perception and behavior remains poorly understood. 

This is in part because neurons typically display strongly heterogeneous responses to stimulation. 

Behavioral studies have shown that weakly electric fish are highly skilled at detecting and 

locating prey that give rise to extremely weak sensory input (<0.1% contrast). To understand 

how these remarkable abilities arise, we investigated how heterogeneous neural populations 

within the electrosensory system of the weakly electric fish Apteronotus leptorhynchus encode 

the location of prey-like stimuli. Large scale neural recordings within the electrosensory lateral 

line lobe (ELL) were made using high-density electrode arrays (i.e., Neuropixel probes) in 

response to stimuli positioned at different locations along the animal’s rostro-caudal axis. We 

found that ELL pyramidal cell receptive fields (i.e., the firing rate modulation as a function of 

spatial location) displayed an antagonistic center-surround organization that varied greatly across 

neurons (i.e., was highly heterogeneous) in terms of attributes such as depth of modulation, 

spatial dimensions, and location. Using Fisher information, our data demonstrate that, to 

accurately localize a small prey item, ~3 mm in diameter, as few as ~30 neurons are needed. To 

better understand how neural heterogeneities contribute to localization performance, we built a 

mathematical model that captures the essential aspects of neural responses. Varying 

heterogeneities in the model surprisingly revealed that the level of receptive field spatial location 

seen experimentally was optimal and thus gives rise to the maximum possible amount of 

information. Moreover, analysis of correlations between the trial-to-trial variabilities of neural 

responses (i.e., noise correlations) revealed a strong dependence on spatial position. Specifically, 

correlation magnitude increased at the receptive field edges and was negligible within receptive 

field centers. Interestingly, we found that spatially dependent correlations increase information 

transmission relative to spatial independence, suggesting that the spatial dependency helps 

mitigate the negative impact of increased redundancy. Taken together, our results strongly 

suggest that neural heterogeneities within the ELL pyramidal cell population benefit the animal’s 

ability to successfully locate prey. Because of strong similarities between the electrosensory 

system and other senses (e.g., vision, audition, vestibular), it is likely that our results will be 

generally applicable. 
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Abstract: In crayfish, agonistic encounters are behavioral displays that regulate the spatial 

distribution of animals and access to food supplies and mates. When a triad of unfamiliar 

crayfish is placed in the same circular aquarium, animals display a patterned behavior, they begin 

aggressive confrontation. The first agonistic encounter is usually intense, then, encounters de-

escalate as time goes on, and a dominant crayfish emerges with two submissive ones. When 

agonistic encounters are repeated daily, their intensity decreases until a steady level is reached. 

This decrease seems to depend on individual recognition of the dominant animal through some 

substance present in its urine. It is supposed that this putative substance should reach the 

olfactory receptors located in the antennule, and then activate the olfactory lobe in the brain. 

However, there are not studies on the sequence of events until reaching the brain. The main goal 

of this paper was to analyze the antennule and brain electrical responses of crayfish from a triad 

to urine of their members. We recorded the electrical response from the antennule and, 

simultaneously, the olfactory lobe from dominant, submissive 1 and submissive 2 animals in the 

presence of urine from their conspecifics. We analyzed the electrical responses through time-

frequency analysis, Wavelet Transform. Our results showed that, the latency, magnitude and 

duration of the brain’s response depended on the source of urine. The dominant animal responds 

energetically to submissive-1 urine, and not to that from submissive-2. Submissive-2 responds 

mainly to submissive 1 urine. Submissive-1 is able to recognize the urine from the dominant or 

the submissive-2 animals. The response is higher when the applied urine comes from a dominant 

animal, with an increase in the power of frequencies from 30 to 60 Hz and a decrease in the 

frequencies from 1-20 Hz. For all animals, the average power analysis through frequency bands, 

shows that the main changes are those that occur between 30-60 Hz. Urine from unknown naïve 

animals or from the animal itself did not elicit a significant response in any crayfish from a 

hierarchical stable triad. 
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Abstract: Myelin is directly associated with the functionality of axons such as the propagation 

of action potentials and its formation is associated to the nutritional condition, social context and 

sensory experience of mammals during early development. In this study we investigate whether 

mother and sibling interactions during the pre-weaning period influence the histological and 

electrophysiological characteristics of the sensory sural (SU) nerve at postnatal day 60 (PND60) 

in the rat. For this purpose, the following experimental groups were formed: A) Sibling 

deprivation group (1 male pup per litter; n = 9 litters) and B) Sibling groups (3, 6, 9 and 12 male 

pups per litter n=5 litters); Litters with 6, 9 or 12 male pups were formed at PND2 with natural 

(pups born and raised with their own mother) and foster pups (incorporated to the litter) from 

synchronous births of two or three pregnant females. The body weight of each pup was measured 

routinely until PND60 and within-litter analysis was performed in the lighter and heaviest pup of 

litters with 6,9 and 12 pups. During the pre-weaning period, milk intake and maternal care at 

PND9-10 were determined. At PND60, the left leg SU nerve of selected littermates was 

dissected and prepared for the electrophysiological recording of the Compound Action Potential 

(CAP) and the right nerve was prepared for histological measurements (axon diameter and 

myelin thickness). Our results indicate that pups from litters with 3 or 6 pups showed greater 

milk consumption and body weight than pups without siblings (1P) or from 9P or 12P litters. 

Analysis of maternal licking showed that pups from large litters received considerably fewer 

licks per pup than pups from small size litters. At PND60, SU nerves of rats from 6P and 9P 

litters had greater CAP amplitude and area and higher proportion of axons with large myelin 

thickness than nerves from rats of 1P, 3P, or 12P litters. Finally, no significant differences in 

body weight, PAC propagation and axon myelin thickness of SU nerve were found between 

natural and foster littermates of large size litters, indicating that fostering seems not affect the 

body weight and electrophysiological and histological characteristics of axons in nerves of 

littermates in large size litters (6P, 9P and 12P). Accordingly, we propose that a complex 

interplay of sensory, social and nutritional factors arising from mother and littermate interactions 

during the pre-weaning period influence the myelination and propagation of action potentials in 

the SU of rats into adulthood. 
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Abstract: Sensory stimuli that might signal threatening events are parsed by the brain to select 

behavioral responses that are fundamental to survival. Over the lifespan of an individual, 

however, constant revision of the threat value of stimuli in the environment is also believed to be 

essential for optimizing behavioral selection (Evans et al. 2019). Recently we have described a 

new behavioral paradigm in laboratory mice that results in a rapidly learned and stimulus-

specific long-term suppression of escape to looming stimuli - Learned Suppression of Escape 

(LSE) (Lenzi et al. 2022). To understand how the escape circuitry supports such flexible 

behaviour we have investigated whether dopaminergic neurons in the Substantia Nigra pars 

Lateralis (SNL), which project to the Tail of the Striatum (TS), could signal changes in threat 

intensity (Menegas et al. 2018) that may be used to update escape decisions. First, we found that 

lesions of the SNL and/or TS abolish normal robust escape behavior. We next injected AAV5-

TRE-GCaMP6f into the SNL of dopaminergic-neuron-specific tTA expressing (DAT-tTA) mice 

and recorded photometry signals from SNL dopaminergic axons in the TS. We observed reliable, 

large calcium responses to looming stimuli that correlated with threat level and escape 

probability. These calcium responses were reduced during and following LSE. Similarly, both 

D1R and D2R-expressing neurons in the TS showed reduced responses following LSE, 

indicating that both pathways undergo experience-dependent modulation. Further, we found that 

previous threat escape within 24 hours prior to the LSE protocol, which occludes LSE, results in 

normal escape behavior and does not lead to attenuation of these SNL calcium signals recorded 

in the TS. We suggest that dopaminergic TS signals form part of the neuronal machinery 

required for flexible escape behavior that is dependent on prior experience and threat prediction. 

Disclosures:  S.C. Lenzi: None. T. Branco: None. M. Stephenson-Jones: None. T.W. 

Margrie: None. 

Poster 



551. Sensing and Detecting Movement 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 551.05 

Topic: F.01. Neuroethology 

Support: NIH Grant R01 GM130842-01 

Title: Feel the heat: role of TRPA1 in thermotactic response to innocuous temperatures in 

Drosophila melanogaster larva 

Authors: *S. LAZOPULO1,2, A. SAMUEL1,2;  
1Dept. of Physics, 2Ctr. for Brain Sci., Harvard Univ., Cambridge, MA 

Abstract: Complex behavioral responses require integration of inputs from multiple types of 

receptors both within and across modalities. To study integration, we investigate thermosensing 

in Drosophila melanogaster larva, a genetically and neuronally accessible model organism. In 

endotherms, body temperature is maintained through internal homeostatic control. For small 

ectotherms like larvae, which receive heat from outside, homeostatic control is achieved by 

navigating the environment. Previous studies identified receptors that specifically respond to 

temperature changes. However, homeostatic control requires additional sensors to compare 

ambient temperature to the set point. Here, we use genetic manipulations combined with 

quantitative behavioral analysis and fluorescent imaging of neuronal activity in living animals to 

elucidate the molecular and cellular receptors that control thermotactic response towards the 

homeostatic set point. Larval exploratory behavior primarily consists of forward peristaltic 

movement (runs) interrupted by reorientations (turns). We found that larvae respond to changing 

temperature through increased turning. Below the preferred temperature - at 18°C - cooling 

elicits strong turning response (Δ=65% increase of turning) while warming doesn’t (Δ=0%). In 

contrast, above preferred temperature - at 28°C - cooling response is suppressed (Δ=20%) and 

warming - induced (Δ=20%). This temperature dependency was lost in animals lacking transient 

receptor potential ankyrin 1 (TRPA1, either through null mutation or RNA interference mediated 

depletion). Using genetic knockouts and rescues we further found that it is specifically the 

TRPA1 isoform A that is necessary and sufficient for the proper response. Next, we analyzed 

temperature dependent activity of TRPA1-expressing neurons using calcium imaging. We did 

not detect temperature dependent activity in TRPA1-expressing multidendritic sensory neurons 

across the studied temperature range. Instead, we found activity in novel pair of neurons in the 

anterior ventral part of the brain. Their activity level correlated with temperature, implicating 

these neurons as potential sensors of internal absolute temperature. TRPA1 has been previously 

identified as a temperature sensor required for temperature preference behavior in adult flies. But 

in larvae, TRPA1 has primarily been studied in its responses to noxious stimuli. We suggest a 

novel role of TRPA1 in modulating response to temperature change in the innocuous range. 

Together with the previously identified thermosensors, our results are unveiling a complete and 

integrative process of larval thermotactic behavior. 
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Abstract: The Morris water maze (MWM) has become one of the most widely used laboratory 

tools in behavioral neuroscience. It has been used in some of the most sophisticated experiments 

in the study of spatial learning and memory with animals. Recent advances in virtual reality (VR) 

make it possible to generate 3D environments with a high level of realism and user immersion. 

Current VR systems integrate eye-tracking devices to measure the user's attention on virtual 

entities. The main goal of this study was to replicate in humans the results found by Alcalá et al. 

(2020) with rats in which reversal training facilitated the acquisition of new learning in a Morris 

water maze, and thus validate VR technology as a novel way for the study on learning and spatial 

memory with human participants. The participants wore a 3D headset and could navigate the 

environment by using the handsets of the equipment. The task was to find a treasure buried under 

the ground in a localization that was signaled by two landmarks. During the acquisition phase 

(16 training trials) participants in all groups were required to find the treasure localized between 

landmarks A and B. During a second phase (8 training trials), for the Long Acquisition group 

training continued as before; for the Reversal group the treasure was placed in the opposite 

quadrant from the first phase; and for the Short Acquisition group there was no training in this 

phase. Finally, all groups received 8 training trials in which the treasure was placed between a 

new landmark (C) and landmark A. The results found in this study replicated those reported by 

Alcala et al. (2020) suggesting that the reversal training facilitated learning of a new treasure 

position signaled by landmarks C and A. This result is consistent with the idea that the increase 

on the prediction error attained to reversal training leads to an activation of the exploratory 

attention mechanism that facilitates subsequent learning. 

Alcalá, J. A., Callejas-Aguilera, J. E., Nelson, J. B., & Rosas, J. M. (2020). Reversal training 

facilitates acquisition of new learning in a Morris water maze. Learning & behavior, 48(2), 208-

220. doi: 10.3758/s13420-019-00392-7 
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Abstract: TMEM43 is a transmembrane protein with 4 transmembrane (TM) domains. A 

nonsense TMEM43 variant p.(Arg372Ter) has been shown to cause auditory neuropathy 

spectrum disorder (ANSD) in two Asian families from South Korea and China. A knock-in 

mouse with the p.(Arg372Ter) variant that recapitulates a progressive hearing loss in humans, 

revealed that TMEM43 interacts with the Connexin26 and Connexin30 gap junction channels in 

the cochlea and mediates passive conductance current, that is critical for normal hearing. In this 

study, we examined if TMEM43 can function as an ion channel. Heterologous expression of 

TMEM43 demonstrated that TMEM43 is permeable to Na+, K+, and Cs+ ions, indicating that 

TMEM43 is a non-selective cation channel. The TMEM43-mediated current decreased gradually 

with lowering external solution pH, further characterizing TMEM43 as an external-pH sensing 

channel. Utilizing the endogenous cysteine residue at TM3, we could predict that the pore-

forming residue lies near TM3 and Loop2 domain. Importantly, stochastic channel-opening of 

the lipid-bilayer-reconstituted purified TMEM43 protein was observed, strengthening the 

proposal of TMEM43 as an ion channel. Lastly, heterologous expression of TMEM43-

p.(Arg372Ter) resulted in a loss of channel activity in dominant-negative fashion, as in the 

hearing loss phenotype. These results together provide molecular and functional properties of 

TMEM43 and identify TMEM43 as a novel ion channel. 
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Abstract: In grasshoppers, visual detection of approaching predators is accomplished by the 

Lobula Giant Movement Detector (LGMD). The LGMD integrates OFF retinotopic inputs 

originating from every facet of the eye within a large dendritic field A. An inactivating K+ 

conductance (KD) in field A is critical to discriminate the spatial coherence of black looming 

stimuli. ON excitation for white looming stimuli impinges non-retinotopically on a separate 

dendritic field C, and the LGMD does not discriminate their spatial coherence. Block of KD 

increased responses to white looms, independent of coherence. To further determine how KD 

impacts ON/OFF spatial coherence computations we applied blockers to dendritic fields A and C 

while presenting ON and OFF looming stimuli and used a biophysical LGMD model to test the 

influence of KD channel localization. These experiments and simulations provide insights into 

dendritic computations required for contrast-polarity specific approaching object segmentation. 
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Abstract: If biological cells could be controlled using magnetic fields, this would enable 

unprecedented approaches to basic biology and medicine. Ideally one wants a genetic tool that 

can render arbitrary cells magnetically sensitive, a goal now known as “magnetogenetics”. 

Several attempts to accomplish this by de novo bioengineering have failed, mainly because 

magnetic fields interact only weakly with biological molecules. At the same time we know that 

certain animal species have the remarkable ability to sense the Earth’s magnetic field and to use 

this information for orientation and navigation. Thus there must exist nerve cells with the 

mechanism to transduce even weak magnetic fields: the magnetoreceptors. If one could find 



those receptor neurons, they would reveal a cellular pathway that could be used for magnetic 

control. We have initiated a collective science project to find magnetoreceptors. The approach is 

to first search for neural signals anywhere in the brain that respond to magnetic stimuli. Based on 

such signals one can then pursue a magnetic scanning method to localize where the magnetic 

responses originate. Many research groups today are engaged in high-throughput neuroscience 

pursuing a broad range of questions in diverse species, using revolutionary methods that record 

signals from hundreds to thousands of neurons at a time. The project transiently engages many of 

these groups in a broad unbiased search for magnetoreceptors. The Caltech team constructs 

electromagnetic stimulators that produce a defined magnetic field and ships these to each partner 

lab. The device can be added easily to an ongoing experiment, and a mere 20 minutes of 

recording will reveal whether any of the neurons under study carry magnetic signals. Here we 

will report on the design of this project, and present data analysis methods designed to reveal a 

small sensory modulation with high sensitivity. We will also report preliminary results on 

recordings under magnetic stimuli from many thousands of neurons in diverse brain areas of 

mammals, fish, and birds. 
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Title: The cortical amygdala contributes to distinct social behaviors in a sexually dimorphic 

manner 

Authors: *A. V. AUBRY, L. LI, R. DURAND-DE CUTTOLI, S. J. RUSSO;  

Icahn Sch. of Med., New York, NY 

Abstract: Aggression is an evolutionarily conserved behavior that controls social hierarchies 

and protects valuable resources like mates, food, and territory. In humans, however, some forms 

of aggression are considered pathological when they threaten lives and or increase the risk of 

psychiatric impairment in victims. Physically aggressive individuals have a tendency to identify 

ambiguous faces as threatening or angry, suggesting that these individuals have a perceptual 

bias. There is ample evidence in human and non-human primates that the amygdala plays a key 



role in social perception. Studies with human and non-human primates examining the 

amygdala’s role in social perception have focused on the lateral and basolateral amygdala given 

their extensive connections with the visual system because they are a highly dependent on vision. 

Conversely, rodents are more reliant on olfaction, and thus, we need a deeper understanding of 

amygdala interactions with olfactory structures during social encounters. The posterior cortical 

amygdala (COAp) is one such region which receives input from olfactory structures. Our data 

demonstrate that ESR-1 cells in the COAp show an increase in activity during attack behavior in 

males, and during bouts of investigation which precede an attack. Furthermore, chemogenetic 

activation of ESR-1 cells in the COAp promote aggression and inhibition of these cells promote 

pro-social interactions in aggressive males. We also found that the projections of this cell 

population to the ventrolateral portion of the ventromedial hypothalamus and central amygdala 

and are necessary for aggressive behavior to occur in males. Collectively, these data suggest that 

in aggressive males, the COAp is highly responsive to odors emitted by the intruder, thereby 

enhancing their salience and promoting attack behavior. 
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Abstract: The way nervous systems evolve to produce different behaviors is an important 

question for understanding how organisms adapt to their environments. Heliconius cydno alithea 

butterflies provide a novel model for addressing this question. Male Heliconius cydno alithea 

prefer mating with females of their own color, which is causing this species to diverge. While 

this behavior is visually mediated, the neural mechanism is still unknown. A proposed 

mechanism is at the level of synapses, ultraviolet (UV) photoreceptors in the lamina of yellow 

male Heliconius receive more synaptic inhibition from long-wavelength photoreceptors than in 

white male Heliconius. We will use large volume serial electron microscopy - connectomics- to 

test this hypothesis, reconstructing the size and number of individual synapses between UV and 

long wavelength photoreceptors in white and yellow male butterflies. I have preliminary SEM 



data that encompasses the length of the male Heliconius lamina with a resolution of 5nm/pixel, 

which I have used to identify synapses between photoreceptors. 
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Abstract: During lactation, the most important stimuli that the mother receives are those which 

activate specific receptors located in/and around the nipple during suckling and exteroceptive 

stimuli which emanate from the offspring and which are perceived by her special organ senses. 

These stimuli are responsible for the majority of the endocrine, metabolic and behavioral 

adjustments that develop in the lactating animal and which enable her to care for her offspring. 

Recently it was proposed that in Macacca mullata, mothers of male pups have a higher 

concentration of fat milk. In the present study, it was explored in the rat, if there was also a 

correlation of the offspring sex with the milk fat concentration. We used lactating mothers with a 

compound of litters of 8 female pups (n=6) or 8 males pups (n=6) or 4-4 females/males pups 

(n=6). The fat concentration was measured using a simplified method of Rose-Gottlieb, on milk 

obtained by mummifying the suckling by manual stimulation in the mother, previously injected 

with i.p 1.5 UI of oxytocin. The measurements were done on days 5, 12, and 19 postpartum. 

Additionally, the anogenital licking behavior of the mother throughout her litter was also 

measured using a 60 minutes videotape recording on individual litters. Results.- The milk fat 

concentration was higher (68 mg) in the group of 8 females pups as compared with the group 

with 8 males (52 mg). In the mixed group, there was obtained a 60 mg. On the Anogenital 

Licking behavior, there was observed that mothers provide more lickings in males (17 lickings in 

60 minutes) than on females (5 lickings in 60 minutes). Discussion.- The milk on the rat 

mammary gland is produced by the epithelial cell of the alveoli. This cell is modulated by 

prolactin and adrenaline liberated by suckling. Possibly, pheromones; electrolytes obtained from 

the pup urine; ultrasonic vocalizations produced by pups (more in males than in females). 
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Abstract: Placozoans are simplest free living animals with just 6-10 described cell types. 

Despite such apparent morphological simplicity, placozoans exhibit fast and complex behaviors, 

including social behaviors. How is this possible in an organism lacking both neuronal and 

muscle cells, and without electrical and chemical synapses? Behaviors exhibited by placozoans 

are not well described and difficult to robustly sort by eye. Here, we developed and implemented 

a broad spectrum of machine learning algorithms and approaches to unbiasedly decipher the 

scope and functional significance of various behavior patterns in these enigmatic animals. 

Tractlets of several hundreds of individual placozoans were initially tracked using ImageJ. These 

positions were then windowed and Uniform Manifold Approximation and Projection was used to 

build low-dimensional manifolds of behaviors for visualization and construct a k-nearest 

neighbor graph for Leiden/Louvain community based clustering. Speed, entropy, and curvature 

for the different communities were assessed and similar communities were combined. Markov 

chain transition matrices and cluster frequencies were then assessed for each animal before and 

after application of candidate signaling molecules, identified in microchemical and scRNA-seq 

experiments. Before, after, and control Markov chain transition matrices were compared using 

pair wise statistics. To our surprise, we detected unprecedented behavioral variance among 

genetically similar clonal animals. Nevertheless, machine learning approaches reproducibly 

identified distinct behavioral structures (motifs), which were selectively and deferentially 

affected by individual signal molecules (and their different concentrations), implying integrative 

functions of volume transmission in these nerveless organisms. Unsupervised machine learning 

can be applicable to the broadest spectrum of organisms. This, it serves as a powerful tool for 

discovering behavioral modifications across phyla both in natural habitats and 

pharmacologically. Supported by NSF and NIH to LLM 
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Abstract: Integrating information from different sensory systems is essential for 

comprehensively representing the external world. The different senses represent various aspects 

of the surrounding world at multiple time scales and distances from the body. For example, 

tactile sensation enables sensing proximal objects, whereas the auditory system also allows 

sensing distant objects. In many instances, animals perceive things simultaneously using two or 

more modalities, which can improve performance in different tasks. Although the mechanisms of 

multimodal integration have been studied in rodents, usually, the experimentalists provided 

unrelated artificial stimuli from two or more modalities and asked where and how they are 

integrated. Here we illustrate that the vibrissa system of rodents can create multimodal 

interactions and perception. The vibrissa sensory system of the mouse is its primary tactile 

system, allowing it to sense its environment by active whisking.In contrast to the standard view 

of this system, we show for the first time that the vibrissa system is not solely tactile but can be 

an audio-tactile system. We found that when mice whisk against certain objects, for example, dry 

leaves, whisking-touch events produce audible object-specific sounds that alter the firing rate of 

neurons in the inferior colliculus (N = 2,n = 22) and the auditory cortex. To show that the change 

in the firing rate of neurons in the auditory cortex (N = 3, n = 140) is caused by the whisking-

touch induced sound and not due to tactile signals from the somatosensory system, we cut the 

Infraorbital nerve (ION) that conveys information from the whiskers to the brain. Under this 

condition, most neurons in the auditory cortex still responded to whisking-touch audible events. 

Importantly, different neuronal responses were found, including elevated and reduced firing in 

response to audible objects and whisking-only units. Furthermore, a simple neural network 

classifier showed that neuronal response captured the mouse’s behavior (non-whisking, free 

whisking) and differentiated contacts with a noisy vs. an attenuated object. (i.e., an object 

identical in coarseness to the noisy object but much less noisy).These novel findings are 

potentially relevant to the natural behavior of mice and other rodents that actively explore their 

environment by whisking. These auditory-tactile signals can improve the perception of objects 

by providing complementary auditory information to tactile information. Primary and 

multimodal sensory areas in the cortex might integrate the complementary sensory information 

and allow a better perception of the environment. 
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Abstract: The role of environmental temperature in shaping species interactions is under 

increasing scrutiny, yet the extent to which learning contributes to how animals respond to 

changing environmental conditions is largely unexplored. Currently, the effect of temperature on 

animal behavior is primarily studied through a metabolic lens: temperature imposes constraints 

on movement and behavior as a function of metabolic profile (e.g., warm or cold-blooded), 

which in turn shapes species interactions. In the case of predation, hunting outcomes predicted 

by this model are based solely on differences in the metabolism of interacting species and their 

resultant asymmetric performance across a temperature gradient. However, learning may also 

shape behavioral responses and hunting success across changing temperature. In this study we 

aimed to quantify the effect of temperature on prey capture. We hypothesized that predatory 

learning, in addition to metabolic asymmetry between predator and prey, modulates changes in 

hunting success across a range of temperatures. To test this, we developed an experimental 

housing arena in which we can vary ambient temperature while also tracking multispecies 

interactions using machine vision. We first trained adult C57BL/6 mice (n=8, sex-balanced) to 

hunt cockroaches (Shelfordella lateralis) at room temperature. We found that mice achieve 

consistent capture performance after 1 week. We then altered ambient temperature across a ~25C 

range to measure its effect on capture performance. We found that hunting success, as measured 

by time to capture, varied robustly as a log-linear function of temperature, with time to capture 

increasing four-fold with ambient temperature (p < 0.001). However, our results deviated from 

predictions based on metabolic theory; namely, mice tended to maintain consistent levels of 

performance at hotter temperatures despite the cockroaches, as cold-blooded organisms, moving 

fastest in these conditions. Using machine vision, we conducted pose estimation on mouse and 

cockroach in each hunting trial (n=2560). We found that mice exhibited a repertoire of 

temperature-dependent behavioral patterns during hunting and may use temperature as a 

predictive cue to select hunting strategy. Together, these results suggest that learning and 

behavioral plasticity play important roles in further shaping predator-prey outcomes beyond that 

which is predicted by metabolic constraints alone. Consideration of prey capture - a ubiquitous 

and ethologically relevant behavior - offers unique insights into how animals adapt to changing 

environmental conditions. 
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Abstract: Detecting salient visual objects against a moving background is anything but simple 

and the mechanisms remain enigmatic in visual neuroscience. The fruit fly has been a highly 

successful model organism for understanding a complimentary challenge: how the visual system 

detects the direction of motion. Motion direction is computed by the columnar T4 and T5 cells 

(i.e., the first-order direction selective neurons) that segregate ON and OFF signals, respectively. 

These cells supply wide-field integrating neurons of the lobula plate that encode patterns of 

panoramic optic flow and coordinate directional gaze stabilization behavior, but these neurons 

are not suited for the robust object tracking behaviors that flies produce. Here, we hypothesized 

that a visual pathway parallel to the T4/T5 direction selective cells encode small moving targets 

and drive body saccades toward them. We combined physiological and behavioral experiments 

to investigate the role of another class of T- cells, columnar T3 neurons, innervating the lobula. 

By using two-photon calcium imaging, we demonstrated that T3 neurons are well tuned to 

motion-defined bars. Then, we showed that T3 contribute to the normal counter-directional 

orientation response typically deployed for tracking motion-defined bars by rigidly tethered flies. 

In real closed-loop conditions, by using magnetically tethered flies, we showed that silencing of 

T3 reduce the number of saccades while the optogenetic activation increase them. Finally, we 

accounted for the saccade trigger mechanism through an integrate-and-fire model physiologically 

inspired by the calcium dynamic of T3 neurons. Our results represent the first evidence for a 

parallel motion detection pathway involved in small object tracking behavior through saccades 

whose computation is based on direction-agnostic contrast changes. 
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Abstract: Social interactions rely on internal and external contexts which scaffold the 

complexity of human and animal behavior. Social influences exert a pronounced effect on the 

relationship between neural circuits and the body. Brain and body coupling during interoception 

and exteroception allows for agents to assess social situations in relation to salience, safety, and 

uncertainty. This study will examine dynamics in neural circuitry underlying social assessments 

by recording local field potentials in the olfactory bulb, amygdala, hippocampus and insular 

cortex simultaneously. A study was performed to characterize behavioral, autonomic, and multi-

region brain dynamics during interaction between rodents and other conspecifics, robots, and 

stationary objects. The use of interactive robots served as a control condition while also 

revealing novel findings about social dynamics. The results from these experiments highlight the 

importance of naturalistic regulatory behaviors, which serve an important functional role in 

interoception and stabilizing the nervous system. This functional role was examined with respect 

to multi-region brain coupling by applying a novel method for estimating dynamic coupling to 

identify bidirectional coupling between regions as well as coherence analysis. Rather than 

advocating for the “communication-through-coherence” hypothesis, these results suggest that 

“communication-through-coupling” may be a more compelling approach to understanding the 

dynamics of neural circuits. 
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Abstract: The amygdala regulates fear and anxiety. Expression of fear and anxiety is associated 

with changes in the emotional motor system control of breathing, cardiovascular and pelvic 

organ function. The amygdala via its strong projections to the periaqueductal gray (PAG) could 

function as one of the emotional motor pathways for the modulation of fear and anxiety. In that 

case, stimulation of the amygdala should have a direct causal influence on breathing as well as 

on cardiovascular and pelvic organ functions. This was investigated by stereotaxic glutamate 



stimulation of different portions of the amygdala in both cats and rats. Glutamate only stimulates 

the cell bodies and not the fibers of passage. Using this technique it was possible to find out 

whether within the amygdala a topographical organization of emotional functions exist. 

Results from the cat studies Respiration: In the cat, stimulation of the lateral amygdala 

generated hyperpnea and tachypnea, while stimulation of the central amygdala induced dyspnea, 

bradypnea, inspiratory apneusis and double diaphragm breathing patterns. Stimulation in the 

amygdala never generated apneas. Cardiovascular effects: Stimulation in both the lateral and 

central amygdala induced hyper- as well as hypotension. Micturition: In the cat stimulation of 

central amygdala generated micturition, but stimulation in the lateral amygdala did not. 

Results from the rat studiesFocal stimulation of the central amygdala in the rat induced both 

tachypnea/hypertension as well as apnea/hypotension. Topical stimulation in the lateral portion 

of the central amygdala produced breath-hold. Focal glutamate stimulation in the lateral 

amygdala did not result in any cardiorespiratory effect. In the rat micturition was never generated 

in either the lateral or the central amygdala. 

ConclusionThe lateral and the central amygdalar areas produce distinct modulations of the 

emotional motor system depending on its association with stress, fear and anxiety. Differences 

between the cat and rat exist in terms of modulation of the emotional motor system. 
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approval. HHS and GH designed the project, performed the experiments, analysed primary data 
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Abstract: Depression is characterized by social withdrawal and avoidance and can emerge after 

exposure to a social stressor. The medial amygdala (MeA) regulates social behaviors and 



responds to social cues, and there is evidence of reduced MeA volume and connectivity in people 

with depression. The MeA projects to the bed nucleus of the stria terminalis (BNST) and 

ventromedial hypothalamus (VMH), which are also involved in social avoidance and approach 

behaviors, suggesting MeA-related circuits may regulate social symptoms of depression. To 

better understand the MeA’s response to social stressors, we used 5 days of repeated social 

defeat stress using the resident intruder paradigm or a transport cage control in adult (PND 71-

83) male Sprague Dawley rats (n=84) and recorded the firing rate of spontaneously active 

neurons in the MeA using anesthetized in vivo extracellular single-unit electrophysiology. We 

found that MeA neurons fired faster in socially defeated rats relative to controls, and the number 

of attacks a stressed rat experienced per day trended towards a positive correlation with their 

average MeA firing rate, suggesting a direct relationship between stressor intensity and MeA 

firing. This increase in MeA activity after stress was driven by neurons in the posterodorsal 

subnucleus (MeApd), whereas the posteroventral (MeApv) firing rate was similar between 

groups. Cumulative frequency distributions of MeA, MeApd, and MeApv firing rates all 

revealed significant differences in firing rate distribution between treatment groups, suggesting 

distinct populations of neurons in these regions may respond differently to social stress. To 

examine differences in MeA projections, we used antidromic stimulation of axonal terminals to 

identify MeA-BNST or MeA-VMH neurons. While preliminary results indicated that firing rates 

were similar in MeA-BNST and -VMH neurons between groups, MeA-VMH neurons trended 

towards firing faster than MeA-BNST neurons in the control group. Future work will test 

whether differences in MeA-BNST or -VMH firing are associated with changes in social 

avoidance or approach behaviors following social stress. These results indicate that the MeA is 

sensitive to prolonged social stressors and that social defeat differentially affects the activity of 

MeA subnuclei. These findings point to dysregulated MeA activity as one possible mechanism 

for social stressors to drive maladaptive social behaviors. 
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Abstract: Background: Patients with stress-induced psychopathologies like posttraumatic stress 

disorder experience debilitating changes in emotional reactivity that can lead to aggression. The 

central amygdala (CeA) is a point of intersection for neural circuits that regulate both threat 

responding and aggression. Here, we leveraged mouse models of naturalistic agonistic behavior 

to examine the neural bases of territorial and self-defensive attacks. We used single-cell calcium 

imaging and chemogenetics to evaluate CeA neurons that express the stress-signaling 

neuropeptide, corticotropin releasing hormone (Crh). Methods: Male CRH-ires-Cre mice 

received intra-CeA AAV5-EF1a-DIO-GCaMP6s and were implanted with a gradient index lens 

to detect calcium-dependent activity in Crh+ CeA cells. Cell activity (n=16-45 cells/mouse) was 

video-recorded using a miniature microscope during 5-minute home-cage territorial aggressive 

encounters with a submissive intruder mouse or during 1-minute self-defensive interactions with 

a highly aggressive intruder. Crh+ CeA cell ensembles were identified based on their activity (3 

z-score peak event threshold) relative to territorial attack initiation. Additional CRH-ires-Cre 

males were infused with intra-CeA AAV5-hSyn-DIO-hM4D(Gi)-mCherry to drive inhibitory 

Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) or control virus in 

Crh+ CeA neurons. Mice received systemic vehicle or deschloroclozapine (0.02 mg/kg) 5 

minutes before territorial or self-defensive aggression tests. Behavioral videos were analyzed 

using supervised machine learning; pose estimations generated by multi-animal deeplabcut 

(Lauer et al. 2022) served as the input for simple behavioral analysis (Nilsson et al. bioRxiv) to 

classify social approach, social contact, and attacks Results: Three Crh+ CeA cell ensembles 

were identified - 41% were active in the 10 seconds before territorial attack initiation, 32% were 

active during attacks, and 27% were inactive during aggression. Chemogenetic inhibition of 

Crh+ CeA cells selectively prevented territorial attacks without affecting social approach, 

contact, or self-defensive bites toward an attacking intruder. Conclusions: CeA Crh+ cell 

activity is essential for the initiation of territorial attacks. Cell activity was not necessary for self-

defensive bites, suggesting distinct neural circuitry underlying territorial vs. self-defensive 

aggression. Ongoing studies use all-optical closed-loop approaches to block attack initiation 

using Crh+ CeA cell activity to trigger real-time inhibitory optogenetics. 
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Abstract: The central extended amygdala (CEA) and ventral pallidum are involved in diverse 

motivated behaviors, and encompass a large region of the basal forebrain in primates. 

Corticotropin releasing factor (CRF), a canonical ‘stress molecule’ is enriched in the CEA, and is 

dynamically regulated. CRF's role in behavior--particularly in higher species--has been hard to 

parse, in part because it modulates primary ‘fast’ transmitters in neural circuits. To clarify CRF's 

role in the context of its primary transmitters, we used a combination of immunocytochemical 

and spatial transcriptomics approaches to 1) survey the distribution of CRF-positive neurons in 

subregions of the CEA and ventral pallidum, 2) examine the overall proportions of GABAergic 

and glutamatergic neurons by subregion, and 3) determine the proportion of CRF-mRNA 

neurons that co-express glutamate (Vglut2 mRNA) and GABA (Vgat mRNA) by subregion. 

Young male macaques were used. CRF-protein and CRF mRNA labeled neurons were broadly 

dispersed in all CEA subregions, and also in the ventral pallidum and globus pallidus, pars 

interna (GPi). Overall, single-labeled Vgat-mRNA positive cells were the most prevalent cell 

type in the CEA and ventral pallidum (80%); however, Vglut2 mRNA was expressed in 20% of 

all neurons, 10% of which were Vgat/Vglut2 positive. Regional differences in the distribution of 

Vgat- and Vglut2- mRNA positive cells across CEA and ventral pallidal subregions were 

striking. With respect to the CRF neuronal population, CRF/Vgat-only neurons were found in 

highest proportions in lateral central bed nucleus, lateral central amygdala nucleus, and medial 

central amygdala nucleus (74%, 73%, and 85%, respectively). Lower percentages of CRF/Vgat 

labeled cells (53%, 54%, 17%, respectively) characterized the sublenticular extended amygdala, 

ventrolateral bed nucleus, and ventral pallidum. These regions had higher complements of 

CRF/Vgat/Vglut2 labeled neurons (33%, 29%, 67%, respectively). Across all subregions, 

relatively stable, low proportions of CRF/Vglut2 and CRF-mRNA single-labeled cells comprised 

the balance of the CRF labeled cells. In sum, the dorsal bed nucleus and central nucleus have 

relatively homogeneous populations of CRF- GABAergic neurons, mirroring their relatively 

restricted efferent systems. In contrast, the ventral lateral bed nucleus and sublenticular extended 

amygdala, and the ventral pallidum have heterogeneous CRF cell types, including mixed 

GABA/glutamatergic subpopulations, and broader efferent paths. Important next steps will be to 

map cell-type specific CRF circuitry associated with the CEA subregions and ventral pallidum. 
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Abstract: Introduction: Chronic visceral pain, often exacerbated by stress, is one of the main 

features of irritable bowel syndrome (IBS). Evidence suggests that behavioral therapies can be 

effective in managing IBS symptoms, however the mechanisms of action remain to be explored. 

Our previous research has revealed that stress induces persistent changes in glucocorticoid 

receptor (GR) function at the central nucleus of the amygdala (CeA) to cause chronic visceral 

hypersensitivity. Here we test the hypothesis that exposure to an enriched environment (EE), a 

rodent analog of behavioral therapies, is capable of ameliorating persistent visceral 

hypersensitivity in rats previously subjected to chronic stress by reversing stress induced changes 

in GR expression at the CeA. Methods: Male and female rats (n=4/group) were exposed to water 

avoidance stress (WAS) for 7 days (1hr/day). Colonic sensitivity was assessed on day 8 by 

measuring the number of abdominal contractions to colorectal distension pressures (0-60mmHg). 

The animals were then returned to standard cages (SH) for one additional week after which a 

cohort of WAS animals were transferred to EE cages for 14 days. On day 28 post WAS, colonic 

sensitivity was once again measured. CeA was also collected from the rats on day 28 to assess 

the effects of EE on WAS induced changes in GR expression via western blot. Results were 

expressed as mean ± SD. Results: On day 8 post-WAS, we observed colonic hypersensitivity in 

male (Male 60mmHg: SHAM=16±2 vs. WAS=25±3 contractions; p<0.001) and female rats 

(60mmHg SHAM=19±3 vs. WAS=27±4 contractions; p<0.01), which persisted until day 28 

post-WAS (60mmHg: Male =24±3; Female=33±6 contractions; p<0.001). However, animals 

which were exposed to WAS and then housed in EE from days 14-28 showed visceral sensitivity 

(EE+WAS: Male=17±1; Female=22±2 contractions) that was comparable to SHAM controls and 

significantly lower than SH+WAS animals either on day 8 or day 28 (p<0.01, 2-way ANOVA). 

WAS caused a persistent decease in GR expression in the CeA in both males and females 

(SHAM=100±10; WAS=50±3; p<0.001) and EE able to partially reverse the effects of WAS 

(EE+WAS=68±11. p=0.03; 1-way ANOVA). Summary and Conclusions: Our data reveals that 

a brief exposure to EE is capable of reversing chronic stress-induced visceral hypersensitivity in 

male and female rats along with a partial restoration of GR expression in the CeA. These 

findings show that GR plays a critical role in chronic stress induced visceral hypersensitivity. 

Our data also suggests behavioral therapies may work through GR signaling and additional 

pathways to normalize stress-induced visceral hypersensitivity. 
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Abstract: Obsessive Compulsive Disorder (OCD) is a highly disruptive chronic condition that 

affects approximately 1.2% of the adult U.S. population. OCD is commonly characterized by the 

presence of thoughts (obsessions) that trigger the execution of repetitive behaviors 

(compulsions). Rodent models of OCD typically examine highly stereotyped behaviors such as 

grooming. Self-grooming increases in the presence of stress in numerous rodent models. 

Mechanisms underlying thus process remain to be delineated. we propose that a stress triggers 

activation of BLA, synapses in the NAc, which in turn drives a striatonigral pathway that is 

known to induce grooming. We used tracing approaches in Fischer 344 rats to assess this 

pathway. Rats underwent stereotaxis procedures and received a unilateral PHA-L (anterograde 

tracer) iontophoretic injection in the BLA and a complimentary ipsilateral/unilateral red 

Retrobead (retrograde tracer) injection in the SNr. We identified PHA-L labeled terminals in 

both the NAc and in the ventromedial aspect of the SNr, indicting the existence of BLA 

projections. Positive retrograde signal was not found in the NAc but was observed dorsomedial 

to the BLA in the striatum. Subsequent experiments tested grooming as a parameter for stress-

based behavior, as a means of identifying a reproducible model of stress grooming in our lab. 

Fischer 344 rats (a strain know for high levels of grooming) were exposed to a modified stress 

enhanced fear learning (SEFL) paradigm following prior stress exposure (restraint stress/elevated 

plus maze). No significant changes in grooming were seen during initial stress exposures. 

However, significant increases in grooming duration were observed during SEFL training in 

groups exposed to prior stress. Additionally, groups not exposed to prior stress showed decreases 

in grooming duration. The data suggest a lasting impact of stress exposure on fear learning, a 

process thought to be mediated by the BLA. The data indicate that grooming may be a potential 

stress-scoping mechanism, possibly triggered by BLA circuitry. 
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Title: Female social defeat behavior is modified through orexin 2 receptor activity, balancing 

pro- and anti-stress circuitry in basolateral amygdala 
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Abstract: Balanced Stress responsiveness is derived from signaling in brain regions associated 

with the promotion of pro- and anti-stress behavioral output. Biases in these circuits shift 

behavioral patterns and define phenotypes that exhibit stress resilience or vulnerability. 

Transcriptomic analyses reveal distinct expression profiles in pro-stress regions, prelimbic cortex 

and anterior basolateral amygdala of mice exhibiting active avoidance (Escape) or accepting 

confrontation (Stay) behaviors in a social stress paradigm (Stress Alternatives Model; SAM). 

Further, intra-BLA manipulation of orexin 2 receptors (Orx2R) shifts phenotype-specific 

behaviors. As the orexin system mediates stress responses in a sex-dependent fashion, we 

developed a model for investigating social stress in female mice using shock-induced aggression 

(SIA). Unlike males exposed to the SAM paradigm, most females display Escape behavior, 

which can be altered by including additional social stress bouts to the paradigm to enhance the 

stress state. Further, female mice possess more BLA cells that express Orx2R mRNA (Hcrtr2) 

compared to males. Antagonizing Orx2R subcutaneously at a low dose (30 nmol) in female 

animals resulted in phenotype divergence with a proportion of mice displaying slower escape 

(EscapeS), a result replicated in all females administered the anxiogenic drug yohimbine (α2 

receptor antagonist). Like yohimbine-treated mice, females of the EscapeS phenotype also 

showed reduced social preference and enhanced cued fear freezing. Additionally, EscapeS 

animals had more Hcrtr2-positive cells in the BLA. These results suggest that Orx2R mediate 

stress responsivity, likely by balancing pro- and anti-stress circuitry. 
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Abstract: A poor understanding of sex differences in animal models of stress-related psychiatric 

disorders has contributed to greater misdiagnosis of depression and anxiety disorders in women 

compared to men. Dominance hierarchies produce experience-dependent neural plasticity and 

generate individual differences in stress sensitivity such that subordinate animals are often more 

vulnerable to stress than dominants. However, status-dependent differences in stress sensitivity 

are primarily limited to findings in males and it is unknown whether differences in dominance 

relationships between males and females produce sex differences in stress sensitivity. The aim of 

this study was to characterize sex differences in the formation and maintenance of dominance 

relationships in same-sex pairs of male and female Syrian hamsters. We age-matched and 

weight-matched all subjects, and estrus-cycle-matched females to minimize pre-existing 

differences between subjects. We then exposed hamsters to daily social encounters for two 

weeks in a resident-intruder format. Because female hamsters show low and inconsistent 

aggression during estrous, we skipped social encounters every fourth day. We conducted a meta-

analysis on agonistic behavior from multiple cohorts of hamsters across several studies. In total, 

we obtained behavioral data from 68 male dyads and 88 female dyads. We found that female 

hamsters attacked more quickly and at a higher rate compared to males regardless of dominance 

status. In addition, resident female hamsters attacked more quickly and at a higher rate than 

intruder females, but aggression in males did not depend on residency status. Female 

subordinates submitted more quickly to their dominant counterparts and fled at higher rates from 

their dominant counterparts compared to male subordinates. Intruder subordinate females were 

found to submit more quickly and flee at a higher rate than resident subordinate females. 

Females were also more resistant than males to becoming subordinate in that they fought back 

more consistently and were more likely to flip their dominance status during the 2 weeks of 

social encounters. These findings suggest that dominance relationships are less stable in females 

compared to males and that residency status may have a larger impact on status-dependent neural 

plasticity in females than in males. In addition, sex differences in the formation and maintenance 

of dominance relationships may contribute to variation in stress sensitivity between males and 

females. 
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Abstract: Experience-dependent activity of specific neural ensembles is known to generate 

individual differences in stress reactivity and can alter risk for stress-related psychiatric 

disorders. Dominance status involves a critical social experience that modulates neurochemical, 

neuroendocrine, and behavioral responses to stress. Dominant animals often show greater stress 

resistance than subordinates. We have shown that dominant hamsters exhibit greater stress-

induced neural activity in the infralimbic (IL) region of the ventromedial prefrontal cortex and 

medial amygdala (MeA). We have also shown that dominants exhibit less stress-induced social 

anxiety than subordinates. In this project we are using a viral vector approach to label immediate 

early gene expression during stress to quantify subsequent stress-related behavior in the same 

animals. We are tagging activated neural ensembles with a robust activity marker (RAM) during 

an acute social defeat stressor and measuring social exploration 48 hours after stress. Our 

preliminary data indicate that RAM expression in the IL and MeA can be temporally controlled 

with doxycycline chow and is activated by a social defeat experience. Specifically, we have 

shown that defeated animals exhibit greater RAM expression in the IL and MeA compared to 

non-defeat animals. Also, defeat-induced RAM expression in both the IL and MeA is positively 

correlated with defeat-induced social exploration 48 hours later. We are currently creating 

dominance relationships to test whether status-dependent differences in IL and MeA RAM 

expression correlate with status-dependent differences in defeat-induced social exploration. 

These findings suggest that elevated neural activity in the IL and MeA during stress predicts 

reduced social anxiety-like behavior in the future. Also, this study supports the use of a RAM 

approach for identifying neural ensembles that regulate long-term changes in behavior. 
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Abstract: Social stress is a negative emotional experience that leads to individual differences in 

fear and anxiety. Dominance status is an environmental factor that can alter the way individuals 

react to and cope with stressful events. The underlying neurobiology of how social dominance 

produces stress resistance remains elusive, although experience-dependent changes in androgen 

receptor (AR) expression is thought to play an essential role. Using a Syrian hamster 

(Mesocricetus auratus) model, we investigated whether dominant individuals activate more AR-

expressing neurons in the posterodorsal and posteroventral regions of the medial amygdala 

(MePD, MePV), activate more neurons in MePD and MePV that project to the bed nucleus of the 

stria terminalis (BNST), and display less social anxiety following social defeat stress compared 

to subordinate counterparts. We allowed male hamsters to form and maintain a dyadic 

dominance relationship for 12 days, exposed them to social defeat stress, and then tested their 

approach-avoidance behaviors using a social interaction test. During social defeat stress, 

dominant subjects showed greater c-Fos expression in AR-expressing cells in the MePD/MePV 

as well as increased c-Fos expression in a MePD/MePV-BNST pathway compared to 

subordinates. We found that acute social defeat reduced the amount of time animals spent 

interacting with a novel conspecific, although there was no effect of dominance status, which is 

in contrast to status-dependent changes in a conditioned defeat response. Also, there were no 

status-dependent differences in c-Fos expression in MePD/MePV AR-positive neurons during 

social interaction testing. These findings suggest that activation of select neural ensembles in the 

MePD/MePV during social defeat stress contributes to status-dependent changes in stress 

responsivity and gives insight into the neuroendocrine mechanisms by which social experience 

alters stress coping. 
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Abstract: Dominance relationships modulate stress sensitivity in males within a variety of 

species, however less is known about the consequences of dominance status in females. The 

posterodorsal and posteroventral medial amygdala (MePD, MePV) are part of a social behavior 

neural network and plasticity within these regions contribute to experience-dependent changes in 

behavior. Using a Syrian hamster (Mesocricetus auratus) model, we established dominance 

relationships among adult females and found that animals showed estrous-dependent variation in 

agonistic behavior. Following 2 weeks of daily dominance interactions, dominant and 

subordinate females were exposed to social defeat stress and c-Fos immunoreactivity was 

quantified in the MePD and MePV. A separate group of females received injection of a 

retrograde tracer into the bed nucleus of the stria terminalis (BNST) and we quantified stress-

induced c-Fos immunoreactivity in a MePD/MePV-BNST pathway. Another group of animals 

received a social interaction test following social defeat and we quantified defeat-induced social 

avoidance as well as c-Fos immunoreactivity in the MePD and MePV. We expected that 

dominant individuals would show greater MePD and MePV activation during social defeat stress 

and less subsequent social avoidance compared to subordinates. Consistent with this prediction, 

female subordinates showed less defeat-induced c-Fos expression in the MePV compared to 

dominant counterparts and controls without a dominance status. However, unlike corresponding 

data in male hamsters, there was no status-dependent difference in activation of a MePD/MePV-

BNST pathway in females. Also, subordinates show greater defeat-induced social avoidance as 

compared to dominants and controls. However, social interaction testing produced no status-

dependent differences in MePD/MePV c-Fos expression. Overall, neural activity in the posterior 

regions of the medial amygdala contributes to status-dependent differences in the development, 

but not expression, of stress vulnerability in female hamsters. 

Disclosures:  J.R. Kelly: None. C.J. Whitten: None. M.K. Hooker: None. J.N. Kearney: 

None. L.M. Hennon: None. M.S. Jenkins: None. M.C. Scarbrough: None. M.A. Cooper: 

None. 

Poster 

552. Stress-Modulated Pathways: Amygdala 

Location: SDCC Halls B-H 



Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 552.13 

Topic: F.03. Stress and the Brain 

Support: NIH-Columbia University Individual Graduate Partnership Program 

ZIA MH002970-02 
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Abstract: The central nucleus of the amygdala (CeA) regulates components of both positively 

and negatively valenced behaviors via specific cell types and circuits. Past studies on the peptide 

dynorphin (Dyn) and its cognate receptor, the kappa opioid receptor, within the CeA have 

highlighted a general role of this system in threat-related behaviors as well as drug-seeking 

behaviors. However, no studies have investigated the role of Dyn in motivational conflict. Here, 

we genetically deleted Dyn from the CeA of Dyn-flox mice and assessed the impact on reward, 

fear, and resolution of conflict between reward and fear. To test whether deletion of CeA Dyn 

reduces reward-seeking behavior, we trained mice in operant procedures. We observed no 

differences between groups, indicating that CeA Dyn is not engaged during reward learning. 

Next, we tested whether CeA Dyn deletion promotes fear learning. CeA Dyn deletion did not 

robustly modulate fear expression. Finally, to test whether CeA Dyn is critical for reward 

seeking in the face of threats, we employed a modified platform-mediated conflict task. In this 

task, tones predicted footshocks, and light cues predicted reward availability. The trials consisted 

of a mixture of nonoverlapping, partially overlapping, and entirely overlapping cue 

presentations. Mice also had access to a “safe” platform opposite the reward port, which allowed 

them to avoid shocks at the expense of rewards. Interestingly, mice with Dyn deletion in the CeA 

showed enhanced reward-seeking and reduced time on the safety platform relative to controls, 

suggesting that Dyn signaling limits reward seeking in the face of threats. Ongoing experiments 

suggest that selective deletion of Dyn from somatostatin-expressing CeA neurons phenocopies 

the global CeA Dyn deletion described above. Further, we are investigating activity dynamics of 

CeA Dyn neurons during motivational conflict. Together, our work suggests that Dyn produced 

by CeA neurons may be preferentially released in situations where appetitive behaviors must be 

suppressed to avoid threats. The findings of this study may inform our understanding of various 

psychiatric disorders driven by impaired Dyn signaling or CeA function. 
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Abstract: Chronic social defeat stress (CSDS) leads to social avoidance, which is often 

interpreted as depressive-like behavior. This is supported by the finding that stressed C57/BL6J 

mice avoid CD-1 mice, the strain used to induce CSDS, and mice of the same strain. However, 

we find that stressed 129Sv/Ev mice only avoid CD-1 mice and not a conspecific, indicating that 

motivation to socialize is intact. We hypothesize that in this strain, fear conditioning occurs 

during each social defeat session, such that the CD-1 serves as a conditioned stimulus and the 

CD-1 attack serves as an unconditioned stimulus, leading to the formation of a fear memory that 

is retrieved during the social interaction test. If true, then social avoidance should be subject to 

extinction and second-order fear conditioning, both of which are commonly tested following 

traditional models of Pavlovian fear conditioning. We tested extinction of social avoidance by 

exposing defeated mice to 5 social interaction tests/day for 7 consecutive days. A novel mouse 

was used as the social target for each test. Consistent with extinction learning, we found that 

interaction time with the CD-1 significantly increased across experimental days (n=10; Day 1 vs. 

Day 7, p< 0.01). In contrast, when the social target was a 129Sv/Ev, interaction time remained 

high throughout testing (n=9; Day 1 vs. Day 7, p= 0.62). In a follow-up experiment, we found 

that defeated mice avoid a Swiss Webster mouse, but not the scent of a CD-1 (n=20; p< 0.05), 

indicating association of specific visual cues (color) with threat during CSDS. We next tested 

whether pairing an aggressive CD-1 with a tone (4Khz, 70dB) produces second-order 

conditioning. On each day of defeat, the last 10 seconds of a tone overlapped with the 

introduction of a CD-1. At test, the same tone was played when mice entered the interaction zone 

of an empty wire-mesh enclosure. Defeated mice (n=14) spent significantly less time with the 

tone-paired cup than non-defeated controls (n=16), indicating that CSDS can elicit avoidance 

behavior in the absence of a social target (p< 0.05). In addition, avoidance of a CD-1 upregulated 

c-Fos in the basolateral nucleus of the amygdala (defeated n=5, non-defeated n=5; p< 0.001), 

consistent with the known role of this region in retrieval of a conditioned fear memory. 

Collectively, these results indicate that CSDS may be useful for studying the formation of fear 

memories involving a social cue. 
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Abstract: Post-TraumaticStress Disorder (PTSD) can be characterized as a complex mental 

disorder by itscomplications in cognitive functioning and behavioral deficits often onset by 

atraumatic event in one's life. Due to the limited efficacy of therapeutic interventions,the current 

treatment for this disorder includes psychotherapy, exposure-basedtherapy, and medications such 

as selective serotonin reuptake inhibitors(SSRIs) cultivated for the treatment of anxiety 

disorders. In recent years,different psychoactive substances with known psychotropic and 

hallucinogeniceffects have been reviewed as novel treatments for acute stress disorders.Within 

the field of behavioral neuroscience, fear eliciting paradigms are usedto evoke and represent the 

acute stress symptoms that facilitate post-traumaticstress disorder. Within this study, sixteen 

C57/BL adult male mice were exposedto aversive shock stimuli within a novel operant chamber 

context. Four hoursafter the aversive stimuli, half of the mice were injected with 

Ketamine30mg/kg intraperitoneally and the other half received a saline injection.Twenty-four 

hours after the aversive stimuli, the mice were placed back intothe chamber to monitor for 

symptoms of distress. The mice who received thesaline injection associated the chamber with the 

aversive stimulus andexhibited freezing behaviors. Additionally, all the mice were placed into 

anopen field apparatus to assess for symptoms of generalized anxiety disorder.The mice within 

the Ketamine group showed a reduction in fear generalization.This research concluded that 

Ketamine serves as a promising therapeuticpsychoactive treatment for anxiety and acute stress-

related disorders. 
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Abstract: Mood can have a great impact on our physical health. Interestingly, depressed patients 

have increased vulnerability to develop diseases than healthy population. Then, it is highly 

possible that aversive states such as depression may trigger immune function dysregulation. So 

far, little is known about which brain regions are involved in immune disfunction and which are 

the mechanisms. Lateral habenula (LHb) has been postulated to be the “anti-reward” center and 

its hyperactivity has a key role in the pathophysiology of depression. Therefore, the aim of the 

present study is to investigate whether lateral habenula participates in the dysregulation of the 

immune system observed in depressive states. To do that, we used optogenetics to selectively 

activate the neurons in the Lhb and we checked whether this was enough to trigger an aversive 

state in C57/bl6 WT males and female mice. Then, we subjected them to a chronic protocol of 

stimulation (Day 1: 20min, Day2 :40 min, Day 3: 70min at 20Hz-10λ 3s ON7 min OFF). At the 

end of the protocol, we challenged them with LPS to study the innate immune reactivity in the 

periphery (eg, spleen, liver, plasma) and centrally (eg brain). Lhb activation induced a robust 

aversive state, as ChR2-Lhb injected mice decreased time spent in the light paired chamber in the 

real time place preference paradigm (rtCPP). The aversion induced by Lhb activation was 

associated with an increase expression of proinflammatory cytokines (IL6, IL1β, TNFα, IFN-γ) 

in the spleen after LPS challenge, specifically in females. We also studied microglia reactivity in 

the insular cortex, an area that encodes interoceptive information and it is known to sense 

peripheral immunity changes. Lhb activation increased microglia reactivity to LPS only in 

females. Altogether, this data indicates that the specific stimulation of aversive circuitry, in 

particular the lateral habenula, induces a dysregulation of the innate immune system response 

both peripherally and centrally after an immune challenge. These findings may contribute to 

elucidate why depressive states lead so often to increased risk of comorbidities (e.g. 

cardiovascular problems, autoimmune diseases, or infections). 
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Abstract: Inflammation is dysregulated with aging, resulting in a chronic low-grade activation 

of the immune system (‘inflammaging’). In the brain, aging is associated with increased 

microglial reactivity, which correlates with impaired cognition and social withdrawal. Disruption 

of the circadian system, which drives rhythms of ~24 h throughout the body, also enhances 

inflammation. In young rodents, the circadian system suppresses microglial inflammatory 

responses during the active/dark phase, but this time-of-day effect is lost in aged rodents, 

resulting in tonic elevation of pro-inflammatory cytokine expression. Thus, disruption of 

circadian rhythms in aging may potentiate neuroinflammation and lead to changes in cognition 

and social behavior. We hypothesize that measures to bolster circadian rhythms in aging will 

reduce neuroinflammation and increase social behavior. To test this hypothesis, we employed a 

time-restricted feeding (TRF, food access limited to the dark/active phase) protocol in aged mice 

(18 months old) for 6 weeks and compared physiology and behavior to that of ad lib-fed age-

matched and young (3 months old) controls. There was no effect of TRF on total daily food 

consumption or on body mass compared to aged ad lib mice, indicating that TRF did not serve as 

a caloric restriction. After six weeks of the feeding paradigm, aged mice significantly reduced 

time seeking a juvenile conspecific in the juvenile social exploration test (JSE) compared to 

young controls. TRF ameliorated reductions in social behavior in aged mice, indicating that TRF 

increased sociability in aged animals. Furthermore, TRF reduced an age-associated increase in 

hippocampal inflammation, reducing expression of interleukin-6 (Il6) during the active phase. 

These data indicate that TRF improves social behavior in aging, potentially via reducing 

neuroinflammation. Further work will focus on assessing how TRF modulates age-associated 

inflammation in the brain and peripheral tissues, and whether the beneficial effects of TRF 

extend into reduced pathology in rodent models of neurodegenerative disease. 
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Abstract: The circadian system is an evolutionarily adaptive system that synchronizes biological 

and physiological activities within the body to the approximately 24 hr oscillations on Earth. At 

the molecular level, circadian core clock genes act as transcriptional factors that regulate the 

rhythmic expression of other genes involved in sleep, cognition, mood, and immune function. 

Nuclear receptor Rev-Erbα/β are transcriptional repressors directly regulated by core clock gene 

BMAL1 and inhibit expression of Bmal1 and other gene targets. Global deletion of Rev-Erbα 

(RKO) promotes NF-κB signaling and activates the brain-resident immune cell microglia. RKO 

mice have been previously characterized to have a mania-like phenotype and an impaired 

memory function; however, the mechanisms by which changes in behavior arise remain unclear. 

Here we hypothesize that microglia mediate RKO-induced neuroinflammation and altered mood. 

To deplete microglia, RKO mice on a C57BL6/J background and their wild-type littermates were 

fed a diet containing CSF1R inhibitor PLX5622 (1200 ppm) or a standard lab diet as control. 

Affective behaviors and cognitive function were tested after 3 weeks of treatment, and 

neuroinflammatory outcomes were subsequently assessed in the hippocampus. RKO-induced 

hyperactivity in an open field and elevated plus maze test and increases in activity were 

ameliorated by microglia depletion in male but not female RKO mice. RKO induced differential 

anxiety-like phenotype in an open field and an elevated plus maze. Microglia depletion 

ameliorated anxiety-like behaviors in RKO females in an open field but did not alter risk-taking 

behaviors in an elevated plus maze. Moreover, microglia depletion ameliorated increases in pro-

inflammatory cytokine expression (e.g., IL-1β and TNFα) in the hippocampus of male but not 

female RKO mice. Taken together, we showed that microglia were involved in Rev-Erbα-

mediated neuroinflammation and mood regulation. These findings support that Rev-Erbα may 

serve as the link among the circadian system, the immune system, and mood regulation. 
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Abstract: Earlier work has correlated the expression of Zfp189 within mouse prefrontal cortical 

neurons (PFC) with enhanced behavioral resilience to social stress. However, the exact 

mechanisms through which Zfp189 is able to mediate social behavior remains unclear. The 

Zfp189 gene product is a Krüppel associated box (KRAB) zinc finger transcription factor of 

unknown function. To directly interrogate the transcriptional function and gene targets of 

ZFP189, we reprogrammed the endogenous ZFP189WT by replacing the repressive KRAB 

domain with an enhanced transcriptional activation domain (VP64-p65-Rta (ZFP189VPR) or by 

removing the functional moiety entirely (ZFP189DN). We demonstrate divergent transcriptional 

regulation at a luciferase target gene, in vitro. Upon packaging these ZFP189 variant constructs 

in herpes viral vectors (HSVs) and delivering to mouse PFC, we observe that mice infected with 

HSV-ZFP189VPR, the synthetic transcription factor of inverted transcriptional function relative to 

the pro-resilient ZFP189WT, demonstrate dramatically reduced social behaviors. The infected 

PFC tissues were then microdissected and subjected to RNA-sequencing (RNAseq), providing 

insight into which ZFP189-gene targets might be mediating these effects. Lastly, we investigated 

the consequences of altered ZFP189-mediated transcriptional function on dendritic spine density 

and morphology in cortical pyramidal neurons. We observe that viral expression of ZFP189WT or 

the synthetic ZFP189VPR results in mature dendritic spines on pyramidal neurons. However, only 

the synthetic ZFP189VPR precipitates pronounced social withdrawal in these mice. In performing 

RNAseq with these tissues, we identify a divergent impact on genes relating to adaptive immune 

response and implicate interferon-regulatory factors as ZFP189-sensitive mediators of social 

behavior. Collectively this body of work indicates that ZFP189 regulates social behavior by 

functioning as a transcriptional repressor at key adaptive immune target genes in PFC cortical 

neurons, which drive dendritic spine maturity and pro-social behaviors. 
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Title: Covid-19-like inflammation causes persistent memory deficits in aging mice. 
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Abstract: COVID-19 has affected more than 540 million individuals worldwide, and up to 40% 

of survivors experience post-acute covid sequelae (PASC, “long COVID”). The symptoms of 

long COVID include “brain fog” and cognitive impairments, and mood related symptoms such 

as depression or anxiety. SARS-COV-2 virus only rarely infects the brain, suggesting that other 

effects of COVID-19 cause changes including memory impairments. Inflammation during illness 

is known to modulate memory, cognition, and mood. Recent studies demonstrate that effects of 

inflammation on memory and neuroimmune priming can last months after resolution of immune 

signaling. Importantly, SARS-COV-2 is a single stranded RNA (ssRNA) virus triggers innate 

immune activation via Toll-Like Receptor (TLR) 7 and TLR8. In comparison to TLR4 and 

TLR3 activation are widely studied (with LPS and poly I:C, respectively), the effects of TLR7-

triggered inflammation in the brain are not well studied. In this project we examined the 

hypothesis that TLR7-triggered immune challenge causes lasting changes in the brain that 

contribute to the cognitive impairments and “brain fog” observed in Long COVID. We used a 

subchronic immune challenge protocol, recently developed in our laboratory, to determine 

whether the TLR7 agonist R848 (400-1000μg/kg) causes memory impairments or anxiety- and 

depression-like phenotypes that emerge and persist at least 8 weeks after the 2 week immune 

challenge. We observed a clear dose-response of cytokine and chemokine elevations in the 

hippocampus of young and mid-aged male and female mice; and mild weight loss to successive 

doses of R848, particularly in males. Eight weeks after immune challenge, we observed 

impairments in hippocampal-dependent novel object recognition in both sexes, and decreased 

context fear conditioning only in male mice - a pattern that mimics that observed with 

subchronic poly I:C challenge. These effects on memory were not due to lingering elevations in 

neuroimmune activation or changes in locomotor activity. This work is an initial step towards 

understanding how inflammatory sequelae of COVID-19 and other ssRNA viral illnesses 

contribute to cognitive effects of post-viral syndromes, and may, contribute to increased risk for 

aging-relate cognitive decline and Alzheimer’s Disease in the decades to come. 
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Abstract: Repeated drug exposure during adolescence poses a developmental challenge that can 

permanently alter neurobehavioral responses to drugs and shift an individual into a vulnerable 

state to develop substance use disorders (SUDs). Neuroimmune substrates, such as toll-like 

receptor 4, modulate the progressive stages of learning that occur within SUDs. Activated TLR4 

mounts a positive amplification cascade that converges on transcription factors to influence pro-

inflammatory cytokine activity. The current study explores the roles of trait anxiety and the 

TLR4 cascade in adolescent amphetamine (AMPH) sensitization. Two cohorts of 15 adolescent 

male Long-Evans rats (N=30) screened for high (HAn) and low (LAn) anxiety-like behavior 

were systemically injected with AMPH (4 mg/kg/ml, IP) or isotonic saline (0.9% NaCl, IP) 1X a 

day, every other day, for a total of four days. Following a one-week withdrawal period, all 

animals were challenged with a low AMPH dose (1 mg/kg/ml, IP) and evaluated for AMPH-

induced locomotor sensitization. Brain tissues were immunohistochemically stained for anti- 

TLR4, glial-derived neurotrophic factor (GDNF), nuclear factor kappa B (NF-κB), and tumor 

necrosis factor alpha (TNF-α) proteins. Positive cell counts were recorded within the medial 

prefrontal cortex (mPFC), caudate putamen (cPU), nucleus accumbens (NAcc), and basolateral 

amygdala (BLA). HAn rats traveled more distance than LAn rats over the course of the 

experiment; an effect that was further potentiated by AMPH exposure. To further delineate trait 

differences independent of drug effects, AMPH values were divided by SAL values to yield 

AMPH/SAL ratios for HAn and LAn groups that were used in analyses. Over time, HAn rats 

displayed a higher AMPH/SAL ratio than LAn rats for total distance traveled and stereotypies. In 

accordance, after a one-week withdrawal period, HAn animals displayed increased sensitized 

responses indicated by higher AMPH/SAL ratios for total distance traveled, rears, and 

stereotypies. Next, anti-TLR4 protein counts were not different between HAn and LAn animals, 

but TLR4-downstream molecules were. That is, HAn animals expressed more NFkB protein than 

LAn animals within the mPFC. Further, HAn SAL-treated animals expressed more TNFa than 

LAn drug-treated animals and HAn animals expressed more GDNF than LAn animals. The 

aforementioned results combine to highlight an increased susceptibility for extreme trait anxiety-

like behavioral phenotypes to AMPH sensitization and neuroimmune substrates may modulate 

this effect. 
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Abstract: Exposure to stress can activate microglia and cause an increase in brain interleukin-

1beta (IL-1). In the hippocampus, low concentrations of IL-1 facilitate memory formation while 

high concentrations inhibit. The amygdala is extremely responsive to stress and the basolateral 

amygdala (BLA) is critical for associative learning. Here, we tested the hypothesis that activation 

of microglia and low-grade production of IL-1 in the BLA facilitates contextual fear memory. 

Fischer male rats were exposed to 2 footshocks over 5min in an operant box (conditioning 

paradigm). Conditioned animals euthanized 1h later showed significant increases in IL-1 mRNA 

in the BLA compared to unconditioned controls. Administration of minocycline, a microglia 

inhibitor, prior to fear conditioning impaired contextual fear memory as measured by a reduction 

in freezing behavior when placed back into the context one day later. Administration of the IL-1 

receptor antagonist (IL-1RA) into the BLA prior to conditioning had no effect on the expression 

of contextual fear memory. Administration of IL-1 into the BLA prior to fear conditioning 

resulted in a dose-dependent impairment in contextual fear memory formation. Collectively, the 

results indicate that microglia are critical for normal formation of contextual fear memory, but 

IL-1β itself within the BLA dampens contextual fear memory formation. 
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Abstract: Sex differences in immune function produce differential susceptibility to select 

illnesses and alterations in the inflammatory response. Inflammation can impair learning and 

memory processes but whether these deficits vary between males and females has not been 

directly evaluated. However, independent papers by Sparkman et al. (2005a and 2005b) suggest 

potential sex differences in inflammation-induced cognitive deficits. While male mice showed 

spatial learning deficits following administration of the bacterial endotoxin lipopolysaccharide 

(LPS), a separate study with female mice found no evidence of LPS-induced spatial learning or 

memory deficits. To determine whether males and females show differential cognitive deficits 

following an immune challenge, adult C57BL6/J mice received an intraperitoneal injection of 

LPS (250 µg/kg) or saline four hours prior to testing in a two-way active avoidance conditioning 

task. We hypothesized that LPS administration would impair associative learning in male, but 

not female, mice. The results showed that LPS-treated males performed significantly fewer 

avoidance responses and had lower discrimination index scores compared to saline-treated 

males. However, LPS did not alter acquisition in females, as saline- and LPS-treated females 

showed similar rates of avoidance responses and discrimination scores across the five days of 

testing. Additional work is currently in progress to quantify cytokine levels among other factors 

to determine whether these sexually divergent effects relate to differences in the inflammatory 

response. Presently, the data indicate that males are more vulnerable to LPS-induced cognitive 

deficits compared to females. 
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Abstract: BACKGROUND: Major depressive disorder (MDD) represents the leading cause of 

disability, affecting over 300 million people worldwide. Largely characterized by behavioral 

symptoms, there is a need to identify biological changes associated with MDD. Emerging 

literature recognize a correlation between MDD and indices of inflammation, such as increased 

circulating leukocytes and cytokines. However, it is not fully known how this inflammation is 

initiated. Recently, several chronic inflammatory conditions have been associated with increased 

intestinal permeability or ‘leaky gut’. We hypothesize that chronic stress compromises the gut 

barrier, leading to translocation of gut microbial byproducts into circulation, triggering the 

inflammation associated with depression-like behavior. 

METHODS: To model depression-like behavior in mice, a 10-day chronic social defeat stress 

(CSDS) model was used. Social behavior was assessed by conducting a social interaction (SI) 

test. We subsequently measured gut inflammation by flow cytometry, and intestinal permeability 

by orally gavaging mice with FITC-Dextran. 

RESULTS: Following CSDS, intestinal permeability and circulating bacterial endotoxin levels 

were elevated in stressed mice, with both measurements negatively correlating with individual SI 

ratio. Additionally, expression of several tight junctions was downregulated in the intestines 

from defeated mice. Evaluating gut inflammation, pro-inflammatory IFNγ+ T cells were 

upregulated, and anti-inflammatory IL4+ T cells were downregulated in the colon after CSDS. 

Using ITGβ7-deficient mice, which have impaired immune cell migration to the gut, we find that 

gut inflammation precedes permeability and behavioral defects during stress. 

CONCLUSIONS: Collectively, these results reveal that CSDS induces intestinal inflammation 

and barrier breakdown, which may promote systemic inflammation associated with depression-

like behavior. 
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Abstract: Converging evidence suggests a dysregulation in peripheral inflammatory markers in 

Bipolar Disorder (BD). Alterations of immune-inflammatory pathways are associated with acute 

mood episodes and there may be a cumulative burden over time, with a chronic inflammation in 

later disease stages. A dysfunctional immune response leads to an overproduction of pro-

inflammatory mediators and associated local and system-wide damage. However, often only 

alterations in individual biomarkers are investigated, which might not capture inter-and intra-

individual variability in inflammatory markers. We therefore aimed to investigate the inter-

relationship between peripheral inflammatory markers in bipolar disorder (BD) compared to 

healthy control participants (HC). We investigated data from 59 BD and 96 age-and gender 

matched HC participants (age range: 25-65 years). All participants were taking part in a 4-year 

longitudinal study of cognitive aging; data from the baseline visits, conducted over a 2-week 

period, were analyzed and means across the three baseline visit computed. Blood was drawn at 

the same time of day from each participant on three occasions one week apart, and 18 

inflammatory markers in peripheral blood were analyzed: BDNF, CCL11, CCL26, IP10, MCP1, 

MDC, MIP1b, VEGF, Fractalkine, IFNγ, IL6, IL8, IL10, TNFα, SAA, ICAM1, VCAM1 (High 

sensitivity multiplex panels (MESO SCALE DISCOVERY®), lymphocyte, WBC counts and 

CRP (high sensitivity ELISA). Participants with CRP > 10mg/l or WBC> 11’000/ul were 

excluded. We calculated correlation matrices between all biomarkers. Differences (d) between 

the correlation matrices between the two groups were examined, which yielded significant 

differences in the inter-relationship between the various cytokines between HC and BD (X2 (N = 

150) = 72.3, p < 0.001). Pairwise relationships between IL8 and CCL11 (d=-2.85, p=0.002), 

IP10 and CCL11 (d=-2.45, p=0.007), SAA and IFNγ (d=2.65, p=0.004) showed the three biggest 

group differences such that there was a significant positive relationship in IL8 -CCL11 and IP10 

-CCL11 in BD (rs=0.49, p=0.0001, resp. rs=0.29, p=0.03) but not in HC (rs=0.04, p=0.67, resp 

rs=-0.13, p=0.23), and a positive relationship in HC (rs=0.31, p=0.003) but not in BD (rs=-0.14, 

p=0.30) in SAA and IFNγ. These results provide evidence for possible differences in the inter-

relationship between inflammatory biomarkers in bipolar disorder in comparison to HC 

participants, pointing towards a focus on the involvement of altered relationships between 

inflammatory markers. 
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Abstract: Epidemiological evidence suggests that maternal immune activation during gestation 

increases the risk for offspring to experience symptoms of developmental disorders later in life. 

Notably, males are more likely than females to be diagnosed with neurodevelopmental disorders, 

including autism spectrum disorder, schizophrenia, and general learning disabilities. The goal of 

this project is to elucidate how maternal immune activation (MIA) with lipopolysaccharide 

(LPS) may lead to changes in brain and behavioral processes in male and female offspring. 

Sprague-Dawley dams were injected with LPS (50ug/ml/kg, i.p.) or saline on embryonic day 

(E)15. After birth, the ontogeny of reflex behaviors - such as righting, cliff avoidance, eye 

opening, gait, posture, and forelimb/hindlimb grasping - were measured daily from P3-P21 in 

two male and two female (scores averaged for N=1/sex) offspring per litter. Moreover, maternal 

care toward pups was observed twice a day on postnatal days (P)1-5, P10, P15, and P20, and 

scored for behaviors such as arch-back nursing, passive nursing, licking pups, etc. In a separate 

cohort of offspring, pups were euthanized on P7, P15, or P21 and half brains were dissected to 

collect medial prefrontal cortex, amygdala, dorsal hippocampus, and ventral hippocampus. The 

effect of E15 LPS on cytokine expression in these brain regions, across postnatal development, 

was examined using quantitative real-time polymerase chain reaction (qRT-PCR). Results show 

that offspring who experienced E15 LPS acquired successful forelimb and hindlimb grasping 

reflexes significantly earlier in development than those that received E15 saline. There were no 

differences in acquisition of neonatal reflexes between males or females. The effects of E15 LPS 

on maternal care and on the expression of glial and neural markers in postnatal brains across 

development will be discussed. Future studies will examine the effects of MIA on maternal and 

fetal cytokine expression and on adult learning, social, and anxiety behaviors. These findings 

will provide us with a better understanding of how early-life environmental factors affect later-

life brain and behavioral processes, and how they may be differently dysregulated in males and 

females. 
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Abstract: Risk for major depressive disorder (MDD) increases with living at altitude, and 

hypobaric hypoxia may play a role. Residents at 4,500ft show deficits in blood oxygen levels and 

brain energetics vs. those at sea level. We developed a sex-based animal model to study 

depression at altitude. Rats housed at moderate altitude (4,500ft, 10,000ft) exhibit low brain 

energetic markers and monoamines vs. those at sea level. Rats at altitude also show symptoms of 

anhedonia, depression and anxiety. MDD is linked to issues in decision-making, problem-solving 

and cognitive control. Furthermore, both MDD and hypoxia are linked to inflammation. In this 

study, we therefore asked whether housing at altitude may alter cognitive function and 

inflammatory status. Male (M) and female (F) rats were housed for 2wks at sea level conditions 

(hyperbaric chamber) or at 4,500ft (Salt Lake City, UT). Rats were tested for cognitive behavior 

in the novel object recognition test. On day 1, rats are habituated to the novel field. On day 2, the 

rat is placed in the box with 2 identical objects at 2 corners (sample trial). On day 3, the rat is 

placed in box with a novel object replacing one of the original (familiar) objects (choice trial). 

Time spent with each object, number of contacts made and latency to first contact are measured. 

Rodent serum was tested by ELISA for the inflammatory cytokine, interleukin 6 (IL6). Cognitive 

Function: In sample trial, rats did not differ with altitude in exploration, latency to first contact or 

frequency of contact with either object. In the choice trial, rats at sea level spent more time with 

the novel object (F-96sec, M-83sec) vs. the familiar one (F-88sec, M-63sec), as expected. 

However, rats at altitude spent less time exploring the novel object (F-54sec, M-31sec) vs. the 

familiar one (F-93sec, M-52sec). Time spent with the novel object was significantly lower in 

males at altitude vs. sea level (Student’s t-test, p=0.03, n=5ea), and shows a trend to be lower in 

females at altitude (p=0.06). Rats at sea level show much shorter latency to first contact of novel 

object (M, F-2sec) vs. the familiar one (F-11sec, M-37sec). In contrast, rats at altitude show 

longer latency to first contact of both the novel (F-11sec, M-17sec) and familiar objects (F-

17sec, M-22sec). Altitude groups do not differ in motor function and do not show signs of 

neophobia (all rats approach the novel object before the familiar one). Inflammation: Serum IL6 

was significantly higher at altitude vs. at sea level in females (Student’s t-test, p=0.04, n=6ea) 

and shows a similar trend in males (p=0.07). These data indicate that housing at moderate 

altitude may increase systemic inflammation and alter cognitive function. 
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Abstract: Neuroinflammation has been linked to the pathogenesis and treatment of psychiatric 

disorders, including major depressive disorder (MDD). Anhedonia is a core symptom of 

psychiatric disorders and people with MDD commonly show motivational impairments. Tasks 

measuring effort-based functions have been suggested as models for these motivational 

symptoms. LPS is a component of the outer membrane gram-negative bacteria and has been 

shown to induce inflammation and behavioural changes in mammals. The effect of peripheral 

LPS administration on central nervous system (CNS) inflammation in mice and motivation in 

rats was assessed. Male C57BL/6J mice (n=10 per group) received an i.p. injection of saline or 

LPS doses (0.25mg/kg). Plasma and brain were collected 4 h after LPS administration and 

cytokines (TNF-α, IL-6, IL-1β) were analysed using Meso Scale Discovery multiplexed assays. 

Male Sprague Dawley rats (n=10 per group) received an i.p. injection of saline or LPS 

(0.25mg/kg). Motivation was assessed in the progressive ratio (PR) task at 2, 24 and 48 h after 

administration. TNF-α, IL-6, IL-1β were significantly increased in mouse plasma and brain 4 h 

after LPS administration (Student’s t test, p<0.001). In the rat PR task LPS induced a significant 

decrease in breakpoint and lever press at 2 (p<0.001) and 24 (p<0.01) h after administration in 

comparison to the saline group (one-way repeated measures ANOVA, Fisher’s LSD). No 

significant difference was observed between the LPS group and the saline group 48 h after 

administration. The establishment of preclinical models of neuroinflammation-induced 

behavioural changes representative of depressive symptomatology is required to advance drug 

development. LPS administration by peripheral injection (i.p.) in mice induced a robust 

inflammatory response in plasma and the CNS. In rats, i.p. administration of LPS induced 

deficits in motivation in the PR task during the sickness behaviour period (2 h after 

administration). Motivational deficits were also observed 24 h after administration, a timepoint 

previously shown to be optimal for assessing depressive-like behaviour in rodents following an 

inflammatory stimulus. These data suggest that peripheral administration of LPS can be used to 

model neuroinflammation and anhedonia-like behavioural changes of relevance to MDD. 
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Abstract: Gut microbes can modulate almost all aspects of host physiology throughout life. As a 

result, specific microbial interventions are attracting considerable attention as potential 

therapeutic strategies for treating a variety of conditions. Nonetheless, little is known about the 

mechanisms through which many of these microbes work. Recently, we and others have found 

that the commensal bacteria L. reuteri reverses social deficits in several mouse models (genetic, 

environmental and idiopathic) for neurodevelopmental disorders in a vagus nerve-, oxytocin- and 

biopterin-dependent manner. Given that gut microbes can signal to the brain through the immune 

system and L. reuteri promotes wound healing via the adaptive immune response, we asked 

whether the prosocial effect mediated by L. reuteri also depends on adaptive immunity. Here, we 

found that the effects of L. reuteri on social behavior and related changes in synaptic function are 

independent of the mature adaptive immune system. Interestingly, these finding indicate that the 

same microbe (L. reuteri) can affect different host phenotypes through distinct mechanisms. 
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Title: Immune checkpoint PD-1 in hippocampal neurons regulates neuronal excitability, synaptic 

plasticity, and memory 
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Abstract: Programmed death protein 1 (PD-1) is an immune checkpoint that plays important 

roles in disease, e.g., cancer and Alzheimer's disease. Immunotherapy using monoclonal 

antibodies against PD-1 demonstrated improved survival in cancer patients through immune 

activation. We recently demonstrated that neurons in the PNS (e.g., dorsal root ganglion, DRG) 

and CNS (e.g., spinal cord) express Pdcd1 mRNA and functional PD-1 protein. Notably, PD-1 

functions to suppress neuronal excitability, as Pdcd1-deficient mice show hyperexcitability in 

DRG nociceptive sensory neurons, leading to pain hypersensitivity and impaired morphine 

analgesia in mice. Single-cell analysis revealed low expression of Pdcd1 mRNA in excitatory 

cortical neurons. To determine the specific role of PD-1 in immune cells, glial cells, and neurons, 

we removed PD-1 function selectively in neurons or microglia by generating Pdcd1 conditional 

knockout (cKO) mice. Using global and cKO mice, anti-PD-1 immunotherapy, and NHP brain 

slices, we show that functional PD-1 is expressed in mouse and primate hippocampal neurons 

and PD-1 inhibition improves cognition in physiological conditions. Mice lacking the Pdcd1 

gene encoding PD-1 exhibit enhanced long-term potentiation (LTP) and learning and memory. 

These behavioral and cellular changes can be recapitulated by selective deletion of Pdcd1 in 

hippocampal excitatory neurons but not in microglia. Perfusion of mouse or nonhuman primate 

brain slices with anti-PD-1 antibody is sufficient to increase excitability in CA1 hippocampal 

neurons. Conversely, re-expression of Pdcd1 in PD-1 deficient hippocampal neurons suppresses 

memory and LTP. These findings suggest that anti-PD-1 treatment has therapeutic potential to 

counteract cognitive decline. 
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Abstract: The reduction of sleep hours is a risk factor for developing cardiovascular, metabolic, 

and psychiatric problems. Previous studies have shown that poor sleep quality is a factor that 

favors relapse in addicted patients. In rodents, sleep deprivation increases the preference for 

methylphenidate and cocaine self-administration. However, it is unknown if chronic sleep 

restriction induces alcohol intake and delta FosB as an addiction marker in the brain rewarding 

system. Therefore, the objective of the present study was to evaluate alcohol consumption in a 

chronic sleep restriction model and determine the expression of delta FosB in adult brain rats. 

For this purpose, male Wistar rats (300-350 g body weight) were used, which were divided into 

four experimental groups (n = 6 each group): control without manipulation, sleep restriction (RS) 

for seven days, RS and alcohol exposure, and a group with only alcohol exposure. At the end of 

the manipulation, the rats were sacrificed, and the brains processed for the immunohistochemical 

detection of delta FosB. The results showed that SR elicits alcohol consumption compared to 

unrestricted sleep rats, and a significant increase in the number of positive cells to delta FosB in 

the brain nuclei of the motivation/brain reward circuit. In conclusion, sleep restriction increases 

alcohol consumption, as well as the expression of biological markers associated with addiction. 

Thus, sleep could be present as a potential protective factor against the development of addiction. 
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Title: Automated sleep scoring via machine learning for high-throughput analysis of mouse 

sleep/wake behavior 
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Abstract: Manually sleep scoring high-resolution electroencephalographic and 

electromyographic (EEG+EMG) recordings from rodents is tedious and labor-intensive. 

Automated, algorithmic, or machine-learning (ML)-based approaches offer an appealing solution 

to this problem but have not been widely adopted. Furthermore, currently used file formats such 

as .csv and .edf are slow and poorly suited for modern high-throughput analysis pipelines. These 

bottlenecks ultimately limit the feasibility of much-needed longitudinal and high-powered sleep 

studies. To address this, we used a column-based filetype (.parquet) to consolidate our research 

group’s large volume of manually scored EEG+EMG records and developed a ML pipeline 

capable of accurately and quickly classifying epochs into Wake, Non-Rapid-Eye-Movement 

(NREM) sleep, REM, or Artifact. We used a preexisting time-series feature extraction library 

(TSFEL, Barandas et al. 2020) supplemented with custom-designed features to extract 100 

spectral, temporal, and statistical metrics from each epoch. We then calculated these features for 

32 files of 24-hour EEG+EMG recordings and used TensorFlow to train a recurrent neural 

network consisting of long-short-term-memory and convolutional layers. Here we demonstrate 

that using this approach, we reduced the time necessary to score an entire experimental cohort 

from weeks to hours while maintaining high scoring accuracy. To validate ML-generated sleep 

scores, we compared them to human-assigned scores under baseline (BL) and sleep-deprived 

(SD) conditions. EEG+EMG was recorded in wildtype C57BL/6 [WT], choline 

acetyltransferase-Cre [ChAT-Cre], and vesicular glutamate transporter 2-Cre [vGluT2-Cre] mice 

(n=4 each genotype). First, baseline was recorded for 24 hours. During a follow-up 24-hour 

recording, mice were sleep-deprived via gentle handling for 4 hours after the onset of the 

inactive period (2 hours after lights-on, ZT2-6). The overall distribution of behavioral states in 

our cohorts was: Wake: 56.4%, NREM: 37.1%, REM: 5.75%, Artifact: 0.7%. Using our 

automated approach, the time required to score a 24-hour file was reduced from >300 minutes to 

~12 minutes. We report that machine-generated scores matched human scores in 90.4±1.1% of 

epochs (468,533/ 518,400 total 4-second epochs). State-specific F1 scores were: Wake: 

0.93±0.01, NREM: 0.92±0.01, REM: 0.56±0.04. These data suggest that, with additional training 

data and refinement of REM features, our ML-based automated sleep scoring method can replace 

manual scoring in mouse studies. Future work will include developing a browser-based user 

interface to visualize and review ML-generated scores. 
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Abstract: Optogenetic activation of mPFC neurons increases sleep in Sprague-Dawley rats 

Youjin Lee1,2, Yena Lee1, Seoyoung Hwang1, Hyang Woon Lee3,4, Sang Beom Jun1,2,5* 
1Department of Electronic and Electrical Engineering, Ewha Womans University, Korea 
2Graduate Program in Smart Factory, Ewha Womans University, Korea3Department of 
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Abstract:Sleep is essential not only for physical and mental recovery, but also for controlling 

physical functions such as growth and preservation of energy metabolism, or strengthening 

cognitive function and long-term memory. Lack of sleep can increase the risk of metabolic 

disorders, cardiovascular disease, and Alzheimer's disease. Therefore, there have been several 

attempts to improve the quality of sleep through brain stimulation. Medial prefrontal cortex 

(mPFC), thalamus reticular nucleus (TRN), and hippocampus are mainly studied as sleep-related 

brain regions, but the exact neural mechanisms for sleep and awake control have not yet been 

clearly identified. In this study, optogenetics was used to figure out sleep-awake mechanisms by 

selectively stimulating specific neural cells and circuits. As a target brain area of optogenetic 

stimulation, mPFC was chosen, in that mPFC forms a cortical-thalamic network, a major neural 

circuit involved in sleep-awake control, by oscillating neural signals with TRN and thalamus. 

AAV-CaMKIIα-hChR2(H134R)-EYFP was injected into the mPFC region of Sprague-Dawley 

rat for channel rhodopsin-2 (ChR2) expression. For optpogenetic stimulation, a 473 nm laser was 

irradiated with an intensity of 4.7 mW/mm2. ChR2-expressed neurons in mPFC were activated 

by light at two different frequencies: 2 or 10 Hz (50 % duty cycle), and changes in sleep-awake 

proportion were compared. Optogenetic activation of mPFC increased overall sleep quantity. 

Especially, in terms of sleep-awake proportion, more changes were observed at 10 Hz than 2 Hz 

stimulation. The results are expected to be useful to find an effective neuromodulation approach 

for improving the quality of sleep. 
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Abstract: Sleep is a fundamental behavior conserved from vertebrates to invertebrates. 

Sleep/wakefulness is under the control of “two-processes”: sleep need and circadian rhythm. 

Salt-inducible kinase 3 (Sik3) is a member of AMP-activated protein kinase family, implicated in 

both sleep need and circadian rhythm regulation. The gain-of-function mutation in Sik3 gene, 

named Sleepy, increases NREM sleep amount and delta power during NREM sleep, which is a 

well-accepted index of sleep need. However, the role of endogenous SIK3 in sleep/wakefulness 

remains unknown. Almost all the systemic Sik3 null mice died neonatally due to multiple 

abnormalities, including airway malformation, and survived few Sik3 null mice exhibited severe 

growth retardation. Here, we generated Sik3-ex3-flox mice to induce conditional Sik3-deficiency. 

Sik3-ex3-flox mice were crossed with various types of neuronal Cre driver mice and assessed 

sleep/wakefulness and circadian rhythms of established neuronal Sik3-deficient mice. SIK3-

deficiency in GABAergic neurons did not change NREM sleep time or delta power during 

NREM sleep but induced a longer circadian period. Crossing with other Cre driver mice revealed 

that SIK3 deficiency specifically in the suprachiasmatic nucleus resulted in a longer circadian 

period. We also found that SIK3 deficiency in glutamatergic neurons in the forebrain reduced 



NREM sleep amount and delta power during NREM sleep. These results indicate that SIK3 

regulates sleep need and circadian rhythms through distinct types of neurons and different brain 

regions. 
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Abstract: Proper sleep is essential for well-being yet is disrupted in many neuropsychiatric 

conditions, including major depression-a debilitating psychiatric disease among the leading 

causes of disability worldwide. Sleep disturbances are highly prevalent in individuals suffering 

from depression, and it is currently understood that the strong association between these stem 

from a common mechanism. Nonetheless, the neuronal underpinnings linking sleep and 

depression are not fully understood. Dysregulation of the ventral tegmental area (VTA) 

dopamine signaling system may underlie the association between sleep disturbances and chronic 

stress-a major risk factor for depression. VTA dopamine (DA) neurons have a central role in 

motivational processes as well as in sleep/wake regulation. Chronic stress provokes alterations in 

VTA-DA neurons activity during wakefulness; yet, whether it also results in alterations to VTA-

DA activity during sleep is undetermined. We hypothesized that chronic stress induces 

alterations in VTA-DA signaling during sleep, resulting in sleep disturbances and exacerbating 

depression-like symptoms. To test our hypothesis, we used in-vivo calcium-dependent fiber 

photometry recordings from VTA-DA neurons in tandem with EEG-EMG and video recordings 

in male mice exposed to a 10-day long chronic social defeat stress (CSDS) paradigm. We 

subjected mice to ethologically relevant behavioral tests (measuring motivation to engage in 

social interactions, obtain food rewards and potential mates) to quantify depression-related 

symptoms. EEG-EMG, neuronal activity and behavioral data were collected prior to and 



following exposure to the CSDS paradigm. As expected, a subset of mice were susceptible to the 

CSDS paradigm and displayed depression-related behaviors, while the other subset were resilient 

to the paradigm and behaved similarly to control mice. Susceptible mice, compared to both 

control and resilient mice, had fragmented NREM sleep, less EEG slow-wave activity during the 

dark phase, and altered VTA-DA population transients during both wakefulness and NREM 

sleep following CSDS. Susceptible mice also displayed altered population activity around wake-

to-NREM sleep transitions. Lastly, CSDS exposure resulted in arousal-state specific alterations 

to DA release (via recordings of the florescent dopamine biosensor dLight1.1) at the nucleus 

accumbens and basolateral amygdala. Taken together, our findings provide a mechanistic 

framework for the participation of DA signaling in sleep disturbances and other depression-like 

symptoms following chronic stress. 
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Abstract: Narcolepsy is a sleep disorder caused by the selective death of the orexin neurons. The 

loss of the orexin neurons destabilizes sleep/wake states and produces mixtures of states, 

including cataplexy, episodes of muscle paralysis during wake that is usually triggered by strong 

emotions. Patients with narcolepsy type 1 report that cataplexy most often occurs in positive 

social settings, such as laughing with friends or an exciting event. As oxytocin is essential for 

interpersonal interactions, we hypothesized that an oxytocin agonist would increase cataplexy in 

narcoleptic mice. We measured sleep/wake states and cataplexy in orexin knockout mice after 

injection of saline or the oxytocin receptor agonist, carbetocin. From 3 to 6 hours after lights off, 

carbetocin (4.2mg/kg, ip) nearly tripled the amount of cataplexy. We then blocked this increase 

with coadministration of the oxytocin receptor antagonist, L-368,899 (5mg/kg, ip). After 

coadministration of both agonist and antagonist, cataplexy returned to baseline levels. These 

results demonstrate that oxytocin signaling can increase cataplexy in mice, suggesting that 

oxytocin antagonism may be a viable therapeutic mechanism for narcolepsy. 
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Abstract: Post mortem data from humans with narcolepsy suggests that variable loss of 

hypocretin/orexin (Hcrt) neurons may underlie the differences in symptom severity seen in 

narcolepsy Type1 (NT1) and Type 2 (NT2). In the present study, we utilized orexin-tTA;TetO-

DTA (Ox-DTA) mice, a conditional model of narcolepsy that allows ablation of Hcrt neurons 

through removal of doxycycline (DOX) from their diet, to induce variable amounts of Hcrt 

neuron loss depending on the duration of DOX removal. Furthermore, restoration of dietary 

DOX after a DOX(-) period (Re-DOX(+)) has previously been shown to arrest further Hcrt 

neuron degeneration. Six treatment groups were used in this study: Group 1 (control): 7 weeks 

DOX(+) to suppress transgene expression and maintain an intact Hcrt neuron population; Group 

2: 4 days DOX(-) to induce partial Hcrt neuron degeneration; Group 3: 4 days DOX(-) then Re-

DOX(+) for 7 weeks; Group 4: 7 days DOX(-); Group 5: 7 days DOX(-) then Re-DOX(+) for 7 

weeks; Group 6: 7 weeks DOX(-) to fully degenerate the Hcrt neurons. For each mouse, 

EEG/EMG recordings were conducted for 24-h prior to euthanasia, cardiac perfusion and brain 

extraction; the in vivo results presented below are based on analysis of the first 6-h of the dark 

phase (ZT12-18). Post mortem immunohistochemical analyses revealed 41±3.3% and 39±3.5% 

Hcrt neuron loss in Groups 2 and 3 compared to control Group 1. EEG/EMG recordings showed 

more bouts of both sleep and wake and shorter duration NREM bouts in Groups 2 and 3. Similar 

to the clinical manifestation of NT2, these indices of sleep/wake fragmentation occurred without 

cataplexy. Mice in Groups 4, 5 and 6 showed 58±4.1%, 70±3.6%, and 95±1.1% loss of Hcrt 

neurons, respectively, and exhibited cataplexy as well as sleep/wake fragmentation, mimicking 

the clinical symptoms of NT1. Moreover, there were significantly fewer cataplexy bouts in the 

partial degeneration Groups 4 (1±0.9, p<0.001) and 5 (5.3±1.8, p<0.001) than in the fully-

degenerated Group 6 mice (18.4±5.1). Subcutaneous body temperature and activity also 

decreased as the Hcrt neurons degenerated. We conclude that the degree of sleep fragmentation, 

cataplexy severity and the decreased subcutaneous temperature and activity is directly related to 

the 

magnitude of Hcrt neuron loss. Importantly, by manipulating the amount of Hcrt neuron loss in 



Ox-DTA mice, we induced symptoms that resembled either NT1 or NT2 in humans. 
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Abstract: Previous work has illustrated a bidirectional relationship between circadian clock 

function and obesity. One here-to-stay form of circadian disruption is light-at-night or light 

pollution either through building and streetlights or through TVs and smart phone use at night. 

Light exposure during the night can produce negative behavioral and physiological effects in 

both diurnal and nocturnal animals. Lastly, high-fat diet consumption has been known to produce 

altered behavioral effects and modulate the circadian clock. This study investigated whether 

consumption of a high-fat diet can lead to altered behavioral, physiological, and circadian 

characteristics in male C57BL/6J mice. Mice were either given a high-fat diet or regular chow 

and then placed into either a standard light:dark cycle (LD) or constant light (LL). Their 

circadian rhythms, anxiety-like behaviors (via an open-field and light-dark box), and weight gain 

were observed. While all animals in LL exhibited period lengthening as expected, animals 

consuming a high-fat diet exhibited significantly reduced period lengthening compared to regular 

chow animals in LL. Additionally, LL increased novelty-induced activity and anxiety-like 

behaviors in regular chow mice, while high-fat diet mice exhibited no such changes, compared to 

their respective LD controls. High-fat diet also led to increased body mass and reduced activity 

in the open field regardless of lighting condition. These results indicate that diet and obesity can 

modulate behavioral responses to aberrant light exposure. This study also suggests that high-fat 

diet consumption and/or obesity can also regulate circadian responses to light. 
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Abstract: Interest in sleep-promoting compounds derived from natural compounds is increasing 

owing to various side effects of prescription drugs for sleep disorders such as benzodiazepines. 

Dried Chrysanthemum morifolium flowers have traditionally been used in Korea for the 

treatment of insomnia. Thus, in this study, the sleep-promoting activity of Chrysanthemum 

morifolium extract and its active substance Linarin was assessed by measuring sleep latency time 

and duration in a pentobarbital-induced sleep mice model. Additionally, the effects of orally 

administered Chrysanthemum morifolium extract on rapid-eye-movement (REM) and non-REM 

sleep were analyzed by electroencephalography (EEG) in rats. In a dose-dependent manner, 

Chrysanthemum morifolium extract and Linarin showed longer sleep duration in the 

pentobarbital-induced sleep test compared to administered with pentobarbital alone groups at 

both hypnotic and subhypnotic doses. The low and high doses of Chrysanthemum morifolium 

extract administration significantly increased sleep quality, especially the relative power of low-

frequency (delta) waves, compared with the normal group. Linarin and muscimol both increased 

chloride (Cl-) uptake in the SH-SY5Y human cell line and the chloride influx was reduced by 

bicuculline. After administration of Chrysanthemum morifolium extract, the hippocampus, 

frontal cortex, and hypothalamus from rodents were collected and blotted for GAD (glutamic 

acid decarboxylase) and GABAA receptors subunit expression levels. The expression of GAD, 

α1- and β2-subunits of the GABAA receptor was modulated in the mouse brain. In conclusion, 

Chrysanthemum morifolium extract augments pentobarbital-induced sleep duration and enhances 

the sleep quality in EEG waves. These effects might be due to the activation of Cl− channel. 
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Title: Gut microbes affect the onset of circadian rhythms and regulate gene expression in honey 

bee (Apis mellifera) 
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Abstract: Circadian rhythms are vital to the survival and behavior of honey bees, regulating key 

processes such as the age-dependent division of labor within colonies. Nurse bees in a colony, 

which take care of brood, lack circadian rhythms, whereas forager bees, which go outside to 

collect nectar, pollen, and water, have strict rhythmicity that allows them to predict optimal 

foraging times. In honey bees, neurological processes such as learning and memory are mediated 

by genetic, neuroplastic, and environmental factors, with recent studies focusing on the 

connection between gut bacteria and neural circuits. However, the effects of gut microbes on the 

development and regulation of circadian rhythm in honey bees has been understudied. We 

hypothesize that altering honey bee gut microbiota will influence ontogeny of circadian rhythm, 

and aim to elucidate this relationship using antibiotic treatment. Locomotor activity monitor 

(LAM) was used to measure rhythmicity in laboratory conditions, and transcription analysis of 

brain tissue was performed using deseq and limma to understand differential expression of 

important neurotrophic factors under antibiotic treatment. We find that antibiotic treatment 

results in the delay of the development of circadian rhythm, and identify 5 differentially 

expressed genes: Insulin growth factor-binding protein complex acid labile subunit (IGFALS), 

cys-loop liganda gated ion channel subunit, vegetative cell wall protein gp1, zinc finger CCCH 

domain-contaning protein and CUGBP Elav-like. Further research on the role of these genes 

could allow for an understanding of which specific signals provide a molecular mechanism for 

how gut bacteria influences the ontogeny of circadian rhythm. 
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Abstract: Sleep disturbances are common in neuropsychiatric and neurodegenerative diseases. 

Consequently, changes in sleep architecture and changes in EEG spectral power specific to 

different sleep-stages are valuable tools in translational preclinical research. Historically, 

algorithms for rodent sleep-stage classification rely on changes in muscle-tone and EEG power 

in the delta (1-4 Hz) and theta (4-10 Hz) bands. However, these outputs typically require 

refinement by human visual scoring, making the process laborious and prone to human error. We 

aimed to identify a simple but robust sleep-stage classification system which better correlates 

with the results of human visual scoring and makes manual curation redundant. We recorded 

fronto-parietal EEG, EMG (nuchal muscle) and locomotor activity from male Sprague Dawley 

rats (495-586g, N=7) for 22 hours, starting at 2.5 hours after lights-on. Ten-second epochs were 

visually scored by an expert as either Wake, REM sleep or non-REM sleep. K-means clustering 

and regression tree analysis revealed, unexpectedly, that 30-100Hz gamma oscillations were 

powerful predictors of the visual classifications, and particularly effective for distinguishing 

REM sleep from non-REM sleep. Further, by adopting a 2-stage median-based automated 

scoring algorithm, we were able to replicate human visual scoring with >90% accuracy. 

Compared with delta/theta-based automatic scoring there was significantly improved accuracy in 

assigning sleep-stages to individual epochs (Paired t(6)=132.9, p<.0001), and a large increase 

from 30% to 98% accuracy for REM sleep in particular. Compared with visual scoring, the 

algorithm reduced processing time from hours to seconds, while removing inter-rater variability 

and potential human error. 
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Abstract: Insufficient sleep or sleep deprivation (SD) is known to result in brain malfunctions, 

including neurological disorders and impairment of cognitive function. Cereblon (CRBN) is a 

multi-functional protein and a substrate receptor in CRL4CRBN E3 ligase complex. Thus, CRBN 

regulates the proteostasis of various target proteins via ubiquitination and subsequent 

degradation. In our recent study, we showed that CRBN regulates DNAJ protein, a co-chaperon, 

attenuating tau aggregation and AMP-activated protein kinase (AMPK) sensing energy states via 

ubiquitin-proteasome system. We wondered whether CRBN affects sleep behavior via targeting 

key proteins related to sleep regulation. To investigate the role of CRBN in sleep-wake behavior 

and SD, we initially restricted wild-type (Crbn+/+) and CRBN knockout (Crbn-/-) mice to sleep 

for 6 hours. We observed that the protein level of CRBN decreased after SD in Crbn+/+ mice, 

while those of several neuropathological proteins and chaperones increased. However, the 

induction of neuropathological proteins by SD in Crbn-/- mice was much smaller and the levels 

were even less than in the basal state of Crbn+/+ mice. We then recorded the 

electroencephalography of Crbn+/+ and Crbn-/- mice during baseline, SD, and recovery sleep 

(RS). In baseline, 24-hours sleep-wake profiles did not differ between Crbn+/+ and Crbn-/- mice 

in basal state, whereas Crbn-/- mice showed slightly increased non-rapid eye movement (NREM) 

continuity comparing to Crbn+/+ mice. Consistent with the fact that AMPK is activated highly 

and constitutively in Crbn-/- mice during SD, a high NREM continuity and an increased low delta 

power (0.5~2.0Hz) were observed in RS in these mice. Taken together, our results show that the 

loss of CRBN in the brain contributes mice to get resistance to SD-induced stress. 
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Abstract: Pattern separation is a mechanism by which the hippocampus keeps similar spatial 

memories distinct. Sleep and circadian rhythm disruption can impair hippocampus-dependent 

learning and memory in rodents, and these procedures markedly suppress adult hippocampal 

neurogenesis, a form of brain plasticity that is important for pattern separation. In this study, we 

are examining how sleep disruption and circadian rhythm shifts affect performance on the trial-

unique non-matching to location (TUNL) task, which is a touchscreen-based cognitive test 

designed to assess pattern separation. Touchscreen-based cognitive tests in rodents are semi-

automated and more standardized, less stressful, and have a higher translational potential to 

human clinical research than traditional behavioural tests for rodents. In the TUNL task, mice 

must remember the spatial location of a square stimulus on a screen, then choose that stimulus at 

a new location when both the old and new locations are presented. We trained mice (c57BL/6; 

n= 22; 12F) on the TUNL task at a fixed time each day during the first 6 h of the dark period. We 

evaluated 1) the effect of daily training on timing of the circadian rest-activity cycle, and 2) how 

performance was affected by a. test time, b. a 6-hour phase delay of the light-dark (LD) cycle, 

and c. seven days of sleep fragmentation. Hippocampal neurogenesis following sleep 

fragmentation was measured using BrdU immunolabeling. Data collection and analysis are 

ongoing. Preliminary results indicate that the activity rhythms of the mice are modified by the 

training and feeding schedules, with daily activity rising and peaking just prior to the daily 

feeding time (ZT19) each night. There is also evidence that the daily onset of nocturnal activity 

is shifted by the TUNL testing time, suggesting that the reward-based cognitive testing can alter 

the phase angle of entrainment to the LD cycle. For the LD phase delay of 6 hours, we 

hypothesize that this shift will be associated with decreased accuracy on the TUNL task. We also 

hypothesize that the seven days of sleep fragmentation will be associated with reduced accuracy 

on the TUNL task and lower levels of hippocampal neurogenesis in comparison to mice that had 

no sleep disruptions. These findings will inform future research evaluating whether tasks 

assessing pattern separation are sensitive to sleep and circadian disruption. 
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Abstract: In vertebrate and invertebrate animals, sleep is essential for the maintenance of life 

itself. For example, in complex organisms such as human beings, sleep deprivation elicits 

changes in the electroencephalogram structure and dysregulation of cardiorespiratory activity. In 

rats, after two to three weeks of sleep deprivation, animals lose weight despite a great increase in 

food intake, if deprivation continues, they finally die. In invertebrates as crayfish, 24 hours of 

sleep deprivation are enough to cause death. Previous results show that 1 hour of sleep 

deprivation modifies the dynamic of brain and cardiorespiratory electrical activity in crayfish. 

Here, the main goal was to analyze physiological time series like EEG, EKG and respiratory 

electrical activity of adult crayfish Procambarus clarkii by time-frequency domain analysis in 

order to assess the effect of sleep deprivation. We used wavelet transform and the first four 

statistical moments of the distribution to analyze brain and cardiorespiratory electrical activity, 

and recorded during 8 continuous hours in two different conditions: 1) control and 2) after one 

hour of sleep deprivation. Our results show that: (1) brain electrical activity from control 

sleeping animals showed a decrease in power at 30 Hz. Sleep deprived animals presented lower 

power in all EEG frequencies even when they were allowed to sleep, (2) regarding 

cardiorespiratory activity, as deprivation of sleep evolves, skewness with respect to the median 

tends to zero (increased symmetry), standard deviation decreases (higher rigidity), kurtosis also 

vanishes (data becomes more concentrated around the mean), and the distribution becomes more 

Gaussian. In conclusion, the analysis of brain and cardiorespiratory electrical activity in the time 

and frequency domain shows that power and all moments of the distribution are relevant 

parameters that allow significant differentiations between both conditions, control and after one 

hour sleep deprivation. 
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Abstract: Microglia, tissue-resident macrophages in the central nervous system (CNS), account 

for 10-15% of all cells in the adult brain. They play crucial roles not only in immune challenge, 

such as neurodegenerative and neuroinflammatory diseases, but also in healthy conditions of the 

CNS. We previously reported circadian changes in the morphology and function of microglia. In 

the prefrontal cortex, microglia displayed hyper-ramified morphology and increased 

phagocytosis of synapses during sleep. These results suggest that the diurnal variations in 

microglial activity may contribute to sleep/wakefulness. However, whether and how microglia 

regulate sleep/wake behavior remains to be elucidated. Here, to examine the hypothesis that 

microglia regulate sleep/wake behavior, we employed CNS-penetrant selective colony-

stimulating factor-1 receptor inhibitor, PLX5622 (PLX), which eliminates microglia in mice. 

EEG/EMG recordings were performed after mice were fed with the PLX-formulated chow for 14 

days. We found that oral administration of PLX decreased wake amount and increased NREM 

sleep amount during the dark phase in baseline conditions. To further investigate the role of 

microglia in sleep/wakefulness under acute social defeat stress (ASDS), which triggers 

microglial activation as previously reported, we examined whether ASDS alters the effect of 

microglial depletion with PLX on sleep/wake behavior. Following the previous studies, 

C57BL/6N mice were briefly encountered with highly aggressive ICR mice 4 times during 1-

hour ASDS session to avoid severe physical injury of defeated mice. We exposed mice with or 

without PLX-treatment to ASDS session during ZT11-12 and then performed EEG/EMG 

recordings. We found that PLX-treatment further exaggerated an ASDS-induced reduction in 

wake amount, suggesting that microglia may play a potentially protective role against ASDS. 

Taken together, our study indicated the possibility that microglia are involved not only in the 

regulation of sleep/wake behavior in baseline conditions especially the dark phase, but also in 

changes in sleep architecture in response to mental stress. 
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Abstract: Patients and survivors of breast cancer frequently experience debilitating sleep 

problems that are associated with reduced quality of life and increased mortality. Chronic 

disruption of the sleep/wake cycle promotes both spontaneous breast cancer development and 

accelerates tumor progression and metastatic spread in animal models. Despite the prevalence of 

disrupted sleep in cancer patient populations, a gap in knowledge remains regarding the 

molecular mechanisms of sleep disruption-induced disease progression. Some evidence suggests 

that sleep/wake states are fundamentally coupled to the immune system, and disruptions in 

arousal states can alter the immune composition of the tumor microenvironment. We 

hypothesized that sleep deprivation altered breast cancer progression and anti-tumor immunity. 

We predicted to observe alterations in immune cells within the tumor microenvironment and to 

progress breast cancer. In the current study, tumor-bearing breast cancer and healthy mice 

underwent chronic total sleep deprivation (6-8 hrs per day for 3-5 wks). Mice were assessed for 

changes in plasma cytokine levels (ELISA proteome array) and changes in immune populations 

within the tumor and other tissues (flow cytometry). Preliminary results suggest that sleep 

deprivation increases the concentrations of circulating chemokines and cytokines that are 

associated with adverse outcomes (increased metastasis and increased mortality) in breast cancer. 

Additionally, levels of dendritic cells, total T cells, and various T-cell populations were altered 

when tumors and spleens from sleep- deprived tumor-bearing mice were assessed. Taken 

together, the altered chemokines/cytokines in the plasma and immune cell populations in the 

tumor and spleen appears to be associated with the senescence secretory associated phenotype 

(SASP). Therefore, sleep deprivation could be altering immune cell trafficking through 

chemokine signaling leading to adverse outcomes in breast cancer. 
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Abstract: Introduction: The traditional view that the serotonergic system plays an important role 

in subcortical control of global sleep-wake states is supported by observations that administration 

of serotonergic psychedelics suppresses rapid eye movement (REM) sleep and results in 

increased sleep fragmentation. However, the possibility that potentiating the serotonergic system 

through psychedelics results in an occurrence of altered states of vigilance has received less 

attention. We hypothesise that the serotonergic system plays a role in controlling the quality 

rather than the quantity of specific sleep-wake states thus producing a dissociated state of 

vigilance. The aim of this study is to characterise the effects of a short-lasting psychedelic 

compound, 5-methoxy-N,N-dimethyltryptamine (5-MeO-DMT), on brain activity and sleep-

wake states in laboratory mice. 

Methods: We performed chronic frontal and occipital EEG and EMG recordings in freely 

behaving laboratory mice (C57BL6, n = 15). 4-hour sleep deprivation was performed on a subset 

of these animals (n = 8). In a subset of animals, local field potentials (n = 4) and multiunit 

activity (n = 2) were recorded from the visual cortex. Each animal received an IP injection of 5-

methoxy-N,N-dimethyltryptamine (5 MeO-DMT, 5 mg/kg in a 1mg/mL saline solution) at either 

the beginning of the light period or after sleep deprivation. Vigilance states were manually 

scored in 4s epochs using SleepSign, and electrophysiology data was analysed with Matlab. 

Results: We observed that after 5-MeO-DMT administration, cortical activity in awake, moving 

animals was characterised by occurrence of neuronal population OFF-periods, resembling 

NREM sleep. These observations were supported by EEG spectral analysis showing a reduction 

in theta-frequency power (interindividual range: - 3.82 % to - 73.47 %) and an increased spectral 

power in slow frequency range (9.11 % to 48.60 %) in the first 30 minutes following the 

injection. The effects were short-lasting and largely dissipated 1 hour after the injection. The 

latency to REM sleep was delayed (4.53 minutes to 84.267 minutes). 

Conclusion: Our data support the notion that the effects of 5-MeO-DMT are short-lasting but 

significantly impact sleep-wake cycle. The main effect on vigilance states consisted in an acute 

suppression of REM sleep. Reduced theta activity and increased slow wave activity during 

waking suggest that 5-MeO-DMT induces a dissociated state of vigilance, having features of 

both wakefulness and sleep. This project was supported by a BBSRC Scholarship. The 

Compound was provided by Beckley Psytech. 
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Title: Distinct neuromodulatory input pathways to mushroom body regulate sleep in Drosophila 
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Abstract: A key feature of sleep-wake regulation is the ability to rapidly transition from one 

state to the other and persist in that state. One current model in mammals relies on mutually 

inhibitory interactions between sleep and wake-promoting neuronal populations that implement a 

bistable flip-flop circuit. Each half of this circuit (sleep- and wake-promoting neurons) strongly 

inhibits the other via interneurons thereby creating a self-reinforcing behavioral switch 

preventing intermediate states. Once the wake microcircuit is activated it remains unclear how 

these neurons persist in an active state to support extended periods of arousal. Evidence from 

multiple animal models shows that the arousal phase is associated with concomitant and 

persistent activity of specific neuromodulators primarily dopamine and noerpinephrine but it is 

not clear if their function is permissive to promote wakefulness, sleep homeostasis or state 

transitions.We recently identified two distinct synaptic microcircuits within mushroom body in 

Drosophila where sleep-promoting KCs increase sleep by preferentially activating a class of 

cholinergic ONs and wake-promoting KCs decrease sleep by preferentially activating a class of 

glutamatergic ONs. In addition to the core sleep and wake synaptic microcircuits within the MB 

we have also identified 5 classes of dopaminergic neurons (DANs) and octopaminergic neurons 

(VPMs) that project to the MB and regulate sleep. Using genetic, physiological, and behavioral 

approaches we find that the molecular signaling and circuit connectivity within these sleep 

networks regulates both persistence of wakefulness and sleep need. We will present these results 

and discuss potential mechanisms of sleep regulation by aminergic inputs to the mushroom body 
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Title: Alcohol effects on anxiety and sleep-wake cycle in a rat model of anxiety 
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Abstract: Anxiety is known to produce aversive symptoms like sleep disruption and fear of 

novel stimuli when exposed to new environments. Subjects with anxiety tend to increase their 

alcohol intake to diminish these aversive symptoms with respect to subjects with lower anxiety 

responses. We have selectively bred two sublines from Sprague-Dawley rats that differs in their 

spontaneous yawning frequency. The high-yawning (HY) rats have a mean of 20 yawns/h 

whereas low-yawning (LY) rats have a mean of just 2 yawns/h. Additionally, LY rats have 

shown anxious behaviors when evaluated in different standard psychophysiological tests. The 

aim of this study was to assess the effect of alcohol intake on anxious behavior in the elevated 

plus maze and on the organization of sleep-wake cycle. We used eight male rats of each high-

yawning (HY) and low-yawning (LY) sublines at 3 months of age. All subjects maintained in 

standard conditions with free access to purified water and food pellets. Subjects implanted for 

electroencephalographic (EEG), electromyographic (EMG) and electrooculographic (EOG) 

recordings to characterize sleep-wake stages. We obtained a basal sleep-wake recording followed 

by a second recording sleep-wake recording (AL1) after a period of 7-day alcohol habituation 

with a solution of 9.6% ethanol as the only source of hydration. A third sleep-wake (AL2) 

recording obtained after a 3-week period of alcohol preference by using a two-bottle choice 

paradigm with free access to ethanol solution and purified water. Additionally, anxiety was 

evaluated in the elevated plus maze (EPM) before and after alcohol exposure. LY rats had higher 

alcohol intake with respect to HY rats (P<0.05) and showed an increase of the number of 

crossings of the open arms in the EPM (P<0.05). Alcohol intake produced a general decrease on 

wake duration (P<0.05), and a concomitantly increase in the slow-wave sleep (SWS) and rapid 

eye movement (REM) sleep (P<0.05) in both sublines. However, there was an increase in the 

mean duration of SWS episodes only in LY rats (P<0.05), but a decrease of SWS and REM sleep 

in their resting phase. In conclusion, LY rat is a model of higher anxiety because they consumed 

more alcohol than HY rats and were more susceptible on anxious effects on behavior and on the 

sleep-wake cycle. 
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Abstract: Light-at-night exposure, either through smart-devices or shift-work, has been known 

to lead to obesogenic and abnormal behavioral outcomes. Previous work has also shown that 

leptin can modulate several neurobehavioral outcomes, as leptin KO mice exhibit altered 

behavioral responses to a wide variety of behavioral assays that measure anxiety-like behaviors, 

learning and memory, and depressive-like behaviors. This study investigated whether leptin KO 

mice exhibit worsened behavioral outcomes when placed into constant room-level lighting (LL) 

compared to animals with intact leptin signaling. Male C57BL6/J (B6) and B6.Cg-Lepob/J (OB) 

were placed into circadian rhythm monitoring home-cages and placed into either a 12:12 LD 

cycle (LD) or LL. Novelty-induced activity, anxiety-like behaviors, glucose tolerance, and blood 

triglycerides were measured. B6 mice exhibited increased period lengthening in LL, increased 

circadian robustness, and locomotor activity compared to OB mice. While B6 mice exhibited 

increased novelty-induced activity in an open-field in LL, OB mice did not, although no 

differences in anxiety-like behaviors were found in the elevated-plus maze. While LL increased 

body weight of animals, LL did not further exacerbate glucose levels or triglyceride levels in 

either mouse strain. Serum leptin levels were also elevated in B6 mice experiencing LL 

compared to B6 mice in LD. These results indicate that leptin may regulate circadian and 

behavioral responses to altered light exposure, even when the metabolic effects are somewhat 

muted. 
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Title: Deep brain theta-band optogenetic stimulation of the septohippocampal fibres in fornix 

improves memory performance in an Alzheimer’s disease mouse model 

Authors: E. VICO VARELA, *J. E. S. CARMICHAEL, F. MANSEAU, G. ETTER, J. CHOI, 

S. WILLIAMS;  

Psychiatry, McGill University, Douglas Res. Ctr., Montreal, QC, Canada 

Abstract: Electrical stimulation of the fornix has been proposed as a therapeutic intervention to 

reverse memory loss in Alzheimer’s disease (AD). The fornix is a white matter bundle 

containing axons (cholinergic, GABAergic, and glutamatergic fibres) connecting the 

hippocampus to the medial septum, the anterior thalamic nuclei, and the mammillary bodies. It is 

widely known that inactivating the fornix leads to memory impairments in rodents and humans, 

but recently acute or chronic activation of the fornix at the theta frequency (5-10Hz) has been 

shown to be a viable intervention to improve memory. To determine if fornix stimulation is 

sufficient to rescue memory impairments in a mouse model of Alzheimer's disease we applied 

focal 5Hz optogenetic stimulation to the septohippocampal fibres. Using the hAPP-J20 AD 

mouse model (4-6months old) we show that targeted 5Hz optical stimulation of the GABAergic 

septohippocampal fibres results in a significant increase in theta band power during both wake 

and REM sleep in the hippocampus. Continuous 4-hour 5Hz fornix stimulation between the 

encoding and recall phases of both novel-object-location and passive avoidance memory tasks 

rescued J20 performance to a level comparable with healthy controls. During REM sleep and to a 

lesser extent non-REM sleep, J20 mice displayed large-amplitude interictal spikes (IIS) lasting 6-

9ms. Continuous 4-hour 5Hz optical fornix stimulation drastically reduced the occurrence of 

these IISs. We find that the decreased occurrence of IIS during REM sleep was correlated with 

subsequent memory performance suggesting a possible causal mechanism. Together these data 

demonstrate that focal theta-frequency stimulation of the fornix is effective at rescuing memory 

performance and reducing the occurrence of pathological IISs in the J20 AD mouse model. 
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Abstract: Sleep is critical for memory consolidation and can be broken down into rapid eye 

movement (REM) and slow wave sleep (SWS) phases. During SWS the neural activity patterns 

from awake experiences are replayed at a compressed timescale. Disrupting these replay events 

impairs memory performance, suggesting a possible mechanism for memory consolidation 

during SWS. Recently the theta rhythms in the hippocampus during rapid eye movement (REM) 

sleep have been shown to be critical for consolidating contextual information, however the 

underlying mechanisms of consolidation during REM sleep under various contexts is unknown. 

Here, we combined in vivo calcium imaging and electrophysiology to record large neuronal 

populations in dorsal CA1 during task and REM sleep (n=5 mice, average 585-1255 

cells/subject). We used a conventional linear track (LT) and novel half anxiety track (HAT) 

which is a modified version of linear track with the walls removed on half of the track. The task 

was recorded in novel, familiar, and anxiogenic contexts. To detect the replay events, bayesian 

decoding was implemented using the whole cell population and estimated positions were 

reconstructed during REM sleep using tuning curves from the track sessions. A line fitting 

method was then applied to decoded positions to find continuous linear trajectory events. With 

Bayesian decoding analysis, we were able to detect linear trajectory events during REM sleep 

(~6 events/min). The number of detected replay events significantly exceeded the chance level 

(p<0.05). The quality of replay events (R2 value) was significantly higher in novel compared to 

familiar contexts (p<0.01). The locations of replay trajectories were biased to the open arm area 

when the open arm was switched to new location in HAT. In this study, we identified structured 

replay of previous experiences during REM sleep using the whole cell population instead of 

place cells alone. In addition, we showed that the quality and content of replay events can be 

affected by contextual novelty with a bias to the open arm component. 
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Title: Immediate extinction deficit with chasing stress as an unconditioned stimulus in rats 
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Abstract: Immediate extinction deficit (IED) refers to lack of extinction effect when the interval 

between Pavlovian fear conditioning and extinction is relatively short. A conventional Pavlovian 

conditioning protocol involves paired presentation of auditory conditioned stimulus (CS) and 

footshock unconditioned stimulus (US). Here we tested whether IED persists following 

Pavlovian conditioning with a naturalistic US, threat posed by a fast-moving robot, called 

Chaser. On day 1, all the rats were adapted to a donut-shaped maze (60 cm outer diameter, 18 cm 

in width, 42 cm high) for 10 min then in a square box (51 cm x 51 cm x 51 cm, W x D x H) for 

additional 10 min. On day 2, the rats were placed in the maze (Context A) and conditioned with 

five paired presentations of a tone CS, (2 kHz, 5 s, 80 dB) and chasing by Chaser for 2.5 s as the 

US. They were divided into 4 groups of 7 each and received either immediate extinction (15 

min), delayed extinction (24 hr), immediate no-extinction, or delayed no-extinction in a different 

context (Context B, the square box). The extinction groups received 30 CS-only presentations. 

The no extinction groups spent the same amount of time without any CS. On day 4, all four 

groups received a retention test composed of 5 CS-only presentations in Context B. On day 5, 

they received a renewal test in Context A. Fear response was measured by freezing using an 

automated video analysis. The results show that the delayed extinction group froze less than all 

other groups during the retention test. On the other hand, the immediate extinction group was not 

different from the no-extinction control indicating that IED was reliably produced when the US 

was psychological experience such as chasing. There was no statistical difference among groups 

on the renewal test. These results suggest that IED is a robust phenomenon observed across 

different types of stress events. 
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Abstract: Human adolescents tend to vary the quantity and quality of the food they consume 

depending on the degree of stress experienced. They prefer hyper-palatable foods with higher fat 

and sugar content when feeling under greater psychological demand. In order to understand how 

these food preferences are established, we used 42 adolescent male Wistar rats (37 days after 

birth at the beginning of the experiment) divided into three groups: control (C)(n=12), restrain 

stress (RS) (n= 16) and foot shock stress (FS)(n=14). All groups had ad libitum access for 21 

days of standard lab food, water, and 10% sucrose solution. On days 3, 6, 9, 12, 15, and 18, the 

RS group received 30 minutes of mild restrain and the FS group one electrical foot shock of 

1mA/1s. Every day the weight of the rat, water and sugar consumption, and food were registered. 

After 21 days of sugar consumption, all rats were subjected to conditioned taste aversive (CTA) 

and tested for aversive memory extinction. At the end of the experiments, although all groups 

showed a marked preference for drinking sugar solution, no significant differences were found 

between groups in body weight, water consumption, sugar solution, or food.Similarly, no 

significant changes were observed during CTA acquisition, retrieval, or aversive memory 

extinction sessions. Although the number of studies evaluating the chronic consumption of sugar 

in adolescent rats is insufficient, there is enough evidence in adults that can be used as a 

reference to evaluate the behavior we found. Our results disagree with reported studies in adult 

rats in which the weight of stressed rats is significantly lower than that of stress-free rats. Further 

studies in adult rats will help elucidate the no effect found in this study. 
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Title: Investigating the role of mWAKE in the central amygdala 
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Abstract: To optimize their fitness, animals organize their physiology and behaviors according 

to a 24 hr daily rhythm. These rhythms are generated by a core circadian clock, formed at the 

molecular level by a transcriptional-translational feedback loop. In mammals, the central 

circadian pacemaker is housed in the suprachiasmatic nucleus (SCN). However, these molecular 



clocks are not only enriched in the SCN, but also found in other regions of the body (e.g., the 

liver) and other regions of the brain. Recent studies have investigated the function and regulation 

of local clocks in the liver and gut, but the role of local brain oscillators is poorly understood. 

Our lab discovered a clock output molecule in Drosophila named WIDE AWAKE (WAKE), 

which mediates the circadian timing of sleep and arousal. Acting in a cell-autonomous manner, 

mWAKE upregulates specific inhibitory channels and receptors at night to suppress the 

excitability of arousal-promoting clock neurons at that time. There is a single mammalian 

homolog of WAKE (mWAKE/ANKFN1), which is expressed in the mouse SCN as well as 

additional brain regions which have been suggested to house local clocks, such as the central 

nucleus of the amygdala (CeA) and the lateral amygdala (LA). Ongoing work in our lab suggests 

that mWAKE promotes rhythmic behaviors in mice by suppressing the excitability of specific 

neural circuits at night in multiple brain regions, including SCN, LA and dorsomedial 

hypothalamus (DMH). Here, we begin our investigations of mWAKE and mWAKE+ neurons in 

the CeA. The CeA plays a critical role in processing fear learning, which is under circadian 

control, and so we hypothesize that mWAKE and mWAKE+ neurons may regulate rhythms of 

fear learning. We find that mWAKE labels a cell population in the CeA that is distinct from 

well-described neuronal clusters expressing somatostatin (SOM) or PKCδ, which suggests that 

mWAKE+ neurons may constitute a novel neural circuit. Using an mWakeCre line coupled with 

stereotaxic viral injections, we are currently conducting projection analyses and behavioral 

assays to determine the role of mWAKE in the CeA. To further investigate the function of 

mWAKE+ sub-circuits, we recently generated an mWAKEFlp mouse line in which a FLPo 

sequence is inserted at the end of the last exon of the gene. Using this line in intersectional 

approaches should enable the functional manipulation of sub-clusters of mWAKE+ neurons and 

the characterization of circuit mechanisms mediating circadian-related behaviors in the CeA. 
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Title: Sex dependent modulation of threat assessment by psilocybin 
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Abstract: Psychiatric disorders such as Major Depressive Disorder (MDD) have become an 

increasingly prevalent issue and are compounded by the limited efficacy of current treatment 

options. To combat these disorders, researchers have focused their attention on novel therapeutic 

approaches. One promising treatment is the serotonergic 5HT2A agonist and classical 

psychedelic, psilocybin. This compound has been shown to exert rapid antidepressant effects 

through mechanisms that have yet to be fully understood. Psilocybin has been observed to induce 

an acute stress response, as measured by elevated glucocorticoid release after administration. We 

propose that the therapeutic effects of psilocybin are due to a transient enhancement of neural 

plasticity in the ventral hippocampal medial-prefrontal-cortex (HPC-mPFC) pathway and 

subsequent memory formation produced by this acute stress. Impaired plasticity in the HPC-

mPFC pathway is observed in patients with MDD, and individuals have reported decreased 

depressive symptoms after taking psilocybin. These improvements in mood have been reported 

to last weeks to months. Despite this, there are no studies to date that assess the duration of this 

critical window. To study this window of plasticity at the behavioral level, we used C57BL/6J 

(male and female) mice and the associative learning tasks of both cued and contextual fear 

conditioning. Mice were administered a single intraperitoneal (IP) injection of saline or 

psilocybin (3 mg/kg) 4h prior to fear conditioning (FC). In both cued and contextual FC there 

was no difference in freezing behavior in fear acquisition, nor fear extinction between mice that 

received saline or psilocybin. Interestingly, male mice that received psilocybin showed reduced 

fear renewal (unpaired t-test, p=0.0135), which was not seen in females. What is even more 

striking is that females that received psilocybin showed increased fear generalization when 

introduced to a novel context when compared to saline animals (unpaired t-test, p=0.0409). 

There were no behavioral differences between treatment groups or sexes in our contextual FC 

experiments. Future aims will focus on altering the timing of drug administration relative to FC 

as well as altering the dose of psilocybin. 
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Abstract: Artificial neural networks (ANNs), especially deep convolutional neural networks 

(DCNNs), are excellent models of the ventral visual stream in the human and the nonhuman 

primate brain. For visual object recognition, DCNNs perform on par with human observers. 

Aiming to augment the capability of DCNNs to model more complex cognitive functions such as 

learning, memory, and emotion, we have recently developed an ANN model, referred to as VCA 

or visual cortex amygdala model, which is capable of labeling hedonic valence in natural images 

varying in affective content. The current study further tested the hypothesis that the VCA model 

can associate the aversive (or appetitive) value of an unconditioned stimulus (US) with an 

initially neutral conditioned stimulus (CS). Gabor patches parametrized by orientation were used 

as CS and were paired with images from the International Affective Picture System (IAPS) 

serving as US in a differential Pavlovian conditioning procedure: Two Gabor patches with 

orthogonal orientations were repeatedly (100 times) presented to the VCA model together with 

unpleasant and pleasant images, respectively. The model parameters were updated upon each 

presentation to minimize the difference between the model predicted valence and the normative 

valence of each IAPS image. We found that (1) the initially neutral cues, when tested alone, 

began to acquire the emotional quality of the paired conditioned images as learning progressed 

and (2) this property parametrically generalized to other Gabor patches not seen by the model 

during the learning process. Similar results were found when varying the contrast or the spatial 

frequency of the Gabor patches albeit that the learning rate for conditioning contrast or frequency 

was slower than that for orientation. These simulations demonstrate that the VCA model 

generates results comparable to human behavioral Pavlovian conditioning experiments and, more 

generally, suggest that the VCA model can be used in conjunction with empirical studies to 

deepen our understanding of the neural basis of affective processing and associative learning in 

the human brain. 
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Abstract: Traumatic events have long-lasting effects on future behavior. For example, 

individuals diagnosed with post-traumatic stress disorder (PTSD) are hyper-responsive to 

otherwise ordinary stimuli (e.g., loud noises) long after the trauma. For women, the likelihood of 

developing PTSD following trauma is greater, the comorbid progression to substance use 

disorder (SUD) is more rapid, and although less clear, PTSD-SUD comorbidity rates can be 

higher. Yet, much of the preclinical work assessing the neurobiology of stress-related 

psychopathology has focused on males. To date, sex differences in fear learning have been 

reported but are inconsistent; and understanding of the influence of ovarian hormones in this 

context is further limited. Here, we characterized male and female rat behavior across the stress-

enhanced fear learning (SEFL) paradigm. Rats underwent a single massive shock event, mild 

stress exposure, and a context fear conditioning, or SEFL test. Using this stress procedure, it has 

been previously demonstrated that exposing male rats to a battery of foot shocks in one context 

potentiates their fear response (i.e., freezing) to a mild stressor (i.e., single foot shock) in a 

different context that persists long after the initial massive foot shock experience. SEFL has a 

measurable memory component and captures behavioral outcomes resembling PTSD, making it 

instrumental in increasing our understanding of PTSD neural substrates. While previous work 

using SEFL procedures suggests the persistent effects of "trauma" on mild stress responsivity 

holds true in female rats, these effects have not been thoroughly characterized, and the effects of 

estrous cycle remain unknown. We found that females with a history of "trauma" (4 or 15 

shocks) experienced in one context have higher freezing levels during the SEFL test, relative to 

the no shock controls. As seen in males, this SEFL effect is long-lasting, captured even thirty 

days following exposure to a mild stressor (a single footshock). We also evaluated several 

different behaviors during conditioning and testing, including rearing, jumping, and darting. 

Although freezing levels across each stage of the SEFL paradigm were not significantly different 

between males and females, females displayed unique escape-like behaviors the day of “trauma” 

and mild stress exposure. In addition, monitoring of the estrous cycle revealed the influence of 

cycle phase the day of “trauma” on future fear learning. These findings are fundamental to future 

work investigating the neurobiology of stress-related psychopathologies and in determining any 

sex differences contributing to female susceptibility. 
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Abstract: Severe trauma can leave lasting detrimental effects, such as persistent fear memories 

and maladaptive responses that are often difficult to extinguish. Given that women experience 

greater difficulty in treatment for fear disorders and are twice as likely to develop post-traumatic 

stress disorder, we investigated sex as a factor during fear extinction acquisition and recall. We 

used a modified Pavlovian conditioning paradigm pairing footshocks with a serial compound 

stimulus (SCS) consisting of distinct auditory tone and white noise (WN) cues in adult male and 

female mice (C57BL/6J, N=16 each sex, 3-6 months). We previously used this SCS fear 

conditioning paradigm to elicit distinct freezing and flight behaviors to the SCS’s tone and WN 

portions, respectively (Fadok et al., 2017, Borkar et al., 2020). To investigate sex differences in 

behavioral responses during fear extinction, after fear conditioning, we presented the SCS alone 

in the conditioning context for two extinction sessions of 16 trials each, then tested extinction 

recall in the conditioning context and in a neutral context. Throughout the paradigm, we recorded 

freezing, flight, escape jumps, tail rattling, grooming, and rearing behaviors to assess changes in 

the mouse ethogram. We observed significant changes in defensive behaviors during and after 

fear extinction in both males and females. During extinction, freezing to tone decreased, flight 

and escape jumping during WN decreased, and freezing during WN increased. Additionally, tail 

rattling and rearing frequencies decreased after fear extinction. However, we did not find sex 

differences in these behavioral changes. We did find that females displayed greater inter-trial 

freezing compared to males during the first extinction session, and males groomed for longer 

than females during extinction recall in the conditioning context. Within the neutral context, 

grooming frequency increased, and tail rattling did not occur. Unpaired control mice (C57BL/6J, 

N=10 each sex, 3-4 months) did not display SCS-evoked freezing or flight behaviors during 

extinction sessions, nor did they show similar changes after extinction. Overall, our results 

highlight distinct behavioral profiles to fear extinction that warrant further analysis. Given our 

previous work showing that central amygdala somatostatin- and corticotropin-releasing factor-

positive cells drive distinct SCS-evoked freezing and flight behavior profiles (Fadok et al., 

2017), we are currently investigating circuits involving these cells and their influence on 

behavioral changes during and after extinction of SCS-evoked fear. 
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Abstract: In Pavlovian fear conditioning, a neutral cue is paired with an aversive stimulus, such 

as foot shock. One result of this predictive relationship is the fear-conditioned cue will elicit 

defensive behavior. The most commonly measured behavior is freezing, a ‘passive’ behavior 

defined by the absence of movement. Recent studies have shown that a fear-conditioned cue can 

elicit ‘active’ defensive behaviors, characterized by increased movement. The goal of 

Experiment 1 was to construct ethograms of rat behavior spanning passive defensive, active 

defensive, and reward-related behavior across Pavlovian fear discrimination. We tested 24 rats 

(12 females) in a discriminative conditioned suppression procedure. Rats were trained to nose 

poke for a food reward, then received 16 fear discrimination sessions in which three auditory 

cues predicted unique foot shock probabilities: danger (p=1), uncertainty (p=0.25), and safety 

(p=0). Poke-reward and cue-shock contingencies were independent. We captured images at a rate 

of 5 frames/s before and during cue presentation (5 s pre-cue, 10 s during cue) and quantified 10 

behaviors. Temporal ethograms reveal the fear-conditioned, danger cue to orchestrate a suite of 

behaviors. By the end of discrimination, danger elicited a mixture of passive (freezing), active 

defensive behaviors (locomotion, jumping, and rearing) while suppressing reward-related 

behaviors. Discrimination consisted of restricting these behaviors to the danger cue, as analysis 

of early discrimination showed all three cues to initially orchestrate these same behaviors. 

Freezing was not the dominant danger-elicited behavior and its expression differed between 

sexes. Finally, danger suppression of reward-related behaviors was not a byproduct of freezing, 

as there was no relationship between these two behaviors across subjects. Building on our 

results, Experiment 2 aims to investigate specific roles for ventral tegmental area (VTA) 

dopamine neurons, and their terminals in the basolateral amygdala (BLA), in the acquisition and 

expression of active defensive behavior. 24 rats (12 females) received sham or 6-OHDA 

infusions into the VTA (deleting dopamine neurons) or BLA (deleting dopamine fibers). 

Following recovery, all rats underwent fear discrimination, frame capture, and behavior analysis 

as in Experiment 1. Full analysis and results of Experiment 2 will be presented. Our hand-

scoring efforts reveal fine organization of behavioral responding and highlight the need for 

assessing active defensive behaviors alongside freezing. Our findings are further paving the way 

for investigations into the neural basis of active defensive behaviors. 
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Abstract: In the fear conditioning (FC) paradigm, a neutral stimulus (conditioned stimulus, CS, 

such as a tone) evokes a fear response through a learned association with an aversive stimulus 

(unconditioned stimulus, US, such as a mild shock). The basolateral amygdala (BLA) is thought 

to be the main site where the association takes place through structural synaptic plasticity 

involving, but not restricted to, fear-encoding projection neurons. Evidence from rodent research 

suggests that FC confers to BLA increased power at low theta (~4 Hz) (Davis et al., 2017) and 

gamma (Courtin et al., 2013) frequencies detected in local field potential (LFP) recordings. On 

the contrary, high theta (~8 Hz) remains mostly unaffected by FC, and it is thought to be 

associated with fear extinction (Davis et al., 2017).Here, we aim to shed new light on the role of 

inhibitory interneurons in generating BLA oscillatory patterns and to elucidate the functional role 

of rhythms in FC. We used a biophysically detailed model of the BLA circuit (see Fig. 1) that 

contains excitatory projection neurons, as well as interneurons (VIP, SOM, and PV), which are 

responsible in isolation for low theta, fast theta, and gamma rhythms, respectively. We found that 

all the interneuron types projecting directly or indirectly to the projection neurons, are needed for 

FC. Interneurons and their rhythms have differential effects on projection neuron spiking 

activity. First, interneurons cooperate during VIP low theta peak phases to enable the correct 

fine-timing between projection neurons activated by CS (ECS) and fear-encoding projection 

neurons (F). Furthermore, interneurons cooperate to pause the activity of ECS and F during VIP 

low-theta troughs. This alternation between fine-timing and pauses at low-theta allows 

potentiation of the synaptic conductance between ECS and F via spike-timing dependent 

plasticity (STDP), thus establishing the association between CS and fear. The lack of any single 

subtype of interneuron leads systematically to synaptic depression, which translates into a 

shortfall of association. Finally, by modeling the LFP of our circuit activity, we found an 

increase of low-theta frequencies during the onset of CS presentation in the fear-conditioned 

network, thus corroborating experimental results in rodents.These results suggest that BLA 

interneurons, and the rhythms they generate, may serve as network elements critical to the 

instantiation of FC. Extending our BLA network to include also fear extinction circuits, this 

work may suggest targets for therapies aimed at preventing pathological fear conditioning and 

renewal. 
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Abstract: Probing the lower limits of probabilistic threat learning to reveal roles for the ventral 

pallidum 

Emma L. Russell & Michael A. McDannaldBoston College, USA 

A fundamental task of the brain is to assign valence to events in our environment. Rewarding 

events should elicit approach and consumption, while threatening events should elicit defensive 

behaviors. The ventral pallidum is anatomically poised to contribute to reward and threat 

behavior. In reward settings, ventral pallidum neurons scale firing increases according to 

palatability. In threat settings, ventral pallidum neurons scale firing decreases according to foot 

shock probability. Firing decreases are greatest to a danger cue predicting 100% foot shock, 

intermediate to an uncertainty cue (25%), but absent to a safety cue (0%). The goal of the current 

study was to reveal roles for the ventral pallidum in threat learning. To do this, Experiment 1 

sought to establish discrimination procedures that would isolate the two main behavioral 

components of discrimination: selectively acquiring ‘fear’ to a threat cue, and reducing fear to a 

neutral cue. Forty-seven Long Evans rats (23 females) were mildly food-deprived and trained to 

nose poke for food pellets. Rats were then assigned to one of three groups and received 

Pavlovian fear discrimination. For each group, a threat cue probabilistically predicted foot shock 

on 10% (n=15), 20% (n=16), or 30% (n=16) of trials, while a neutral cue never predicted foot 

shock. 10 threat and 10 neutral trials were given per session, meaning 10% rats received a single 

foot shock per session. All groups showed complete discrimination. However, 10% rats 

selectively acquired moderate nose poke suppression to the threat cue. 20% and 30% rats 

initially generalized suppression to both cues, before selectively showing high levels of 

suppression to the threat cue. Experiment 2 used a dual viral approach (AAV-eSYN-EGFP-T2A-

iCre + AAV-flex-taCasp3-TEVp) to delete ventral pallidum neurons in an experimental group, 

while a control group had neurons left intact. Delete and Control rats were then assigned to the 

10% or 30% foot shock group and Pavlovian fear discrimination given. A full analysis of 

Experiment 2 will be presented. The viral approach in Experiment 2 is setting up pathway-

specific manipulations of ventral pallidum outputs to the basolateral amygdala or ventral 

tegmental area. In total, these experiments are working to pinpoint roles for the ventral pallidum 

in threat learning.Keywords: fear conditioning, discrimination, shock, casp3, ventral pallidum 
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Abstract: Anxiety-related disorders are characterized by a dysregulated response to potential 

threat, including generalized and/or persistent avoidance of feared stimuli. The processes 

underlying maladaptive threat or fear learning can be studied using fear conditioning and 

extinction. Fear conditioning is an associative learning process by which organisms learn when 

environmental stimuli (conditioned stimuli, CS) are predictive of aversive outcomes 

(unconditioned stimulus, US). Fear extinction is the learning process by which organisms learn 

to reduce defensive responses when the CS no longer predicts the US. These studies are focused 

on understanding a paradoxical finding showing that intermittent CS-US pairings during fear 

conditioning can lead to resistance to extinction learning, relative to a conditioning schedule 

following a 1:1 CS-US frequency ratio. This effect has been termed the partial reinforcement 

extinction effect (PREE) and has been largely studied in operant and reward-based learning. 

However, significantly less is known about the PREE in fear learning. Our primary objective was 

to investigate the effects of partial reinforcement in fear acquisition, fear memory consolidation, 

and recall in mice. Furthermore, we investigated whether the effects of partial reinforcement are 

mediated by the number of CS presentations or CS duration. To achieve this, C57BL/6J mice 

were conditioned to an auditory CS paired with a mild footshock (US) for two days. Following 

conditioning, extinction was carried out for three consecutive days, where each day one session 

of extinction consisted of 12 unreinforced CS presentations. Finally, to assess the effects of 

partial reinforcement on fear extinction memory, we measured fear recall at 48 hours and 30 

days later, given that previous studies show that the passage of time leads to the spontaneous 

recovery of fear. Our preliminary results demonstrated that partial reinforcement (0.5, CS:US) 

enhanced fear acquisition and fear recall on extinction day 1. In contrast to previous studies, our 

results showed no effect on extinction acquisition, consolidation or fear recall (48 hours and 30 

days tone test). Taken together, the present study suggests a small or minimal role of PREE on 

fear extinction learning in contrast to PREE previously reported in the context of appetitive 

learning. 
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Abstract: Fear is expressed by a wide spectrum of behaviors and it is crucial to orchestrate 

defensive behaviors that match distinct threat circumstances. Freezing is highly effective in 

response to repeated electric footshock by an invisible predator, whereas darting, in which an 

animal rapidly moves forward in an attempt to flee from perceived danger, is most appropriate 

when chased by a predator. The neurons expressing calcitonin gene-related peptide (CGRP) in 

the parabrachial nucleus (PBN) are known as a general alarm signal which respond to aversive 

stimuli and alert the forebrain of ongoing or potential threats. To determine whether 

CGRPPBN neurons relay aversive information and contribute to defensive response, we bilaterally 

injected adeno-associated virus carrying Cre-dependent channelrhodopsin and implanted fiber-

optic cannulae over PBN of Calcacre/+ mice. We activated CGRPPBN neurons for 30 s and 

confirmed that repeated 30 Hz stimulation of CGRPPBN neurons evoked robust time-locked 

freezing behavior in mice. We investigated whether activation of CGRPPBN neurons promote 

adaptive defensive behavior that fits the context using a naturalistic threat paradigm. Chasing 

threat paradigm mimics an imminent threat situation where mice are placed in a circular track 

and chased by a predator-like robot. The ecological setting allows the observation of darts, which 

were defined as rapid movements preceded by immobility. We subjected mice to threat 

conditioning in which a tone (10 s, 70 dB) was paired with a predator-like robot chasing (3 s, 

0.58 m/s). We activated CGRPPBN neurons of Calcacre/+ mice (n = 5) during the chasing threat and 

observed a significant decrease in freezing compared to the control group (n = 7) when the tone 

was presented alone the next day. Instead, CGRPPBN-activated mice showed greater darting 

compared to the control group. Followed by an extinction training, the control group displayed 

decreased darting whereas darting by CGRPPBN-activated mice was maintained and significantly 

greater compared to the control group. Indeed CGRPPBN-activated mice showed significantly less 

freezing compared to the control group. We discovered that mice that received 

CGRPPBN stimulation learned to dart in response to the cue associated with the chasing threat and 

showed impaired extinction learning. Our findings suggest that CGRPPBN neurons are the core 

alarm system in which the enhanced alarm signal by CGRPPBN neurons elicited behavioral 

responses appropriate to distinct threat stimuli. 

Disclosures:  H. Cho: None. G. Pyeon: None. I. Baek: None. Y. Jo: None. 



Poster 

555. Fear and Aversive Learning and Memory: Acquisition 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 555.13 

Topic: G.01. Fear and Aversive Learning and Memory 

Support: Leopoldina Grant LPDS2021-05 

VICI Grant 453-15-009 

Title: Investigating the mechanistic role of painful self-experience in emotional contagion: an 

effect of autoconditioning? 

Authors: *J. PACKHEISER1, E. SOYMAN2, E. PARADISO1, E. RAMAAKER1, N. SAHIN1, 

S. MURALIDHARAN1, M. WÖHR3, V. GAZZOLA1, C. KEYSERS1;  
1Social Brain Lab., Netherlands Inst. for Neurosci., Amsterdam, Netherlands; 2Kadir Has Univ., 

Istanbul, Turkey; 3KU Leuven, KU Leuven, Leuven, Belgium 

Abstract: Emotional contagion refers to the transmission of emotions from one conspecific to 

another. Previous research in rodents has demonstrated that the self-experience of footshocks 

enhances how much an observer is affected by the emotional state of a conspecific in pain or 

distress. We hypothesized auditory auto-conditioning to contribute to this enhancement: during 

the observer’s own experience of shocks, the animal associates its own audible nocifensive 

responses, its pain-squeaks in particular, with the negative affective state induced by the shock. 

When the animal later witnesses a cage mate receive shocks and hears it squeak, the previously 

strengthened connection between fear and squeaks could be a mechanism eliciting the enhanced 

fearful response in the observer. As hypothesized, in a first study, we found pre-exposure to 

shocks to increase freezing and distress calls upon the playback of pain-squeaks. Freezing was 

also increased during the playbacks of phase-scrambled squeaks, but distress calls were more 

frequent during the playback of regular squeaks. Core to the notion of autoconditioning is that 

the effect of pre-exposure is due to the pairing of a pain-state with hearing one’s own pain 

squeaks. In a second study, we therefore compared the response to squeak playbacks after 

animals had been pre-exposed to pairings of a CO2 laser with a squeak playback against three 

control groups that were pre-exposed to the CO2 laser alone, to squeak playbacks alone or to 

neither of these conditions. We however could not find any differences in freezing or distress 

calls among all experimental groups. In summary, we demonstrate the sufficiency of pain-calls 

to trigger fear in a way that critically depends on the nature of an animals prior experience and 

discuss why the pairing of a CO2 laser with pain squeaks cannot substitute footshock pre-

exposure. 

Disclosures:  J. Packheiser: None. E. Soyman: None. E. Paradiso: None. E. Ramaaker: 
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Abstract: Animals learn to perform appropriate responses in complex, natural environments by 

altering their behavior in response to positive or negative outcomes. The underlying neural basis 

for this operant conditioning is not well understood in current model organisms due to the 

variability in behavioral outcomes stemming from the same experience. Drosophila 

melanogaster is an enticing model to study the neural basis of operant behavior because of its 

well-defined memory circuits, well-characterized behavioral responses, and the ability to study a 

large number of animals. To measure operant memory in Drosophila, we developed an 

automated runway assay in which flies enter a defined region of interest to consequently release 

an appetitive or aversive odor. We examined male and female 3-5 day old wild-type Canton-S 

Drosophila self-administering appetitive (apple cider vinegar or 3% ethanol) and aversive 

(benzaldehyde or geosmin) odors across 3 days. In order to track individuality in behavior, flies 

were housed individually and allowed to self-administer the odor for 15 minutes each day. We 

compared the operant behaviors of flies when self-administering appetitive and aversive odors 

using computer vision and machine learning methods. We found that both male and female flies 

show individual variation in their responses to an odor, such that some flies spent the majority of 

their time self-administering the odor, and others spent most of their time avoiding the odor. This 

was true for both appetitive and aversive odors. Female flies that found 3% ethanol appetitive 

self-administered the odor longer than male flies that found 3% ethanol appetitive. No sex 

differences were found in 3% ethanol self-administration in flies that did not find 3% ethanol 

appetitive. Similarly, no sex differences were found in flies in self-administration for aversive 

odors. Ultimately, these findings can be used to predict behaviors demonstrated in learning both 

appetitive and aversive outcomes. 
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Abstract: The main symptom of anxiety disorders, as in post-traumatic stress disorder (PTSD), 

is overgeneralization, marked by widespread distress responses to harmless stimuli or situations. 

Animal models have been used as a valuable tool to study detailed mechanisms or disorders. A 

mouse model of generalized fear, therefore, will likely provide insight into understanding and 

treating anxiety disorders. Here we report a model that may be used as a mouse model of 

generalized fear. In this model, we modified a shock-probe defensive burying behavioral test and 

used restraint stress in place of an electric shock. We found that mice that experienced restraint 

stress displayed elevated anxiety-like behaviors and defensive burying of a restrainer-resembling 

object, which is not the restrainer used to induce restraint stress, similar to behaviors of 

generalization. The degree of generalization did not generalize to extend to a neutral object, 

which had lower resemblance to the restrainer. More experiments need to be carried out to 

confirm the extent of generalization, but our preliminary results suggest that this model may be 

used for studying fear generalization. 
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Abstract: Acute severe stress is able to produce lasting and dramatic enhancements of fear and 

anxiety, promoting a range of psychiatric illnesses. How this sensitization is instantiated in the 

nervous system remains unclear. To address this issue, we first utilized unbiased whole-brain 

immediate early gene imaging of mice to examine how a severe stressor is able to augment 

subsequent behavioral responses to a novel stressor a week later. In addition to observing broad 

cortical hypoactivation in previously stressed animals relative to previously unstressed animals, 

hyperactivation of several subcortical regions was found, including the anterior hypothalamic 

nucleus (AHN). Notably, despite the AHN’s rich interconnections with stress circuitry, its role in 

stress has been little explored. To assess the causal contribution of the AHN to persistent fear 

and anxiety states after severe stress, we inactivated this structure during an acute severe stressor 

to assess both its acute and long-term consequences. AHN inactivation reduced fear responses 

during the severe stressor; moreover, multiple measures of fear and anxiety were reduced a week 

later when the AHN was online (memory of the severe stressor, anxiety-like behavior, and 

responses to a novel stressor). To delineate the cell population involved, we separately tested the 

effects of inhibiting GABAergic and glutamatergic cells within the AHN and found that 

GABAergic, and not glutamatergic, AHN neurons support stress behaviors. Lastly, we have 

begun single photon calcium imaging of the AHN and found that the AHN responds to acute 

stressors, and ongoing work is examining how GABAergic AHN neural activity is modified by 

the prior experience of severe stress. By understanding the contribution of this previously 

underappreciated nucleus and cell population to stress behaviors, potentially novel targets for 

stress-induced pathology may be uncovered. 
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Abstract: Acute severe stress is able to produce an array of changes in fear and anxiety-like 

behavior, including defensive freezing to stress-associated stimuli, heightened reactions to novel 

aversive events, and increases in anxiety-like behavior. Whether these changes arise from 

plasticity in a common circuit, or if distinct circuits support the various consequences of severe 

stress, remains unknown. To address this question, we combined pharmacologic, in vivo 

imaging, and ensemble tagging strategies with a model in which mice are given an acute severe 

stressor and a week later are exposed to a battery of fear and anxiety-like behavior tests. Firstly, 

we found that blocking protein synthesis induced by severe stress in the basolateral amygdala 

(BLA) and ventral hippocampus (vHC) have doubly-dissociable impacts on subsequent fear and 

anxiety-like behavior. Blockade of protein synthesis in the BLA profoundly reduced associative 

freezing in the stressor context and mitigated heightened responses to a novel stressor, but had no 

impact on the anxiety-like behavior of the same animals. Conversely, blockade of protein 

synthesis in the vHC attenuated stress-induced changes in anxiety-like behavior but had no 

impact on responses to novel stressors and had minimal impact on associative freezing. 

Secondly, using chemogenetics, we demonstrated that neural activity in BLA and vHC have 

similar dissociable contributions to the expression of these post-stress phenotypes. Thirdly, in an 

attempt to isolate ensembles of BLA and vHC neurons supporting these changes, we utilized 

activity-dependent tagging of stress-reactive cells and looked at their reactivation in response to 

subsequent events. We found stress reactive ensembles in the BLA (but not the vHC) are more 

likely to be reactivated by novel stressors, suggesting that stress-induced plasticity specifically 

within this cell population supports the heightened response to novel stressors. Collectively, 

these results indicate that plasticity in separate BLA and vHC circuits support distinct impacts of 

stress on behavior, and ongoing research aims to elaborate on the unique role of stress-reactive 

ensembles. Critically, these results suggest that the impacts of severe stress are biologically 

divergent. If true, this might indicate that interventions geared towards one these post-stress 

phenotypes (e.g., associative memories) in conditions like PTSD may not affect other post-stress 

phenotypes (e.g., anxiety). 
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Abstract: Pavlovian conditioning procedures are often used to study the neural processes that 

underlie fear learning and memory. Although prior work suggests the ability to control threats 

(e.g., unconditioned stimuli; UCS) impacts emotional function, the neural processes that underlie 

fear conditioning to controllable and uncontrollable threats has received less attention. Therefore, 

the present study assessed the functional magnetic resonance imaging (fMRI) signal of 

participants (N=35, [27 female], Mean Age = 24.85) who completed a Pavlovian fear 

conditioning procedure designed to investigate the conditioned neural response to warning (CS+) 

and safety (CS-) signals under controllable and uncontrollable threat (UCS) conditions. Two 

visual stimuli (green and yellow squares) served as conditioned stimuli (CSs; 8 second duration) 

and a loud, 100 dB white noise served as the UCS (0.5-6.0 second duration). One CS (CS+; 20 

trials) was always (100% pairing rate) paired with the UCS. The other CS (CS-; 20 trials) was 

never paired with the UCS (0% pairing rate). Stimuli were presented during both Controllable 

and Uncontrollable threat (UCS) conditions. During Controllable trials participants could 

terminate the UCS (Controllable threat) by a button press. During Uncontrollable trials the 

button press did not terminate the UCS (Uncontrollable threat). Instead, the duration of the 

uncontrollable UCS was yoked with the duration of a prior participant’s controllable UCS to 

ensure UCS durations were equivalent across Controllable and Uncontrollable conditions. 

Neuroimaging data were collected using a 3T Siemens Prisma scanner. High resolution T1-

weighted anatomical images were obtained in the sagittal plane using an MPRAGE sequence. 

Whole brain fMRI data were acquired using a gradient echo echoplanar image sequence. 

Multivariate ANOVA revealed a significant main effect of CS type (i.e., CS+ vs CS-) in the 

dorsomedial prefrontal cortex (dmPFC), dorsolateral prefrontal cortex (dlPFC), ventromedial 

prefrontal cortex, hippocampus, insula, and inferior parietal lobule. A significant main effect of 

UCS Controllability (i.e., Controllable vs Uncontrollable) was observed in ventrolateral 

prefrontal cortex (vlPFC), dlPFC, and hippocampus. A CS type x UCS Controllability 

interaction was observed within the dmPFC, dlPFC, insula, amygdala, and parahippocampal 

gyrus. The present findings suggest that threat controllability alters the conditioned neural 



response within brain regions that support fear learning, expression, and regulation processes, 

which may have important implications for emotion-related disorders. 
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Abstract: The ability to extinguish learned fear responses is crucial for adaptive behavior. The 

mesolimbic dopaminergic system originating in the ventral tegmental area has been proposed to 

contribute to fear extinction learning because of its critical role in reward learning. The 

unexpected omission of aversive unconditioned stimuli (US) is considered as rewarding 

(outcome better than expected) and to drive extinction learning (see e.g. Kalisch et al., Trends 

Cogn Sci. 2019;23:274-277). We tested the hypothesis that extinction learning is facilitated by 

dopaminergic drugs and impeded by anti-dopaminergic drugs. The effects of dopamine agonists 

(levodopa (100 mg) and bromocriptine (1.25 mg)) and antagonists (tiapride (100 mg) and 

haloperidol (3 mg)) on fear extinction learning were compared to placebo in 150 young and 

healthy human participants. A three-day differential fear conditioning paradigm was performed 

with pupil size and skin conductance responses (SCRs) being recorded. Fear acquisition training 

was performed on day 1, extinction training on day 2, and recall was tested on day 3. The 

conditioned stimuli (CS+, CS-) consisted of two geometric figures. A short electrical stimulation 

was used as the aversive US. One of the four drugs or placebo was administered prior to the 

extinction phase on day 2. Serum drug levels were measured at the end of each experimental day. 

At the time of abstract submission, data acquisition applying levodopa, tiapride or placebo prior 

extinction has been completed, and pupil size has been fully analyzed. During fear acquisition 



training, pupil size was significantly larger in CS+ compared to CS- trials with no significant 

difference between groups (non-parametric ANOVA, PROC Mixed procedure), showing that the 

CS+/US association has been successfully learned. On day 2, there was a significant decline of 

pupil size comparing early and late extinction training in each of the three groups. Decline of 

pupil size was less in the levodopa group compared to the placebo group (block x group 

interaction: p = 0.038). Different to early extinction, there was no difference in pupil size 

comparing CS+ and CS- in late extinction with no difference between groups. During recall, all 

groups showed spontaneous recovery. The tiapride group exhibited significantly less decline of 

pupil size towards the CS+ in late recall compared to early recall than the placebo group (CS x 

block x group interaction: p = 0.024). Thus, the application of an anti-dopaminergic drug prior 

extinction had on inhibitory effect on the consolidation of extinction memory. Findings further 

support the hypothesis that the dopamine system is involved in fear extinction learning. 
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Abstract: Rodent studies have shown that the gut microbiota can influence threat and safety 

learning, which has been linked to anxiety phenotypes. In humans, it has been demonstrated that 

microbiota composition varies with anxiety disorders, but evidence showing an association with 

threat learning is lacking. Here, we tested whether individual variability in threat and safety 

learning was related to gut microbiota composition in healthy adults. We found that threat but 

not safety learning varies with individuals’ microbiome composition. Our results provide 

evidence that the gut microbiota is associated with excitatory threat learning across species. 
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Abstract: Background: Fear conditioning is recognised as one of the base mechanisms of the 

maintenance of chronic musculoskeletal pain that is pharmacological difficult to treat. Placebo 

effect that undoubtedly may influence pain perception can be induced via classical conditioning 

(CC). Placebo manipulation during fear conditioning may help us understand the neural 

mechanism of learning and has a great potential for alternative therapies. In the present study, 

next to placebo effect, we investigate the neural oscillations associated with sensory processing 

in visual cortex for fear irrelevant and relevant cues. 

Methods: Magnetoencephalography (MEG) recording were collected from 30 healthy volunteers 

(11 male; between 18 and 36 years). The participants were asked to pay attention to the visual 

stimulus presented on the screen (4 Gabor patches; 15Hz luminance) and to rate, using scale (0-

10), their sensation to the electric stimuli (US) delivered to their forearm. The experiment started 

with habituation and ended with extinction phase, where only Gabor stimuli were presented. 

During the acquisition, participants from hidden conditioning group (CCH) learned the 

association between two fear relevant visual stimuli that predicted high-pain (CS+P) and low-

pain (CS+M) electric stimuli application; and two fear irrelevant conditions that predicted tactile 

(CS-T) and no stimuli application (CS-0). In CCH group placebo manipulation was introduced 

during the testing phase. Without the participants’ knowledge, after CS+P and CS+M 

presentation the same intensity of pain stimuli was delivered. In open conditioning group (CCO), 

before each experimental phase, the participants were always informed about CS-US 

contingency. One phase consisted of 10 trials for each CS type. 

Results: Preliminary analysis of aversive conditioning process examined stimulus-driven 

neuromagnetic activity using steady state visual evoked fields (ssVEF). For CCH group we 

observed increased cortical source space effect (ssVEFs general response: CS+P-CS-0 and 

CS+M-CS-0 differences) in acquisition compared to both habituation and extinction phase. For 

CCO analogous effects were observed, however only for CS+M-CS-0 difference. Crucially, 



between group comparisons indicate higher ssVEFs general cortical source space effect for 

CS+M-CS-0 effect for CCH group. There were no differences between acquisition and testing 

phase for both groups. 

Conclusion: We replicated previous findings of increased ssVEFs response in conditioning 

phase, were the CS gains its relevance. We also indicated that the type of conditioning (open vs 

hidden) may influence the magnitude of effect. 
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Abstract: Many researchers approach the etiology of trauma-, stressor-, and anxiety-related 

mental disorders from the perspective of classical conditioning processes gone awry. According 

to this view, abnormal associative relationships between conditioned and unconditioned stimuli 

may underlie pathological anxiety and result in unusually intense fear memories or fear 

memories that cannot be properly extinguished. Recent work has expanded on this view by 

showing that many psychological disorders involving pathological anxiety are associated with an 

exaggerated form of stimulus generalization, leading individuals with such disorders to respond 

with fear and anxiety to a variety of contexts and cues that should not be threatening. It is well-

known that stress, biological sex, childhood maltreatment, and certain dispositional factors can 

increase one’s susceptibility for pathological anxiety and significantly impact fear learning; thus, 

it is possible that these factors, alone or in combination, contribute to clinical anxiety by 

influencing fear generalization processes. In the present study, 478 healthy undergraduate 

students were exposed to the socially-evaluated cold pressor test immediately or 30 min prior to 

learning to associate one geometrical shape, but not another, with an aversive stimulus in a fear-

potentiated startle paradigm. The next day, participants were tested for fear generalization by 

measuring their fear responses to a variety of stimuli that were similar to, but different from, the 

shapes observed on Day 1. Objective and subjective measures of stress were collected on Day 1, 



and childhood maltreatment was quantified with the Childhood Trauma Questionnaire. The 

results revealed that, across both stress time points, greater heart rate and greater cortisol levels 

in response to stress were associated with weaker fear acquisition and a flatter generalization 

gradient. These effects were influenced by participant sex and trait anxiety. We also found 

evidence to suggest that greater childhood maltreatment was associated with impaired fear 

acquisition in males but enhanced fear acquisition in females. These findings reveal a complex 

interaction between acute stress, biological sex, childhood maltreatment, dispositional anxiety, 

and fear learning that may lend insight into the etiology of certain stress-related psychological 

disorders. 
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Abstract: Background: Predicting aversive outcomes through associative learning is supported 

by conserved neural and peripheral mechanisms that govern how we handle threat. While 

theories in translational and developmental neuroscience link perturbed threat learning processes 

to pathological anxiety and its treatment, empirical work in anxiety patients yield mixed 

findings. This may be because different indices capture distinct aspects of conditioned threat 

anticipation. Here, we compare skin conductance response (SCR), indexing cue-based threat 

responses, and fear-potentiated startle (FPS), indexing threat-induced state, in capturing anxiety 

effects on threat learning, across age. We also examine whether subjective fear to conditioned 



cues tracks with FPS and SCR. Lastly, we explore associations among these psychophysiological 

indices and morphometry of conserved subcortical brain structures. Methods: Anxiety patients 

and healthy comparisons (N=306; 178 females; 8-50 years) completed a well-validated 

Pavlovian threat learning task involving conditioned threat and safety cues. FPS, SCR, and 

subjective fear to cues indexed differential conditioning and extinction. Of note, novel FPS 

quantification was employed to overcome limitations with commonly employed approaches. 

Lastly, we explored associations between psychophysiology and gray matter volume (GMV) in 

subcortical structures, including amygdala and hippocampus. Results: Differential conditioning 

was observed in patients and comparisons; however, there was comparable differential 

conditioning between groups for both FPS and SCR (Group x Cue: p=.82, ηp
2<0.01 and p=.16, 

ηp
2=0.01, respectively). While SCR indicated comparable extinction between groups (p=.29, 

ηp
2<0.01), FPS revealed attenuated extinction in patients (p=.040, ηp

2=0.01). Regression 

analyses further confirmed FPS and SCR correlate in conditioning (r=0.18, p=.002), but not 

extinction (r<0.01, p=.90). Subjective fear of conditioned cues tracked with SCR but not FPS. 

SCR magnitude diminished with age (p<.001), while FPS indices were age-invariant. While our 

prior work reported age-moderated links between SCR and hippocampal GMV, such 

associations were not found for FPS. Conclusion: Attenuated extinction learning in anxiety 

patients was revealed with FPS but not SCR, suggesting abnormally persistent conditioned threat 

states. FPS did not vary with GMV, indicating SCR and FPS may retain distinct neurobiological 

functions. These findings provide novel insight on how impaired extinction learning manifests in 

pathological anxiety and could guide continued research on mechanisms of anxiety and its 

treatment. 
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Abstract: Most behavioral testing procedures, like those in novel object recognition, were 

established mainly for adult male rodents, which can be problematic when attempting to assay 

behavior in developing rodents. There is significant variability between studies regarding 



apparatus size, especially when using these assays in juvenile animals. For example, some 

studies use the exact apparatus dimensions for juveniles as adults, while others scale apparatus 

dimensions to those of adult mice. Many behavioral assays rely on the rodent’s natural aversion 

to unfamiliar or unguarded/open spaces. It stands to reason that a larger arena would elicit more 

anxiety-like responses from a smaller animal. Thus, this experiment aimed to evaluate the 

validity and necessity of scaling apparatus size for a novel object recognition test (NOR) based 

on the average weights of adult (Postnatal days [P] 93-94) and juvenile (P24-25) male and 

female Long-Evans rats. We measured the time each animal spent investigating a novel and a 

familiar object and determined the percentage of total exploration time spent exploring the novel 

object. 60% or more exploration time spent at the novel object indicated a novel preference. We 

hypothesized that adult and juvenile animals would perform similarly in the full (100 x 100 cm) 

and scaled (51 x 51cm) arenas, respectively. We found an interaction between age and arena-size 

(P=0.005). Sex did not reach significance as a main effect or within an interaction. Within each 

group, 70% of juvenile animals showed a novel object preference in the scaled arena, while only 

40% of subjects exhibited novel object preference in the standard oversized arena. In adult 

animals, 67% of subjects showed a novel object preference in the larger, traditional-sized arena 

compared to 55% of subjects in the scaled-down arena. These results confirm that arena size is 

an important factor that should be standardized and carefully considered when investigating 

novel object preference learning in juvenile rats. Overall, the best cross-comparative results were 

observed when arena size was relative to the animal size. This information provides a new lens 

to view previous studies and sets a standard for future studies using juvenile rats. 
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Abstract: Rodents emit ultrasonic vocalizations (USVs) to establish communications with their 

conspecifics. In rats, USVs can be divided into two main types: i) 22 KHz aversive calls that 

communicate negative emotional states, and ii) 50 KHz appetitive calls that communicate 



positive emotional states. It has been shown that the emission of aversive vs. appetitive calls by 

an emitter rat can bidirectionally regulate the behavioral response of a receiver rat. However, 

which brain regions encode both types of USVs and how different frequencies of vocalization 

result in opposite behavioral outcomes remains unknown. One candidate region is the prelimbic 

subregion of the prefrontal cortex (PL), a structure implicated in the regulation of social 

behaviors and decision-making processes. To explore whether PL neurons encode USVs of 

different valences, male Long-Evans rats with single-unit recording electrodes implanted in PL 

were exposed to pre-recorded aversive and appetitive USV playbacks during the same session. A 

22 KHz artificial sound was used as a control stimulus. An offline analysis of 474 neurons 

recorded from 19 rats revealed two subpopulations of PL cells that responded exclusively to 

either aversive USVs (14.4%, 7.4% excited and 7% inhibited) or appetitive USVs (11.8%, 4.6% 

excited and 7.2% inhibited), indicating that PL neurons can discriminate appetitive and aversive 

USVs. Interestingly, ~65% of PL neurons that changed their firing rates in response to 22 KHz 

USVs did not respond to 22 KHz artificial sound, suggesting that distinct populations of cells in 

PL encode social calls vs. ordinary sounds of the same frequency. Next, to check whether 

aversive and appetitive USV playbacks can affect animal’s behavior, a different group of rats 

previously trained to press a lever for sucrose during the presentation of a light cue was exposed 

to the USV playbacks (22 KHz or 50 KHz) or the artificial 22 KHz sound either 10 s before or 

10 s during the sucrose cue presentation. We found that the presentation of aversive or appetitive 

USV playbacks did not change cued sucrose-seeking responses. The playback of aversive or 

appetitive USVs also did not affect cued sucrose-seeking responses in separate groups of rats that 

had previously observed a conspecific receiving electrical foot shocks or received the foot 

shocks themselves. Moreover, exposure to USV playbacks did not alter motor activity assessed 

in an open field arena. Together, our results establish a role for PL neurons in the discrimination 

of social cues of different valences, and reveals that the communicative function of distinct 

USVs may require a richer social context to elicit behavioral changes in the receiver animals. 
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Abstract: The paraventricular nucleus of the thalamus (PVT) has been implicated in the 

regulation of reward-approach vs. threat-avoidance responses during situations of conflict. PVT 

neurons change their firing rates in response to food cues and these changes are largely 

suppressed during motivational conflict. However, which inputs convey food cue information to 

PVT neurons remain unknown. A potential candidate is the prelimbic prefrontal cortex (PL), 

which responds to food cues and projects densely to the PVT. To explore this question, male 

adult Long-Evans rats with single-unit recording electrodes implanted in PL were exposed to an 

approach-food vs. avoid-predator odor conflict model. Rats were initially trained to press a lever 

for sucrose during the presentation of audiovisual cues. During the test session, animals were 

exposed to three phases: (i) reward phase, only food cues presented; (ii) cat odor phase, only a 

fear-inducing cat odor presented, and (iii) conflict phase, food cues concomitantly presented with 

cat odor. Compared to reward phase, rats displayed increased defensive behaviors and reduced 

food-seeking responses during conflict. PL recordings (404 neurons from 29 rats) revealed 

changes in the spontaneous firing rate across the phases with an increase in the percentage of 

neurons showing inhibition and a reduction in the percentage of neurons showing excitation 

during conflict. Tracking the activity of the same cells across the phases, we found that most PL 

neurons changed their firing rates in more than one phase, and ~70% of these cells responded in 

opposite directions, suggesting valence encoding. After aligning PL activity to the onset of the 

food cues, we observed a similar proportion of responsive neurons during the reward and conflict 

phases (~20%). Surprisingly, only a small fraction of these cells responded in both phases (~7%; 

Fisher Exact Test, p < 0.05), suggesting that distinct subpopulations of food cue responsive 

neurons are recruited during conflict. Using a combination of recordings and optogenetics for the 

photoidentification of PL neurons that project to PVT (PLPVT, n = 63 neurons), we found that the 

spontaneous activity of PLPVT neurons resembled those of the entire PL population across the 

phases. However, in contrast to non-identified PL neurons, the number and the magnitude of 

excitatory food cue responses in PLPVT neurons were the same between the reward and conflict 

phases. Together, our results demonstrate that activity in PL neurons correlates with changes in 

behavioral decision during motivational conflict and suggest that PLPVT neurons convey food cue 

information to PVT independently of the defensive state of the animals. 
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Abstract: Associative learning requires the activation of protein kinases with distinct temporal 

dynamics. Learning protocols with computationally designed intertrial intervals (ITIs) that 

maximize the interaction between fast-activated protein kinase A (PKA) and slow-activated 

extracellular signal-regulated kinase (ERK) enhance nonassociative learning in Aplysia. Here, we 

examined whether a computationally designed protocol based on PKA and ERK dynamics in rat 

hippocampus would enhance associative learning in mammals. We simulated ~1000 training 

protocols with varying ITIs and identified an optimal protocol predicted to induce stronger 

learning than those with fixed ITIs. Male adult Long-Evans rats were exposed to an auditory fear 

conditioning paradigm where conditioned stimuli (CS, 3 kHz tone, 30 s) co-terminated with 

unconditioned stimuli (US, footshock, 0.7 mA, 0.5 s). Rats in the full conditioning (FC, n = 14) 

and partial conditioning (PC, n = 12) groups received 8 or 4 CS-US pairings with fixed ITIs of 

4.5 min respectively, whereas rats in the optimal partial conditioning (OPC, n = 14) group 

received 4 CS-US pairings with ITIs of 8, 8 and 16 min. The next day, FC and OPC groups 

exhibited reduced locomotion speed compared to the PC group, suggesting stronger fear memory 

retrieval. FC and OPC groups also showed impaired extinction learning characterized by 

sustained freezing compared to the PC group. In a separate experiment, we compared the OPC 

protocol with an equally spaced partial conditioning (SPC, n = 10) protocol consisting of 4 CS-

US pairings with ITIs of 11 min and 10 s. Rats in the OPC group showed stronger fear 

acquisition and retrieval, suggesting that the memory facilitating effects of the optimal protocol 

are specific for the irregular intervals and not the training duration. Next, we examined whether 

the optimized ITIs would enhance fear extinction. Conditioned suppression of reward-seeking 

behavior was used as an additional measure of fear memory as it is more sensitive than freezing 

during extinction. Fear conditioned rats were assigned to three groups: full extinction (FE, n = 

12) and partial extinction (PE, n = 11) groups received 12 and 4 CS trials with 2.5 min ITIs 

respectively, whereas the optimal partial extinction (OPE, n = 13) group received 4 CS trials 

with ITIs of 8, 8 and 16 min. Compared to FE and PE groups, the OPE group showed increased 

lever pressing during the pre-CS periods in a spontaneous recovery test, suggesting enhanced 

extinction of contextual fear memory. Together, our findings demonstrate enhanced associative 

learning in mammals with a behavioral protocol designed using a computational model of 

memory-related signaling pathways. 
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Abstract: Opioid use disorder is associated with impaired risk-related decision-making. 

However, it is unclear how repeated opioid exposure affects the brain to alter risk taking under 

motivational conflict. In a modified conditioned place preference protocol, rats injected with 

either saline or morphine were exposed to the side of the apparatus preferred least at baseline. 

Conditioning occurred over 10 alternating days (5 pairings in each side). Two days after 

conditioning, rats underwent a preference test immediately followed by a conflict test in which 

an aversive stimulus (cat saliva) was introduced in the side of the chamber previously paired 

with morphine injections. In the preference test, morphine-treated rats spent more time in the 

drug-paired side of the apparatus than did saline-treated rats. In the conflict test, saline group rats 

avoided the side of the apparatus containing cat odor. In contrast, rats in the morphine group 

continued to prefer the previously drug-paired side despite the presence of cat odor, 

demonstrating increased risk-taking behavior. K-means clustering uncovered two subsets of 

morphine-treated rats that exhibited either: i) enhanced place preference and persistent drug 

seeking during conflict (risk-takers, RT), or ii) moderate place preference and suppressed drug 

seeking during conflict (risk-avoiders, RA). Single-unit recordings from neurons in the prelimbic 

(PL) cortex, a region involved in decision-making and strategy shifting, revealed decreased firing 

rates upon acute morphine exposure. In contrast, on the final drug conditioning day, morphine 

failed to suppress neuronal firing rates, suggesting that PL neurons undergo adaptation to 

repeated morphine exposure. Recordings during the conflict test identified distinct populations of 

PL neurons that were either excited or inhibited when rats entered the side of the apparatus that 

contained cat odor. Interestingly, RT rats showed a lower proportion of neurons excited during 

paired side entries as compared to saline-treated or RA rats, suggesting an attenuated neuronal 

response to threat in the drug-paired context. Additionally, while cells inhibited during paired 

side entries were unaffected during neutral side entries in saline-treated and RA rats, this 

discrimination in PL firing rates across sides did not occur in RT rats. Taken together, our results 



suggest that a loss of PL inhibition after opioid conditioning is associated with the formation of 

contextual reward memory. Furthermore, suppression of excitatory responses to threat and 

impaired inhibitory signaling of neutral vs. threat contexts in PL may underlie increased risk 

taking following opioid exposure. 
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Abstract: Flexibly adjusting foraging behavior based on internal metabolic needs and 

environmental threats is crucial for animal survival. However, the neural mechanisms underlying 

the transition in cued food-seeking behaviors under distinct metabolic and threat states remain 

unclear. Neurons in the prelimbic (PL) subregion of the medial prefrontal cortex change their 

activity in response to food-associated cues. To test if PL responses to food cues vary according 

to animals’ metabolic states (hungry vs. satiated) or threat states (safe vs. threatened), we used a 

miniature fluorescent microscope to record calcium transients in freely behaving rats (n = 548 

neurons, 6 rats). Adult male Long-Evans rats were initially trained to press a lever for sucrose 

upon the presentation of an audiovisual cue. During the metabolic state test, rats were presented 

with 12 food cues followed by a 50 min sucrose ad libitum period to induce satiation, and 

subsequently exposed to 12 additional food cues. During the threat state test, rats were presented 

with12 food cues in a safe arena followed by a 10 min period of predator odor (cat saliva) 

exposure to induce fear, and subsequently presented with 12 additional food cues. Rats showed a 

reduction in food seeking from hungry to satiated states, as well as from safe to threatened states. 

After aligning the calcium transients of all PL neurons to the onset of the food cues, we observed 

no differences in the averaged PL activity under hungry vs. satiated states but a significant 



increase from safe to threatened states, suggesting that PL neurons are preferentially recruited 

during more salient internal states. In contrast, the number of food-cue responsive neurons and 

the magnitude of their responses remained the same across the distinct states. Interestingly, 

tracking the activity of the same cells across the session revealed that different PL neurons 

respond to food cues during distinct internal states. PL neurons showing excitatory or inhibitory 

responses to food cues when rats were in the hungry or safe states exhibited an overall reduction 

in their responses during the satiated or threatened states. In parallel, when rats transitioned to 

satiated or threatened states, separate groups of non-responsive cells emerged to display either 

excitatory or inhibitory responses to food cues. Taken together, our results suggest that the 

recruitment of distinct PL neuron subpopulations when animals transition between metabolic or 

threat states may serve to adjust behavioral responses to environmental food cues. Our findings 

may help to understand maladaptive food-seeking behavior in patients with eating- and anxiety-

related disorders. 
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Abstract: Episodic memories formed early in life are rapidly forgotten, while those made later 

in life can last a lifetime. The organization of memory circuits is well studied in the adult brain, 

and fearful memories are stored across a network of cortical and limbic structures. However, 

how memories are represented in the developing brain and whether there exists a neural 

signature of fleeting memory remain poorly understand. To address these questions, we used 

TRAP2 (Targeted Recombination in Active Populations) mice in combination with brain 



clearing and light sheet fluorescence microscopy to visualize the brain-wide activated neurons 

during fear memory retrieval in mice at different stages of development. We quantified neuronal 

populations activated by recent (1 day) fear memory retrieval at key developmental time points, 

including infant (P17), pre-adolescent (P25), and young adult (P60) mice, which are 

characterized by amnesic and lasting memories respectively. Across all ages, the sensory cortices 

expressed more TRAPed cells in fear-conditioned mice than non-shock controls, but did not 

significantly differ by age among condition-matched groups. However, network analyses 

revealed age-specific neural signatures of memory. To infer changes in functional connectivity, 

we examined correlations between numbers of TRAPed cells across brain regions. Pre-

adolescent brains were marked by decreased co-activation among cortical and thalamic regions, 

while adult brains displayed increased co-activation of cortical and subcortical areas, including 

between retrohippocampal cortical areas and the hippocampus. To further understand how 

activity in these regions related to memory retrieval, we examined correlations between TRAP 

patterns and behavioral characteristics of individual animals. Areas with high correlations with 

freezing measures changed with age. In P17 mice, freezing behavior was correlated with 

numbers of TRAPed cells in amygdalar areas. On the other hand, freezing was correlated with 

TRAPed cell numbers across several cortical association areas in adults. Interestingly, freezing in 

pre-adolescent mice was correlated to regions that were associated with non-freezing behaviors 

in adult mice. This age-dependent shift coincides with the transition from shorter-lasting 

memories in infancy to longer-lasting memories in pre-adolescent and adult mice, highlighting 

potential mechanisms that underlie the emergence of persistent fearful memories across 

development. 
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Abstract: Repetitive Transcranial Magnetic Stimulation (rTMS) is an FDA approved therapy for 

patients with treatment-resistant depression and obsessive-compulsive disorder and also shows 

promise for numerous other psychiatric and neurological disorders. During clinical rTMS 

treatment, focal electromagnetic stimulation is thought to exert therapeutic effects by driving 

plasticity in neural circuits. Despite its common use, clinical effects are variable and the 

underlying neural circuit changes induced by rTMS treatment are poorly understood, limiting the 

rational design of more precise and effective treatment protocols. Much of what we know about 

the mechanisms of rTMS stems from studies of the human motor system, but prefrontal cortex 

(PFC) is the primary clinical target. Progress has been hindered by lack of a preclinical rodent 

model with strong face validity for how clinical rTMS is delivered. Scaling TMS coils to the 

rodent brain has resulted in focal stimulation that is too weak to elicit action potentials. Instead, 

larger coils are often used that stimulate the entire rodent brain. To overcome these hurdles, we 

are developing a new preclinical rodent model that will allow us to study circuit and behavioral 

differences in mice following chronic rTMS targeting the medial prefrontal cortex (mPFC). We 

obtained a novel rodent TMS electromagnetic coil that has comparable power and precision to 

human stimulators. To enable delivery of chronic rTMS that mimics human protocols, we 

developed a way to prevent the magnet from overheating during pulse sequences. We generated 

a liquid cooling system that pumps a supercooled solution of 30% calcium chloride through a 

copper coil encircling the magnet. With this system, we can perform several 30-minute rTMS 

sessions in a day, allowing us to study chronic effects of rTMS on neural circuits and behavior in 

cohorts of mice. We delivered 5-day rTMS or sham treatment on chronically stressed mice, 

followed immediately by behavioral testing and perfusion for histological analyses. We identify 

behavioral changes in rodent anxiety assays as well as changes in the expression of histological 

markers of neural activity. Our findings provide the foundation for further studies probing long-

term molecular and synaptic changes induced by chronic rTMS targeting PFC. This mechanistic 

understanding will be critical as we optimize this noninvasive therapy for treatment of both 

depression and other neurological and psychiatric disorders. 
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Abstract: Memories of an emotional experience can last a lifetime, yet the same memory can 

involve new neurons and circuits across time. Growing evidence indicates that as memories age, 

they are reorganized into a distributed cortical network. While several independent cortical 

regions participate in remote memory, our understanding of their interactions at the cellular level 

are lacking. Time-dependent reorganization of memory has clinical implications. Remote 

memories of trauma are more treatment resistant than recent memories, linking memory 

evolution with memory resilience. In an auditory fear memory paradigm, we investigated how 

the prelimbic (PL) region of the prefrontal cortex interacts with the temporal association area 

(TeA), a cortical region involved in processing the salience of auditory information. To test 

whether PL-TeA projections have a unique role in remote, but not recent, memory, we 

optogenetically silenced PL-to-TeA axons during recent or remote memory. Inhibition of PL-

TeA projections caused a selective decrease in memory strength during remote memory recall, 

without affecting recent memory recall, indicating that the role of the PL-TeA memory retrieval 

emerges over time. In ongoing experiments, we are examining how memories are encoded in PL-

TeA circuits across time. Using adult mice, we infected PL neurons with GCaMP8m and used 

fiber photometry to measure activity arising from their axons in TeA during auditory fear 

conditioning, recent memory, and remote memory recall. We investigated task-related signals 

across memory timepoints, exploring differences between recent and remote recall. We next used 

freely-moving 1-photon calcium imaging to monitor either PL neurons, or using an intersectional 

retroviral-Cre based approach, PL-TeA projection neurons, during the same timepoints. We 

identified task and behavior encoding in both populations, comparing overall PL activity to 

specific PL-TeA activity at recent and remote memory timepoints. Overall, these results identify 

a novel circuit in remote fear memory and suggest principles of memory organization across 

time. 

Disclosures:  Z. Zeidler: None. M. Seong: None. M. Shari: None. L.A. DeNardo: None. 

Poster 

556. Neurobiology of Fear and Aversion 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 556.09 

Topic: G.01. Fear and Aversive Learning and Memory 

Support: NSERC Postgraduate Doctoral Award 

Title: Prefrontal cortex circuit maturation and its role in adaptive threat avoidance in mice 

Authors: *C. B. KLUNE1, C. M. GOODPASTER1, R. CHEN1, N. S. JONES1, L. A. 

DENARDO2;  
2Physiol., 1UCLA, Los Angeles, CA 



Abstract: The medial prefrontal cortex (mPFC) acts through its connections with the nucleus 

accumbens (NAc) and basolateral amygdala (BLA) to promote adaptive threat responses. To 

establish these mature cognitive functions, mPFC circuits undergo a prolonged development 

during which experience may feedback on the brain to promote adaptive responding. However, 

how the behavioral functions of mPFC circuits mature across development is poorly understood. 

Our study investigates the maturation of learned threat avoidance in mice and the contributions 

of mPFC-BLA and mPFC-NAc projections over development. Using platform-mediated 

avoidance (PMA), in which a fear-conditioned tone prompts rodents to navigate to a safety 

platform, we found that juvenile (postnatal day (P)23), adolescent (P35) and adult (P60+) mice 

were all able to learn PMA in a single training session. However, during a threat memory 

retrieval session the next day, adult mice showed robust avoidance memory, but P35 mice spent 

significantly less time on the platform and P23 mice displayed a rapid extinction response. To 

identify age-dependent differences in the underlying circuit function, we utilized optogenetic 

methods to manipulate mPFC-NAc and mPFC-BLA projections during the PMA retrieval 

session in mice trained at P23, P35, and P60+. In adults, excitation of mPFC-BLA neurons 

augmented avoidance while excitation of mPFC-NAc neurons reduced it. In contrast, at P23, 

excitation of mPFC-BLA neurons reduced avoidance. This suggests that mPFC-BLA neurons 

undergo circuit changes in early life that shape how they modulate avoidance behavior, 

potentially indicating a critical period in which disruption to circuit maturation may lead to 

maladaptive avoidance later on. At P35, inhibition of mPFC-NAc neurons increased avoidance, 

suggesting that mPFC-NAc neurons may be more active in adolescence, contributing to the 

lower levels of avoidance displayed by P35 mice. Together these findings indicate that the 

maturation of mPFC-BLA and mPFC-NAc circuits contribute to developmental changes in 

learned threat avoidance. Understanding how mPFC circuits develop in the typical brain will 

build an important foundation to understand how perturbed development may contribute to 

disease states. 
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Abstract: Learning about threats from observing others has significant adaptive value. 

Specifically, observational fear learning (OFL) illustrates how social organisms learn from 

environmental interactions to promote safety and avoid harm. However, excessive responding to 

observed threats can interfere with essential functions, potentially leading to trauma-related 

disorders. Canonical ‘reactive’ defensive circuits, which generate rapid responses to imminent 

danger, are complemented by higher-order cognitive systems recruited when threats are more 

distal or ambiguous, yet the neural circuits underlying OFL are inadequately defined. To address 

this, we vicariously conditioned mice to an auditory cue by watching a demonstrator undergo 

cue-shock pairings. Using a combination of anatomical tracing, immunohistochemistry, and in 

vivo optogenetics and calcium imaging, we found that dorsomedial prefrontal cortex (dmPFC) 

inhibition disrupted OFL formation (p<0.05). Given the complexity of OFL, which requires 

simultaneous integration of social, contextual, and cued information, we tested how dmPFC 

might modulate OFL by coordinating diverse upstream activity. We found that input to the 

dmPFC from basolateral amygdala (BLA) and ventral hippocampus (vHPC), respectively, 

promote and constrain observer freezing (p<0.05). Cellular-resolution neuronal recordings 

demonstrated dmPFC neurons separately code observed and directly experienced threat, as well 

as opposing (active/passive) defensive behavior states. The capacity of dmPFC neurons to code 

for multiple aspects of OFL could partly reflect differential functional contributions of dmPFC 

projection populations. To address this question, we examined the role of dmPFC projections to 

PAG. We found that dmPFC projections to midbrain periaqueductal gray (PAG) signal the 

dynamic transfer of threat information from demonstrator-to-observer to limit observer freezing. 

Together, our findings reveal how dmPFC coordinates long-range inputs and outputs to calibrate 

behavioral responses to observed threat. Moreover, this suggests that maladaptive responses to 

socially learned threat could arise from deficits in dmPFC and its interacting circuits and explain 

why neuropsychiatric disorders as diverse as psychopathy and PTSD are linked to dmPFC 

damage. 

Disclosures:  S.E. Silverstein: None. O. Bukalo: None. J. Schaffer: None. R. O'Sullivan: 

None. A. Holmes: None. 

Poster 

556. Neurobiology of Fear and Aversion 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 556.11 

Topic: G.01. Fear and Aversive Learning and Memory 

Support: NIMH K01MH116264 

NSF GRFP 

Title: Early life adversity disrupts medial prefrontal cortex dependent approach-avoidance 

behavior in adolescents 



Authors: *C. M. GOODPASTER, N. S. JONES, L. A. DENARDO;  

Physiol., UCLA, Los Angeles, CA 

Abstract: The medial prefrontal cortex (mPFC) plays a key role in evaluating and executing 

adaptive responses to threats. In order to establish mature cognitive abilities, the mPFC 

undergoes prolonged maturation. Adolescence marks the opening of a sensitive period that, 

paired with increased exploration, may facilitate the development of nuanced responses to 

perceived threats. Unfortunately, this also opens a long window during which insults can perturb 

healthy mPFC development. Early life adversity (ELA), such as neglect or maltreatment in 

childhood, is known to cause lasting structural and functional alterations in mPFC and its target 

regions, including the basolateral amygdala (BLA). These changes impact emotional and 

cognitive processing which can lead to psychiatric illnesses, such as anxiety and depression. 

Exaggerated, maladaptive responses to perceived threat, usually at the expense of rewarding 

experiences, are hallmarks of these conditions. Symptoms often manifest during adolescence, an 

important period in which rewarding exploratory interactions with the environment have 

significant influence over brain development and the refinement of adaptive behavioral 

strategies. Yet, it is not known how ELA alters the neural circuitry underlying threat response 

during development. To fill this knowledge gap, I employ a limited nesting and bedding (LBN) 

model of ELA in mice that simulates aspects of resource scarcity and altered parental care that 

contribute to ELA in humans. To assess differences in threat encoding and retrieval I utilize a 

platform-mediated avoidance (PMA) task, in which a fear conditioned tone prompts mice to 

navigate to a safety platform while competing with an innate motivation to explore a novel 

object. LBN accelerates learning of the PMA task and leads to the excessive avoidance during 

retrieval in comparison to standard reared mice, measured by increased time spent on the 

platform. Using fiber photometry, I will assess how mPFC to BLA connections drive adolescent 

behavior in PMA and how it becomes disrupted following ELA. Thus far, most ELA research 

has largely focused on behaviors and cellular-level outcomes in adults; here we are uncovering 

new insights into how early experiences impact developmental circuit dynamics that are 

necessary for refined behaviors. 
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Abstract: The caudal area 47/12 of the primate brain has been recently described as a node of 

the salience network in humans and nonhuman primates (NHP) (Trambaiolli et al. 2022). This 

region supports stimulus-outcome predictions associated with salient stimuli and prepares 

appropriate responses later selected by the anterior cingulate cortex (ACC). Abnormal 

computations in this region could lead to pathological behaviors, such as the persistent avoidance 

observed in patients with obsessive-compulsive disorder (OCD). 

In rodents, a circuit including the agranular insular/lateral orbital (AI/LO) cortex, rostral 

prelimbic (rPL) cortex, ventral striatum (VS), and basolateral amygdala (BLA) is suggested to 

control persistent avoidance (Martínez-Rivera et al. 2022). The AI/LO has excitatory inputs to 

rPL neurons that project to the VS to control avoidance expression. However, hypoactivity in 

AI/LO decreases excitatory drive from rPL to the VS, which makes VS more susceptible to BLA 

excitatory inputs which drive avoidance expression. 

Herein, we hypothesize that the rodent AI/LO is homologous to the caudal 47/12 and that the 

same persistence avoidance circuitry can be tracked in NHP. To evaluate this, we used seven 

anterograde injections in healthy macaque monkeys: two in caudal 47/12, three in area 24, and 

two in the BLA. Under dark-field microscopy, we identified that caudal 47/12 projected densely 

to the rostral area 24 (ACC), which bear circuit-level homology with rostral PL in rats (Sharma 

et al. 2020). The three injections in rostral 24 were placed at different rostrocaudal levels 

(pregenueal to postgenual), respectively. While pregenual 24 projected densely to the VS and the 

BLA, weaker projections were observed after postgenual injections. Dense axonal labeling from 

the BLA and pregenual 24 overlap in the VS. BLA projections to caudal 47/12 were also 

observed. 

Altogether, these findings suggest that the persistent avoidance circuitry identified in rodents can 

be translated to NHP. Importantly, the NHP caudal 47/12 may correspond to this circuit's AI/LO 

node, receiving dense connections from BLA. These bottom-up projections may cause biased 

attention to negative stimuli and impaired response preparation. This connection could also be 

associated with the hypoactivity in AI/LO observed in avoidant rodents and caudal 47/12 in 

OCD patients. In fact, recent studies report that OCD patients have amygdala hyperactivation 

during symptom provocation. Deficits in the devaluation of negative stimuli and hypoactivation 

of vlPFC (including area 47/12) are also observed in patients undergoing an avoidance 

devaluation task (Chase et al. 2020). 
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Abstract: Conditioned taste aversion (CTA) is produced by pairing a taste as a conditioned 

stimulus (CS) with visceral malaise as an unconditioned stimulus (US). Conditioned animals 

show disgust and anxiety to the CS in the retrieval of CTA. The bed nucleus of the stria 

terminalis (BNST) plays a critical role in anxiety and fear states. However, no reports showed 

the involvement of the BNST in CTA. This study examined the effects of chemogenetic 

inhibition of the BNST neurons on CS consumption behaviors following the establishment of 

CTA. Male C57/BL6 mice (n = 19) were injected with AAV8-hSyn-hM4Di-mCherry (0.5 

µl/side) into the BNST. They were conditioned by pairing 0.2% saccharin solution (CS) with 

malaise-inducing lithium chloride in a behavioral analysis apparatus. The mice were again 

exposed to the CS in Tests 1-3. Two groups were formed from mice with similar saccharin 

intakes in Conditioning and Test 1. In Test 2, half of the mice (n = 10) were given 

deschloroclozapine (DCZ; 0.05 mg/kg, i.p., a hM4Di ligand) and were exposed to the CS 30 min 

after injection. Another half of the mice (n = 9) received a vehicle (1% DMSO in saline, i.p.). 

The mice were exposed to the CS 48 hours after DCZ or vehicle injection in Test 3. CS 

consumption was drastically reduced in the DCZ-injection group (0.09 ± 0.03 ml) compared to 

the vehicle-injection group (0.27 ± 0.04 ml) (unpaired t-test; p < 0.01). The analysis of lick 

microstructure showed that the size of burst in the DCZ group (5.35 ± 1.78 licks) was 

significantly smaller than that in the vehicle group (11.75 ± 2.1 licks) (unpaired t-test; p < 0.01). 

Approach behaviors were categorized into Entry-Lick (mice approached the spout containing the 

CS and licked it) and Entry-Stop (mice approached the spout but not licked it). The probability 

of Entry-Stop (the number of Entry-Stop / the number of all approaches) was calculated. The 

probability of Entry-Stop in the DCZ group (61.0 % ± 8.2) was significantly higher than that in 

the vehicle group (34.2 % ± 7.2) (unpaired t-test; p < 0.05). The burst size and probability of 

Entry-Stop are indices for taste palatability and anxiety, respectively. Therefore, the smaller 

burst size and more frequent Entry-Stop in the DCZ group indicate the enhancement of the 



disgust and anxiety for the CS. We concluded that the BNST neurons play an important role in 

the retrieval of CTA. 
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Abstract: Sudden unexpected environmental changes capture attention and when perceived as 

potentially dangerous, evoke defensive behavioral states. Perturbations of the lateral septum (LS) 

can produce extreme hyperdefensiveness even to innocuous stimuli, but how this structure 

influences stimulus-evoked defensive responses and threat perception has not been defined. 

Here, we show that Crhr2-expressing neurons in mouse LS are phasically activated upon 

detection of threatening but not rewarding stimuli. Threat stimulus-driven activity predicts the 

probability but not vigor or type of defensive behavior evoked. Although necessary for and 

sufficient to potentiate stimulus-triggered defensive responses, LSCrhr2 neurons do not promote 

specific behaviors. Rather, their stimulation elicits negative valence and physiological arousal. 

Moreover, LSCrhr2 activity tracks brain state fluctuations, and drives cortical activation and rapid 

awakening in the absence of threat. Together, our findings suggest that LS directs bottom-up 

modulation of cortical function to evoke preparatory defensive internal states and selectively 

enhance responsivity to threat-related stimuli. 
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Abstract: The central nucleus of the amygdala (CeA) plays a critical role in regulating 

autonomic and behavioral responses to aversive stimuli and has been implicated in psychiatric 

disorders such as addiction, post-traumatic stress disorder (PTSD), and anxiety disorders. 

However, little is known about how this region encodes punishment and what mechanisms 

within this region drive punishment learning. Dopamine D2 receptor-expressing neurons play a 

key role in encoding aversive experiences and a subpopulation of CeA neurons express D2 

receptors. Here, we investigate the effect of bilateral lesions of D2 neurons in the CeA on 

punished responding for food in a novel two-lever discrimination task where rats choose between 

a large (3 pellet) punished food reward vs a small (1 pellet) safer reward option that was never 

accompanied by punishment (footshock). Specifically, transgenic rats expressing cre-

recombinase under control of the promotor for the dopamine D2 receptor received bilateral 

stereotaxic injections of a cre-dependent inducer of apoptosis, taCasp3 (pAAV5-flex-taCasp3-

TEVp), or control virus (pAAV2-hSyn-DIO-mCherry). After recovery from surgery, rats were 

restricted to 85% of their free-fed bodyweight and trained to discriminate between two levers 

that yielded either the small or large food reward in response to a single lever press (FR1). Test 

sessions consisted of 60 trials presented over two distinct phases in which rats were randomly 

presented one lever (either small or large reward) over 30 “forced” trials (Phase 1). This was 

followed by an additional 30 “choice” trials (Phase 2) in which both the large and small reward 

lever options were presented simultaneously; however, pressing for the large reward was 

immediately followed by a brief mild footshock. Responses on the small reward lever were never 

associated with punishment, thereby making this reward choice the “safer” of the two options. 

Shock intensity increased by 30% each test session until rats’ preference shifted to the small 

reward option on ≥85% of trials, referred to as “shock switchpoint”. Rats with lesions of CeA D2 

neurons displayed significantly lower shock switchpoints and earlier transitioning to the safe, 

small reward lever compared to controls. Notably, CeA D2-lesioned rats displayed similar 

preference for the large reward prior to shock testing, indicating the effect on shock switchpoint 

was unlikely the result of a preexisting bias or non-specific learning impairment. Together, these 

results suggest that CeA D2 neurons serve an essential role in learning to suppress reward-

seeking in the presence of punishment. 
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Abstract: The dentate gyrus (DG), a hippocampal subregion, has been heavily implicated in 

contextual memory and pattern separation. The DG plays a critical role in combining existing 

episodic information with new contextual information, and deficits in this process are thought to 

underlie multiple disease states including post-traumatic stress disorder (PTSD). The DG 

receives dense projections from the locus coeruleus (LC), a region in the brainstem that provides 

the primary source of norepinephrine (NE) in the brain and plays a key role in the regulation of 

anxiety and arousal states. In response to stressful situations, LC-NE activity increases, leading 

to modulation of many different structures across the brain, including the DG. Our prior studies 

have implicated LC-DG noradrenergic projections in modulating aversive contextual processing; 

however, the exact mechanisms by which this occurs remain largely unknown. Hence, we 

hypothesize that increased NE release from LC to DG α- and β-adrenergic receptors (ARs) 

due to aversive stimuli causes contextual generalization via increased neuron excitability and 

regulation of neural ensembles in the DG. Here, using a novel NE sensor (GRABNE) we show 

spatiotemporal dynamics of endogenous NE release in DG during aversive stimuli, finding that 

there were distinct differences in NE release dynamics compared to neutral stimuli. Further, we 

compare and characterize differences between evoked NE release through optogenetic 

stimulation at various frequencies to endogenous release dynamics. Lastly, using in vivo Ca2+ 

imaging, we implicate α- and β-ARs in the DG in mediating pattern separation and aversive 

contextual processing, and elucidate neural ensemble activity in DG in response to α1- and β-AR 

selective pharmacological agents, finding that α1-AR selective antagonist prazosin and β-AR 

selective antagonist propranolol result in increased activity in DG ensemble firing, especially in 

conjunction with increased LC-NE activity. Collectively, our data suggest that LC-DG 

noradrenergic projections facilitate aversive contextual processing via increased NE release 

targeting α1- and β-ARs in the DG. Current work is focused on further elucidating 

spatiotemporal dynamics of NE release, both endogenous and evoked, and to determine whether 

evoked release of NE is sufficient to create an aversive behavioral response in place of an 

aversive stimulus or during aversive contextual processing. Additionally, the use of in vitro and 



in vivo Ca2+ imaging will allow for further understanding of the downstream receptors which 

respond to NE release during aversive contextual processing. 

Disclosures:  E.T. Zhang: None. G.S. Saglimbeni: None. S.C. Piantadosi: None. J. Feng: 

None. Y. Li: None. M.R. Bruchas: None. 

Poster 

556. Neurobiology of Fear and Aversion 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 556.18 

Topic: G.01. Fear and Aversive Learning and Memory 

Support: R01MH111918 

Title: Probing Biobehavioral Endophenotypes of Resilience and Suceptibility using Learned 

Helplessness and Acute Social Defeat Stress in Male and Female Mice 

Authors: *D. FORTUNA1, H. MCBRIDE1, L. BRYAN2, K. R. ANDERSON1, A. LIPSHUTZ2, 

A. MANGANARO1, D. DUMITRIU1;  
1Pediatrics, Columbia Univ. Med. Ctr., New York, NY; 2Barnard College, Columbia Univ., New 

York, NY 

Abstract: Chronic mental disorders play a significant role in disability across the world. 

Stressful life events can induce psychopathology and lead to increased rates of chronic mental 

health disorders. An individual’s response to these stressful events varies greatly and can impact 

behavioral and neurobiological outcomes. Subjects exposed to stress may cope differently 

depending on various intrinsic and extrinsic factors resulting in active, passive, or maladaptive 

coping styles. Rodent models such as Learned Helplessness (LH) and Acute Social Defeat Stress 

(ASDS) are used to uncover a stressor’s impact on behavior and the brain's structure and 

function. LH and ASDS are two well-validated models of divergent stress responses within 

homogenous (inbred) rodent populations. Both models allow categorization into “resilient” and 

“susceptible” subpopulations. LH exposes mice to inescapable shocks that cause inappropriate 

passive behavior or “helplessness” in a subset of mice (LH susceptible), while other mice 

continue to exhibit normal escape behavior (LH resilient). ASDS exposes mice to repeated bouts 

of social aggression by an aggressive mouse, which leads to social avoidance in a subset of mice 

(ASDS susceptible), while other mice continue to show normal social approach (ASDS resilient). 

Here, we use LH and ASDS (tested 10 days apart on the same cohort of mice) to ascertain if 

susceptibility and resilience in various settings tap into biobehavioral endophenotypes. 

Specifically, we hypothesize an LH susceptible mouse is more likely to be ASDS susceptible. 

Similarly, we hypothesize an LH resilient mouse is more likely to be ASDS resilient. Preliminary 

data (n=23 mice), shows susceptibility on LH to have a positive predictive value (PPV) of 50% 

for ASDS susceptibility, and resilience on LH to have a PPV of 73% for ASDS resilience. 

Additional cohorts are needed to confirm these results, but early data suggest resiliency but not 



susceptibility might tap into a biobehavioral endophenotype. In order to test for the neural 

substrates of these endophenotypes, we are using the Targeted Recombination in Active 

Populations (TRAP) x Ai mouse model. These mice are genetically modified to allow indelible 

trapping of activated neurons in the presence of the drug tamoxifen, followed by 

immunohistochemistry against cFos to stain a second set of activated neurons, thus allowing us 

to track the neuronal activity at two different time points to study the overlapping and divergent 

neuronal ensembles activated by LH and ASDS, respectively. 
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Abstract: When under threat, animals exhibit flexible defensive responses that can shift between 

freezing, flight, and attack. The basolateral amygdala (BLA) is widely recognized for its role in 

mediating freezing responses arising from the presentation of an aversively conditioned stimulus 

(CS) in rodents. However, conditioned stimuli often elicit multiple adaptive behavioral 

responses. It is unclear how BLA activity observed during one type of defensive response 

elicited by a CS relates to other subsequent responses. Here we utilize a behavioral assay - the 

virtual burrow - in which head-fixed mice display two types of defensive behaviors that can 

occur in sequence: freezing-like behavior (tremble) and flight-like behavior (ingress into the 

burrow). Both ingress and tremble arise naturally - without explicit training - following 

Pavlovian aversive conditioning. Two-photon imaging of BLA reveals that activity in neural 

ensembles during time intervals that precede an ingress can predict subsequent ingress. This 

predictive signaling occurs specifically during periods of tremble that can occur several seconds 

prior to the ingress. These results suggest that BLA ensemble activity during tremble can 

represent an emotional state predictive of subsequent ingress, and not necessarily the motor 

action of ingress itself. By representing emotional states that can produce multiple defensive 

behaviors, the BLA may thereby provide an underlying neural substrate needed for valence-

congruent shifts between different defensive behaviors. 
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Abstract: The locus coeruleus (LC) is a small neuromodulator source with broad projections 

across the central nervous system that predominantly influence arousal, anxiety, and learning. 

For example, LC excitation leads to release of NE in the BLA, producing anxiety-like behavior 

in mice. In dorsal CA1, NE release and minor DA release from optogenetically activated LC 

terminals improved novelty-associated spatial learning. However, the conditions and behavioral 

events under which DA release occurs, and the relative magnitude of release remain unclear. 

Here, we used biosensors to isolate monoamine release following selective photo-stimulation of 

LC terminals in these regions. We also explore the endogenous dynamics of NE and DA release 

in BLA and hippocampus in response to appetitive and aversive stimuli. To target NE neurons, 

we used mice expressing Cre-recombinase under the dopamine beta hydroxylase (Dbh) 

promotor. Dbh-cre mice were injected with the Cre-dependent red-shifted Channelrhodopsin, 

ChrimsonR in the LC, and with genetically-encoded neuromodulator sensors GRAB-NE and 

dLight (to sense NE and DA, respectively) in BLA and CA1. Optic fibers were implanted to 

detect bulk fluorescence from each sensor. To characterize the properties of monoamine release 

following diverse physiological activity, optogenetic stimulation (for 3s at 1, 3, 5, 10, 15, and 

20hz) of ChrimsonR-infected LC terminals revealed frequency response profiles of release in 

CA1, and slightly diminished release of DA from LC terminals at higher frequencies. Longer 

photo-stimulation (30s) led to more varied results, where the BLA had greater NE than DA 

release. LC-CA1 terminals had NE and DA release profiles that increased linearly until 

saturation at higher frequencies. Ex vivo 2-photon imaging of sensors revealed the fluorescent 

response to ligand. This modality also elucidated optogenetically elicited release of monoamines 

under pharmacological manipulation. In experiments measuring endogenous release, we found 

increased NE release in response to salient anxiogenic stimuli, such as repeated shock and 

looming stimuli, in the BLA and CA1. DA had a larger and quicker release in the BLA than CA1 

during looming. During operant reward conditioning, NE signal decreased in CA1 after mice 



nose poked for reward and increased after reward was delivered. In the BLA, NE and DA are 

released in response to both completing actions for reward and receiving the reward. These data 

reveal release of DA and NE across LC projections to BLA and CA1. (Funded by 

R01MH112355, F31DA056148) 
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Abstract: The central amygdala (CeA) receives gustatory and visceral inputs from the 

brainstem. The CeA is suggested to be involved in conditioned taste aversion (CTA), which is 

established by pairing a taste as a conditioned stimulus (CS) with a visceral malaise. CTA 

decreases the taste palatability of a CS and increases fearful approaches to it. Since the role of 

the CeA in these behavioral responses remains unclear, we used Gq-DREADD (designer 

receptors exclusively activated by designer drugs) to assess how the excitation of the neurons in 

the CeA alters the taste palatability and fearful approaches to a CS during the retrieval of CTA. 

Male C57/BL mice received injections of AAV8-hSyn-hM3Dq-mCherry (0.3 µl/side) into the 

bilateral CeA. After the surgery, they were trained to drink deionized water for 15 min in a 

behavioral analysis apparatus. Then the mice were conditioned by pairing 0.2% saccharin 

solution as a CS with 0.3 M lithium chloride (2% B.W., i.p.). In Test 1, the conditioned mice 

were presented with the CS in the apparatus to examine the establishment and robustness of the 

CTA. They were divided into the experimental and control groups whose average CS 

consumptions in Test 1 were as close as possible. Tests 2 and 3 examined the effect of excitation 

of the CeA neurons by administering deschloroclozapine (DCZ, 50 µg/kg, 0.5% B.W.), a ligand 

to hM3Dq, in the experimental group. The control group was administered with a vehicle (1% 

DMSO in saline, 0.5% B.W.) instead of DCZ. Shortly (90 min; Test 2) or two days (Test 3) after 

the administration, the mice were presented with the CS. The experimental group consumed a 

significantly larger amount of CS than the control group in Test 2 (p &lt; 0.05). The 

microstructural lick analysis revealed that the experimental group showed augmentation of the 



lick number during the first minute of the session and the mean size of burst licking (p &lt; 0.05, 

respectively). Since the burst size is an index of taste palatability, the DCZ injection was likely to 

attenuate disgust for the CS, resulting in larger consumption immediately after the start of the 

session. The analysis of approaching behavior revealed that the frequency of the access to the 

syringe containing the CS in the experimental group was significantly larger than that in the 

control group (p &lt; 0.01), indicating that the DCZ injection reduced fearful approaching the 

CS. It appears that the DCZ injection temporarily altered these behavioral responses because the 

group differences were significant in Test 2 but not in Test 3. These results suggest that the 

neuronal activities of the CeA play a role in decreasing taste palatability and increasing fearful 

approaches during the retrieval of CTA. 
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Abstract: Major depressive disorder is characterized by network-level functional alterations, 

with the vHPC and its connected regions being central components. However, how changes in 

emotional state are represented in the activity patterns of single neurons and populations in the 

extended vHPC network remains unclear. Here, using high-density Neuropixels probes, we 

recorded single unit activity across the extended vHPC network, including vHPC subregions, 

amygdala (AMY), medial prefrontal cortex (mPFC), and thalamus. This allowed us to 

investigate how stress modulates representations of emotional information in the vHPC circuit 

and the effects on reward-seeking behavior. Mice were first subjected to chronic social defeat 

stress, a well-validated rodent model for induction of depression-related behavior. After defeat, 

we recorded single unit activity across a vHPC-AMY-mPFC-thalamic network as mice 

performed a head-fixed sucrose preference test where they freely choose between consuming 

water vs. sucrose rewards, a classic test of anhedonia-related behavior. Our results show that 



sucrose preference after defeat was correlated with social interaction ratio, a standard measure of 

stress susceptibility. At the single neuron level, we found that spiking activity was greatly 

elevated during reward consumption in control (non-stressed) mice across the vHPC-AMY-

mPFC-thalamic network, but stressed mice showed region-specific changes in firing patterns, 

including decreased activity in AMY and vHPC neurons, and elevated firing rates in mPFC 

neurons. Interestingly, despite reduced sucrose preference behaviorally in the stressed mice, 

neurons in vHPC and AMY showed increased reward selectivity. To probe this phenomenon 

further at the population level, we used support vector machine classifiers to decode reward 

representations. We found that in stressed mice, future reward choice (sucrose or water) could be 

decoded seconds before the choice was made in the AMY, mPFC, and vHPC neurons, 

suggesting a rigidity in future reward representations. In addition, neurons in these regions 

showed smaller change in decoding accuracy from pre- to post-reward, suggesting reduced 

reward sensitivity in comparison to controls. Furthermore, coordinated activity between vHPC 

and AMY neurons is correlated with individual animal’s sucrose preference, suggesting that 

reduced vHPC-AMY interaction may underlie anhedonia. Together, our results show that 

chronic stress alters single neuron firing patterns and population representations of reward in the 

vHPC network, and these changes may be responsible for ultimately driving anhedonic behavior 

following stress. 
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Abstract: The mesolimbic dopamine system regulates multiple behavioral dimensions that 

contribute to learning, motivation, and performance. A central question is how the mesolimbic 

dopamine system influences these distinct functions. In reinforcement learning and motivation, a 

classic two-component system has been proposed in which dopamine release in the nucleus 



accumbens (Nac) core provides prediction error signals to regulate reinforcement learning and 

simultaneous dopamine release in the NAc shell signals incentive salience and promotes 

motivated responses. To determine if ventral tegmental area (VTA) dopamine subpopulations 

display differential calcium dynamics at the cell body level during reinforcement learning and 

motivation, we recorded bulk calcium dynamics in two distinct cell populations that project to 

either the core or shell subregion of the NAc. We find that NAc core- and shell-projecting 

dopamine populations are activated by actions, cues, and rewards. However, the calcium 

dynamics during these events differ between the two populations. NAc shell-projecting VTA 

dopamine neurons showed larger responses during action initiation (lever press) and displayed a 

sustained increase in activity during the cue and reward outcome periods. In contrast, in the NAc 

core-projecting population these signals return to near baseline levels between discrete events. 

During unexpected reward omission, the NAc core-projecting population displayed temporally 

discrete decreases in calcium signals consistent with a prediction error-encoding model that were 

not observed in the shell-projecting dopamine cells. By optogenetically manipulating both the 

NAc shell-projecting and core-projecting VTA dopamine populations we find that these 

populations differentially regulate cued reinstatement behavior. These findings support the 

distinct functionality of these neuronal subtypes in learning and motivation through differential 

regulation of neural activity at the level of the cell body. 
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Abstract: Valence is the subjective value allocated to stimuli determining affective state and 

behavioral response. Positive valence is assigned to reinforcing stimuli, which leads to approach 

behaviors. In contrast, negative valence associated with aversive stimuli promotes behavioral 

avoidance. Salience reflects the strength of the stimulus by endowing it with the ability to attract 



attention and prompt preparatory responses. The central nucleus of the amygdala (CeA) has 

emerged as a brain structure that detects valence and salience at the early integration point to 

engage behavioral outcomes. It remains unclear the extent to which the CeA encodes valence or 

salience at the single-cell level. To address this, we classified valence vs. salience encoding CeA 

neurons by monitoring calcium dynamics during appetitive and aversive learning. Following 

injection of a conditional GCaMP6 expressing virus into the CeA of Vgat-Cre mice, a gradient-

index lens was implanted to record fluorescent calcium signals. After postoperative recovery, 

mice were maintained at ~85% of their preoperative body weight to motivate food-seeking 

behavior during the experiments. Mice underwent Pavlovian appetitive and Pavlovian threat 

conditioning in a counterbalanced fashion. For the appetitive conditioning, a tone was paired 

with a food reward for 20 trials on 10 consecutive days. For the aversive conditioning, a different 

frequency tone was paired with a foot shock 10 times in a single conditioning session 

Fluorescent calcium transients were collected during the appetitive and aversive learning using 

the one-photon in vivo calcium imaging technique (Inscopix nVoke system). We found that 53% 

of CeA neurons were responsive during the last day of appetitive learning, where 31% of 

neurons were excited and 22% of neurons were inhibited by the food reinforcer. Interestingly, 

this proportion was conserved during the aversive learning; 32% excited and 21% inhibited by 

the foot shock. Valence and salience encoding neurons were designated based on their response 

during the two conditioning sessions. Among neurons that were responsive in both paradigms, 

we found that 60% of neurons encoded either positive or negative valence, and 15% of neurons 

encoded salience (i.e., encoding the extent of attentional value). These results suggest the 

functional heterogeneity of the CeA in encoding two opposing valences and provide further 

evidence that the CeA is an important valence/salience detection center of the brain to promote 

appropriate approach and avoidance behavioral responses. 
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Abstract: Midbrain dopamine (DA) neurons play a critical role in modulating reward-seeking 

behavior. Dysregulation of DA signaling has been linked to a variety of neurological and 

psychiatric disorders, such as schizophrenia, substance use disorders, and depressive disorders. 

Hyperforin, the main active ingredient in the herbal supplement St. John's wort, has modest 

antidepressant action through its effect on serotonin reuptake. Hyperforin has also been shown to 

modulate calcium ion flux through transient receptor potential canonical type 6 (TRPC6) 

channels. TRPC6 channels are enriched in DA neurons and calcium signaling is known to play 

an important role in regulating DA neuron function, but the functional significance of TRPC6 

enrichment in DA neurons has not yet been established. Our lab has recently discovered that 

tachykinin receptor 3 (Tacr3)-expressing neurons are a minimally sufficient population of 

midbrain DA neurons that promote reward reinforcement behavior. Additionally, Tacr3 

activation is directly linked to the TRPC channel activity. To determine whether TRPC6 

channels are a key regulator of calcium dynamics in VTA-Tacr3 neurons during instrumental 

learning, we used CRISPR/Cas9 technology to selectively mutate the Trpc6 gene to generate loss 

of function in a cell-type specific manner within the VTA of adult mice. We recorded in vivo 

calcium dynamics in Tacr3 neurons with and without TRPC6 channels during instrumental 

learning. We find evidence that TRPC6 channels contribute to reward uncertainty during 

instrumental learning. Additionally, TRPC6 channels regulate the scalability of the response of 

Tacr3 neurons when a reward is unexpected. Together, these findings advance our understanding 

of the molecular mechanisms underlying motivated behavior, which is especially critical in the 

context of dopamine-mediated disorders. 
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Title: Neural dynamics of associative learning across the dorsoventral hippocampus 
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Abstract: The hippocampus creates a cognitive map of the world to optimize predictions and 

guide behavior, with the dorsal and ventral hippocampus believed to play unique roles in this 

process. To understand how such representations evolve with learning and are updated with new 

experience, we used 2-photon calcium imaging to track the same dCA1 or vCA1 neurons across 

days as mice learned to associate odor stimuli with different outcomes. During reward (sucrose) 

associative learning, we find that, initially, odors elicited robust responses in dCA1, whereas in 

vCA1 encoding of odor identity was weak, but was invigorated following odor-outcome 

associative learning. Neural representations in both regions rapidly reorganized with learning, 

then stabilized into ensembles that stored odor representations for days, even after extinction or 

pairing with a different outcome. Additionally, both dCA1 and vCA1 displayed reward 

anticipation signals that generalized across predictive odors and were stable across days. In 

contrast to this strong encoding of reward anticipation, outcome anticipation signals were only 

weakly encoded when anticipating inescapable shocks, and were further reduced with extended 

task exposure. These data suggest that hippocampal engagement during outcome expectation 

may be modulated by the behavioral relevance of the outcome (ie, behaviorally relevant (lick-

dependent sucrose) reward vs irrelevant (inescapable) shock). Collectively, these results identify 

how the hippocampus encodes, stores, and updates learned associations, and illuminates the 

unique contributions of dorsal and ventral hippocampus. 
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Abstract: In the last 20 years the ventral hippocampus has been increasingly implicated as an 

important component of multiple networks that control emotional and motivated behavior. It can 

modulate a diverse set of behaviors, including anxiety-related behavior, reward seeking, social 

memory and control of stress responses. Due to it's anatomical organization, the largely non-

overlapping pyramidal neuron outputs to distinct downstream targets, a dominant hypothesis of 

it's function has emerged, one that posits that appetitive and aversive stimuli are encoded within 

distinct ensembles of neurons. Here, we directly tested this hypothesis using 2-photon calcium 

imaging of dorsal and ventral CA1 region of the hippocampus (dCA1, vCA1) during exposure to 

a battery of salient stimuli, including appetitive and aversive odorants, sucrose rewards and 

aversive foot shocks. Analysis of single neuron tuning responses found subpopulations of 

neurons that were tuned to distinct stimuli, with a subset of neurons having stable stimulus 

responses over multiple days. In addition, we found populations of neurons that responded to 

multiple stimuli, regardless of valence class. Using linear classifiers to determine how stimulus 

identity was represented within the population, we found that, in vCA1, stimulus identity could 

be discriminated from the population activity for all pairs of stimuli tested, regardless of valence 

class. In addition, across-session decoder that was trained on activity one day, and tested on 

another day performed significantly better than chance, indicating that ensembles encoding each 

salient stimulus was stable across days. These data highlight the need to revise the dominant 

hypothesis of vCA1 function, and indicates that instead of distinct vCA1 ensembles encoding 

appetitive and aversive stimuli, vCA1 ensembles represent the identity of salient stimuli 

irrespective of their valence class. Ongoing work will identify how these ensembles represent 

spatially anxiogenic stimuli, and how these representations map onto the well-described anatomy 

of vCA1. 
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Abstract: The ventral hippocampus (vHPC) plays a critical role in mood and anxiety-related 

behaviors. Excitatory pyramidal neurons (PNs) in the CA1 subregion of the vHPC send 

projections to several cortical and subcortical targets. Activity in projection-defined vCA1 PNs 

has been shown to influence distinct approach and avoidance behaviors depending on the target 

structure. This suggest that vCA1 must transform incoming information regarding the salient 

nature of an environment to an output signal to specific downstream targets to support 

appropriate behavioral selection. At the local circuit level, activity in hippocampal PNs is 

regulated by a diverse pool of local inhibitory interneurons (INs), including the largely 

nonoverlapping populations of those expressing parvalbumin (PV), somatostatin (SST), or 

vasoactive intestinal polypeptide (VIP), which differ in their anatomical and electrophysiological 

profile. This suggests, in vCA1, the balance of activity in these classes of INs can differentially 

tune circuit function to drive distinct PN output patterns and behavior. However, how this occurs 

during behavior remains unknown. Here, using in vivo calcium imaging and optogenetics in 

mice, we show that in vCA1 projection-defined PNs, PV, SST, and VIP INs are differentially 

modulated during multiple tests of anxiety-related behavior. High-resolution analysis of mouse 

behavior found that during exploratory-approach behaviors, PV and VIP IN neurons were 

recruited, while SST IN activity decreased. Conversely, during avoidance trajectories the 

opposite occurred, SST INs were recruited, while PV and VIP INs decreased firing. This 

coordinated activity in vCA1 INs during approach/avoidance behaviors was associated with 

recruitment of distinct projection-defined vCA1 output PNs. This reveals the competitive balance 

between vCA1 IN populations mediates vCA1 output by transforming inputs into a vCA1 output 

signal that drives appropriate behavioral selection during anxiety-related behaviors. 
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Abstract: The brain transforms experiences into patterns of activity that control emotions, 

decisions and behaviors. Discriminating these patterns of activity allows these experiences to be 



stored into distinct entities, separating important stimuli from unimportant ones, which is a 

crucial feature of episodic memory. One way that neural circuits may discriminate experiences is 

by, at the population level, separating the neural representations of these experiences through 

learning, allowing a readout area to better decode the stimulus from the patterns of activity. We 

have recently found that the dentate gyrus subregion of the hippocampus classifies cortical 

representations of olfactory stimuli, increasing the distance between odor representations with 

learning. These studies indicate that, through associative learning, the CS+ odor becomes 

overrepresented at the expense of the CS- odor and odor representations reduce overlap, i.e., 

become more orthogonal. Here, we examined the neuromodulatory mechanisms underlying this 

process, and show that dopamine (DA) release in the DG may underlie some of the learning-

induced enhancements of pattern separation in the dentate gyrus. To understand the dynamics of 

DA signaling in the DG, we performed an odor-reward conditioning experiment while 

performing 2-photon imaging of DA dynamics in DG GCs using the DA sensor GRAB-DA. To 

examine DA dynamics throughout odor-reward learning in the DG, we injected WT mice with 

AAV9-hSyn-DA4.4, and performed high resolution 2-photon cellular imaging of GRAB-DA 

expressing GCs in the DG. Before learning, we observed little DA activity in response to the 

odor delivery but observed a significant DA response to reward delivery/consumption. With 

learning, however, we found a temporal shift in the DA response, as the odor delivery and trace 

period elicited a robust DA response in DG GCs. Next, we traced the inputs to the DG to 

determine the relative reward source of dopamine to the dentate gyrus, and found TH expressing 

inputs arising from both ventral tegmental area and locus coeruleus. Ongoing work is examining 

the functional source of DA input to the DG, as well as the consequence of manipulating levels 

of DA in the DG on pattern separation in DG GCs. These studies highlight the importance of 

neuromodulatory input on discrimination processes in the DG. 
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Abstract: Different striatal compartments have differential contributions to behavioral 

flexibility. For example, the dorsomedial (DMS) and dorsolateral (DLS) striatum have been 

shown to facilitate goal-directed and habitual behaviors, respectively. However, how dopamine 

within these subregions contributes to reversal learning, a widely used metric of behavioral 

flexibility, remains unclear. To explore this, we used an instrumental reversal-learning task 

where mice pressed one of two levers to earn sucrose pellets before the active lever was 

reversed. We simultaneously used optogenetic stimulation in DATcre x Ai32 mice to activate 

dopamine release in either DMS or DLS during the learning phase with stimulation occurring at 

either lever presses or rewarded head entries. All mice could reverse by the end of a 10-day 

reversal phase, with DMS groups showing modest enhancement of flexibility. Next, in a separate 

group of animals, we assessed the expression of immediate-early genes associated with memory 

formation and synaptic plasticity (c-Fos and Arc) in WT mice during a similar reversal task. 

Throughout training and reversal, the DLS maintained a higher level of gene expression relative 

to DMS, while DMS had gradually decreasing levels as reversal progressed. This result supports 

a model in which the DMS and the DLS are active throughout learning with declining influence 

of DMS as learning progresses. We next aim to explore how stimulating dopamine during 

reversal, rather than during training, influences the rate of learning. These results provide 

insights into striatal subcircuits that guide reinforcement and reversal learning. 
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Abstract: Behavioral flexibility is key to survival in a dynamic environment. While flexible, 

goal-directed behaviors are thought to initially be dependent on dorsomedial striatum, they 



become dependent on lateral striatum as behaviors become inflexible. Similarly, lesions of 

dopamine terminals in lateral striatum disrupt the development of inflexible habits. This work 

suggests that dopamine release in lateral striatum may drive inflexible behaviors, though few 

studies have investigated a causative role of subpopulations of striatal dopamine terminals in 

reversal learning, a measure of flexibility. Here, we performed two optogenetic experiments to 

activate dopamine terminals in dorsal medial (DMS), dorsal lateral (DLS), or ventral (NAc) 

striatum in DATcre mice that expressed channelrhodopsin-2 via viral injection (Experiment I, 

n=24) or through transgenic breeding with an Ai32 reporter line (Experiment II, n=23) to 

determine how specific dopamine subpopulations impact reversal learning. Mice performed a 

reversal task in which they self-stimulated DMS, DLS, or NAc dopamine terminals by pressing 

one of two levers before action-outcome lever contingencies were reversed. Consistent with 

presumed ventromedial/lateral striatal function, we found that mice self-stimulating ventromedial 

dopamine terminals largely reversed lever preference following contingency reversal, while mice 

self-stimulating dopamine terminals in DLS showed impaired reversal. Impairments in DLS 

mice were characterized by more regressive errors (pressing the now-inactive lever following 

first sampling of the now-active lever each day) and reliance on lose-stay (selection of inactive 

lever following selection of inactive lever) strategies following reversal, as well as reduced 

within-session learning, suggesting reward insensitivity and overreliance on previously learned 

actions. In contrast, relatively fewer control DATcre- Ai32+/- mice (n=12) met inclusion criteria 

compared to experimental groups, and those that met criteria did not significantly update lever 

preference following lever reversal suggesting these effects are not due to off-target effects of 

laser stimulation. This work supports a model of striatal function in which dorsomedial and 

ventral dopamine facilitate goal-directed responding, and dorsolateral dopamine supports more 

inflexible responding. 
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Abstract: Adaptive responses to novel foods and environments are essential for survival. 

Consumption of a new food could lead to illness or even death. Similarly, consumption can be 

greatly affected when it occurs in a novel context. Previously, we showed, that when rats were 

tested in a novel context, males habituated to novel taste and consumed large amounts of novel 

food, much faster than females, who showed suppressed consumption throughout testing. We 

have also found that food consumption in a novel context induced Fos in the central nucleus of 

the amygdala (CEA). However, the inputs that drive CEA activity are not known. The CEA 

receives direct inputs from the paraventricular nucleus of the thalamus (PVT), the infralimbic 

region of the medial prefrontal cortex (ILA), and the agranular insula (AI), which could control 

CEA behavioral output and specifically mediate appetitive behavior. Despite these regions being 

strong candidates for mediating the effects of novelty on food consumption, their connections 

with the CEA are yet to be examined and it is completely unknown if these inputs control food 

consumption under novelty differently in males and females. To establish the underlying neural 

circuitry that mediates the inhibition of food intake under novelty, we used a combination of 

retrograde tract tracing and Fos induction to determine whether PVT, ILA, and AI neurons that 

send direct projections to the CEA are specifically recruited during the consumption test under 

novelty and whether that activation was sex specific. Male and female Long Evans rats received 

unilateral injections of Fluorogold to retrogradely label cells in the CEA. After recovery and 

following 20hr acute food deprivation, rats were tested for consumption in either familiar or 

novel condition (n=8 per group for each sex). In the familiar condition, rats were fed in their 

home cages and were given a familiar food (rat chow) and in the novel condition, rats were fed 

in a novel context and were given a novel (Test Diet pellets) food. Consistent with our previous 

findings, male and female rats in a novel condition consumed less than those in a familiar 

condition (F(1,26)=25.64, p<0.01). Our preliminary neural analysis found Fos induction in 

retrogradely labelled neurons within each of the three regions of interest, indicating that the ILA, 

AI, and PVT inputs to the CEA were activated during the tests. Full analysis will test the 

prediction that the PVT, ILA, and AI pathways to the CEA will be differently recruited in rats 

that inhibit feeding under novelty compared to familiar condition and that there will be sex 

differences in activation patterns that are predictive of behavioral sex differences in habituation. 
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Abstract: Physiological hunger state and food palatability could impact food consumption either 

jointly or independently through homeostatic and hedonic mechanisms. Both also influence 

food-seeking and learning about cues for food. Here we examined how males and females learn 

about and consume palatable food (PF; Test Diet pellets) under sated and hungry conditions. 

Male and female adult Sprague Dawley rats were either food restricted (85% ad libitum body 

weight) or had ad libitum access to regular chow (n=8 per group). Rats learned cue-food 

associations across 8 Pavlovian conditioning sessions, followed by cue-only presentations for 4 

extinction sessions in a different context. They were then tested for renewal of conditioned 

responding (time spent at the food cup) to the food cue in the conditioning compared to 

extinction context, counterbalanced. Before learning and after renewal testing, rats were tested 

for consumption of PF and chow in their home cage (1hr test/day per food; counterbalanced). 

Hungry rats ate more PF and chow than sated rats regardless of sex (p<.001). Sated females ate 

more palatable food than sated males during each test (p=.003, p=.006). Hungry rats exhibited 

higher conditioned responding during early conditioning (sessions 1-3; p<.005) and had a higher 

learning rate than sated rats (higher rate of change from the first half of session 1 compared to 

second half of session 2; p=.001). The rate of learning during early conditioning was also 

marginally higher for females (p=.053). For the remaining 5 training sessions, all groups 

responded similarly. As expected, during extinction, all groups decreased their conditioned 

responding. All groups had significantly higher conditioned responding to the food cue in the 

acquisition compared to extinction contexts, confirming the renewal effect. Importantly, the 

amount of palatable food eaten during the initial consumption test was positively correlated with 

subsequent cue-food learning during early conditioning, in terms of both conditioned responding 

and learning rate (p<.05, p<.001). Overall, these results found that hungry rats of both sexes 

were more motivated to consume food and acquired cue-food responding faster initially. 

However, both sexes were able to learn, extinguish and renew responding without hunger. Sated 

females were more motivated to consume palatable food than sated males, and regardless of 

hunger state, females exhibited higher initial rates of learning. These findings suggest several 

sex-specific differences concerning food motivation. Future research of the neural substrates in 

both sexes is needed in order to identify the drivers of hedonic food motivation without hunger. 
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Abstract: Novel foods and novel environments both impact consumption, but their interaction is 

poorly understood, especially how this interaction varies across habituation and by sex. Our prior 

work showed that rats consume less of a novel, palatable food when fed in a novel environment, 

and female rats habituated slower than males to eating in a novel context. We also established 

that amygdala nuclei were distinctly recruited upon exposure to novelty, with Fos induction in 

the anterior basomedial nucleus (BMAa) remaining high after habitation. Additional analyses 

showed that the anterior basolateral (BLAa) and lateral (LA) nuclei were recruited in a sex-

specific manner after habituation to novelty. Here, we examined the posterior basomedial 

(BMAp) and the posterior basolateral (BLAp) nuclei, and evaluated correlations across amygdala 

nuclei. Male and female Long Evans rats (n=8/group) were food deprived for 20h prior to 

consumption of novel, palatable Test Diet pellets in either their home cage or a novel context for 

4 habituation sessions and 1 final test. Rats were perfused 90 minutes after the start of the test, 

and brain tissue was processed for analysis of Fos induction. During the final test, rats tested in 

the novel context consumed significantly less than those tested in the home cage (F(1,28)=16.75, 

p=0.02), and females ate less than males (F(1,28)=8.68, p=0.08). Fos induction in the BMAp 

differed by context, with more induction in the novel context than the home cage (F(1,22)=34.21, 

p=0.001), but did not differ by sex. In the BLAp, Fos induction differed by both sex 

(F(1,22)=12.38, p=0.06) and context (F(1,22)=13.17, p=0.055), with more induction in females 

and rats tested in the novel context. Males tested in the novel context showed strong correlations 

in amygdala Fos induction. BMAp Fos induction was correlated with the BMAa (p=0.058) and 

the BLAa (p=0.008), but not with the BLAp, while the BLAp was correlated with the LA 

(p=0.06). Fos induction in home cage males was not consistently correlated across amygdala 

nuclei, except for a moderate correlation (p=0.07) between the BMAp and BLAp. For females 

tested in the novel context, Fos induction in the BMAp and BLAp were highly correlated 

(p=0.009), as well as the BMAp with the BMAa (p=0.063), and the BLAp with the BLAa 

(p=0.04), LA (p=0.05), and the BMAa (p=0.053). For females tested in their home cage, Fos 

induction in the BMAp and BLAp were not correlated, but BLAp Fos induction was correlated 

with the BLAa (p=0.01) and the BMAa (p=0.02). Collectively, these results suggest that the 

BLAp and the BMAp are part of a larger sex and context specific network of amygdala nuclei 

which control consumption after habituation to novelty. 
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Abstract: The neuropeptide neurotensin (NTS) and its receptors are widely expressed in the 

mammalian brain. NTS modulates a wide range of physiological functions including sleep, 

feeding, blood pressure, body temperature and locomotion. Using patch-seq experiments, we 

found that NTS is highly expressed in ventral tegmental area (VTA)-projecting nucleus 

accumbens lateral shell (NAcLat→VTA) neurons. We then leveraged a novel neurotensin sensor 

(ntsLight1.1) to confirm that NTS is released in the NAcLat →VTA pathway. While we 

previously demonstrated that the NAcLat→VTA pathway represents a key circuit node of the 

brain’s reward system (Yang et al., 2018; Neuron), the function of NTS in this pathway is 

entirely unknown.To further study the role of the NAcLat→VTA pathway underlying behavior, 

we performed in vivo electrophysiological recordings of opto-tagged NAcLat→VTA units to 

find that neural activity of NAcLat→VTA units is directly correlated with consumption of 

palatable food, but not regular chow. Consistent with this, we found that optogenetic stimulation 

of the NAcLat→VTA pathway strongly increased consumption of different types of palatable 

foods, but not standard chow. Conversely, local infusion of an NTS receptor antagonist into the 

VTA of freely behaving mice prevented hedonic feeding behavior induced by optogenetic 

stimulation of the NAcLat→VTA pathway. Intriguingly, in the high fat diet (HFD) obesity 

mouse model, we found that NTS neurotransmission was reduced in the NAcLat→VTA pathway 

after at least four weeks of HFD. In vivo electrophysiological recording verified in these mice 

that, unlike during regular diet, NAcLat→VTA unit activity no longer correlated with palatable 

food consumption. Optogenetic stimulation of the NAcLat→VTA pathway in HFD mice also 

failed to induce hedonic feeding behavior, however, this effect reappeared when mice returned to 

a regular diet. Lastly, when we selectively overexpressed NTS in the NAcLat→VTA pathway of 

mice exposed to HFD, we observed a significant reduction in weight gain compared to control 

mice. Together, these data reveal an unexpected role for NTS in the NAcLat→VTA pathway for 

promoting hedonic feeding behavior, which is dependent on food environment. These findings 

contrast the well-known anorexic effects of NTS in the lateral hypothalamus suggesting that 

circuit-specific manipulations of NTS neurons are critical in order to harness the translational 

potential of NTS in the treatment of obesity. 
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Abstract: Adaptive behavior is key for survival in the adverse conditions of the real world. Yet, 

neurobiological studies are typically conducted in laboratory animals that are born and raised in 

artificial environments deprived of natural dangers. Here, we compared five different strains of 

laboratory mice (C57Bl/6J, BALB/cJ) and wild mice (captured in Brazil, Canada, USA and 

subsequently bred in our laboratories) in identical behavioral assays to find that they exhibit a 

diverse range of variability in both exploration and escape behaviors. This raises two key 

questions: (i) are the same neural mechanisms shared between animals raised in drastically 

different environments and if so, (ii) what neural modulation can account for the observed 

behavioral variability? We find that exploration behavior across laboratory and wild mice can be 

predicted based on dopamine receptor expression levels in the medial nucleus accumbens 

(NAcMed). Using dLight recordings in wild and laboratory mice, we demonstrate that re-

exposure to an adverse environment suppresses dopamine release in the NAcMed. Using 

chemogenetics, we further show that behavioral variability across mouse strains results from 

divergent activation levels of dopamine D1- and D2 receptor-expressing NAcMed neurons. 

Finally, we propose a mechanistic model in which behavioral variability can be conceptualized 

based on the predation risk in the animals’ recent environment. Together, these findings reveal a 

unifying framework of dopaminergic modulation that regulates exploration behavior under 

varying environmental conditions across laboratory and wild mice. 
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Abstract: Ventral tegmental area (VTA) dopamine (DA) neurons are often thought to uniformly 

encode temporal-difference (TD) reward prediction errors (RPEs), which is a derivative-like 

learning signal that tracks the rate-of-change of an underlying value function. Conversely, DA 

release in the nucleus accumbens (NAc), the most prominent projection target of these neurons, 

has been implicated in a broad range of functions, including value-like signals such as 

“motivation”, “wanting” and “value of work”. The contrasting nature of value encoding in DA 

release versus derivative encoding in DA cell body activity and the fact that DA projections to 

distinct NAc subregions mediate diverse behavioral functions (de Jong et al., 2019; Neuron), 

raises the question of how DA cell body activity and DA release in different mesoaccumbal 

pathways contribute to reward learning and motivated behavior. To address this question, we 

developed a novel approach for large-scale recordings of genetically identified DA neurons 

integrating Neuropixels electrode arrays with optogenetics. We then used this approach to study 

neural activity patterns of DA neurons in distinct VTA subregions in mice performing a reward-

seeking task. Using the same task, we conducted fiber photometry-based recordings of DA 

neuron activity and DA release that take the precise topographical organization of the 

mesoaccumbal DA system into consideration. Our results show that DA neurons in the medial 

VTA encode a value-like signal, while DA neurons in the lateral VTA encode TD RPEs. 

Furthermore, we demonstrate that within anatomically defined mesoaccumbal pathways, DA 

activity translates into DA release during behavior, and we provide evidence that VTA DA cell 

body activity is sufficient to explain DA release in different NAc subregions. Lastly, we 

developed a simple computational model to demonstrate that different patterns of VTA DA cell 

body activity and DA release can easily be conceptualized in the context of value and derivative 

encoding. Together, these findings reveal a framework of DA function underlying reward 

learning and motivated behavior that recognizes the circuit-specific specialization of VTA DA 

neurons. 
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Abstract: Nicotine stimulates the dopamine (DA) system, which is essential for its rewarding 

effect. Nicotine is also highly aversive at high doses, yet our knowledge about nicotine’s dose-

dependent effects on DA circuits remains limited. Here, guided by computational modeling, we 

performed in vivo fiber photometry and pharmacological manipulations in mice to demonstrate 

that high doses of nicotine, which induce aversion-related behavior, cause biphasic excitatory 

and inhibitory responses in ventral tegmental area (VTA) DA neurons that can be dissociated by 

distinct projections to medial and lateral nucleus accumbens (NAc) subregions, respectively. 

Mechanistically, the inhibitory effects of aversive nicotine involve desensitization of α4β2 and 

activation of α7 nicotinic acetylcholine receptors. Additionally, we identify α7-dependent 

activation of upstream GABA neurons in the brainstem laterodorsal tegmentum as a key 

regulator of heterogeneous DA release in the NAc following aversive nicotine. Together, our 

findings provide a mechanistic circuit-level understanding of nicotine’s dose-dependent effects 

on reward and aversion. 

Disclosures:  C. Liu: None. A.J. Tose: None. J.P.H. Verharen: None. Y. Zhu: None. J.W. de 

Jong: None. J.X. Du: None. K.T. Beier: None. S. Lammel: None. 

Poster 

557. Neural Basis of Reward II 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 557.18 

Topic: G.02. Reward and Appetitive Learning and Memory 

Support: NIH Grant R01-DA045783 



Title: Anticipation of reward selectively enhances accumbens D1+ neuron firing to promote 

work 

Authors: *T. W. FAUST1, V. L. COLLINS3, A. MOHEBI2, M. DUHNE4, J. D. BERKE2;  
1UCSF, 2Neurol., UCSF, San Francisco, CA; 3Neurosci., UCLA, Minneapolis, MN; 4Neurol., 

Univ. of California San Francisco, San Francisco, CA 

Abstract: Dopamine in the nucleus accumbens (NAc) Core is critical for decisions to work: to 

engage in prolonged and/or effortful behavior to obtain rewards. NAc projection neurons express 

either dopamine D1 receptors or D2 (and adenosine A2a) receptors, and these “direct” and 

“indirect” subpopulations are broadly thought to facilitate and discourage motivated behavior 

respectively. However, recording studies to date have provided only limited and equivocal 

support for this hypothesis. We examined the spiking of optogenetically-identified, individual 

D1+ neurons (n=346) and A2a+ neurons (n=212) in in the NAc Core of freely-moving, 

transgenic D1-Cre and A2a-Cre rats (n= 4, 5; Pettibone et al. 2019). Rats performed an operant 

“bandit” task (Hamid et al. 2016), in which variability in reward rate influenced their motivation 

to initiate a trial by approaching and entering a nose poke port. During approach, spiking 

increased in a substantial fraction (27.9, 34.2%) of both D1+ and A2a+ neurons. However, in 

D1+ neurons, but not A2a+, this spiking was greater when more recent trials had been rewarded. 

This altered spiking coincided with a fast ramp in NAc Core dopamine activity, measured with 

dLight1.3b (n=10 rats; Mohebi et al. 2019), which also scaled with reward rate. Both dopamine 

and D1+ modulation by reward history did not depend on the specific choices made during each 

trial, and therefore appear closer to encoding “state value” rather than “action” or “chosen” 

values. Local NAc infusions of either the non-selective dopamine antagonist flupentixol (10 

µg/0.5 µl) or the selective D1 antagonist SCH-23390 (1 µg/0.5 µl) caused fewer trials to be 

initiated, with longer approach latencies (n=6 rats). These results provide novel lines of evidence 

in favor of a vital, specific role for dopamine acting at NAc D1+ neurons in the motivation to 

initiate work. 
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Abstract: Our capacity for behavioral inhibition is considered central to cognitive control and is 

compromised in a range of neurological and psychiatric disorders. Behavioral inhibition can be 

‘reactive’ - e.g. aborting imminent actions in response to a Stop signal - or ‘proactive’ - e.g. 

restraining actions in anticipation of a possible Stop signal. Reactive inhibition has been shown 

to involve fast cue responses in frontal cortex and basal ganglia pathways, including from the 

subthalamic nucleus (STN) to the basal ganglia output nucleus substantia nigra pars reticulata 

(SNr) (Schmidt et al. 2013). The underlying mechanisms of proactive inhibition are less well 

understood, but have been proposed (Aron 2011) to involve the pathway from striatum via 

globus pallidus pars externa (GPe) “indirectly” to SNr. To examine how changes in basal ganglia 

output contribute to self-restraint, we recorded SNr neurons (n=619, from 10 adult male Long-

Evans rats) during a proactive behavioral inhibition task (Gu et al., 2020). Rats responded to Go! 

cues with rapid leftward or rightward movements, but also prepared to cancel one of these 

movement directions, for which a Stop! cue might occur. This action restraint - visible as 

direction-selective slowing of reaction times - altered both rates and patterns of SNr spiking. 

Overall firing rate was elevated before the Go! cue, and this effect was driven by a subpopulation 

of direction-selective SNr neurons. In neural state space, this corresponded to a shift away from 

the restrained movement. Furthermore, SNr activity showed an increase in spike variability 

during proactive inhibition. Increased spike variability corresponded to variable state-space 

trajectories, slowing reaction times via reduced preparation to move. These findings open new 

perspectives on basal ganglia mechanisms for movement preparation and cognitive control, at a 

single cell level and also in population dynamics. 
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Abstract: The ability of abused drugs to enhance dopamine (DA) release in the ventral striatum 

is critical for their reinforcing properties. For opioids such as fentanyl, this enhanced DA release 

is thought to arise from actions at mu-opioid receptors on GABAergic neurons that provide 



inhibition to DA neurons in the ventral tegmental area (VTA). Drug-suppressed firing of 

GABAergic neurons then produces increased firing of DA neurons through disinhibition. 

However, this model is based primarily on studies conducted in brain slices and under 

anesthesia—there have been no electrophysiological recordings of identified VTA DA neurons 

in awake behaving animals. Furthermore, it is unknown whether enhanced DA release reflects 

drug-induced changes in DA cell tonic firing rates, increased bursting, or both. We used optrodes 

(tetrodes surrounding an optic fiber) to record in vivo extracellular activity of VTA neurons in 

freely-moving male and female TH-Cre rats before and after subcutaneous fentanyl 

administration (20, 40µg/kg or saline). DA neurons were identified using viral-mediated, Cre-

dependent expression of the opsin Chrimson, with 10ms red light pulses to evoke firing in 

Chrimson-expressing neurons. In initial results, the lower fentanyl dose increased locomotor 

activity, and the higher dose suppressed locomotor activity. Still, both doses consistently 

increased the firing rate of opto-tagged DA neurons (n=6), as expected. This increase appeared to 

reflect a broad shift in the inter-spike-interval histogram, rather than a specific increase in burst 

firing. Interestingly, other cells (n=14) presumed to be non-dopaminergic (based on higher firing 

rates and lack of light response) instead decreased their firing rate, often dramatically, following 

fentanyl administration. These preliminary results provide the first awake, in vivo support for a 

long-standing model of opioid influence over DA neuron firing. 
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Abstract: Dopamine (DA) input to the striatum can encode reward prediction error (RPE), a 

critical signal for updating predictions of future rewards. However, it is unclear how this 

mechanism handles the need to make predictions, and provide feedback, over multiple time 

horizons: from seconds or less (if singing a song) to potentially hours or more (if hunting for 

food). We monitored dopamine dynamics in three distinct striatal subregions (dorsolateral-DLS, 



dorsomedial-DMS, ventral-VS) using fiber photometry of fluorescent sensor dLight1.3b in n=20 

adult rats. Spontaneous DA fluctuations monitored simultaneously across subregions showed 

very distinct dynamics. DLS DA changed rapidly and constantly while VS DA evolved more 

slowly, with rare large transient increases. The evoked DA response to an unpredicted reward 

cue was briefest in DLS and lasted longer in VS. We then studied the DA response to this reward 

cue when it was more- or less-expected, within an instrumental bandit task. In all subregions, the 

DA pulse was greater when fewer recent trials had been rewarded, consistent with positive RPE 

coding. However, the underlying reward prediction differed between subregions. We used a 

leaky integrator model to estimate the reward rate, and varied the decay parameter tau to assess 

the time scale over which reward history is integrated to predict future rewards. We found the 

strongest correlation to RPE using the longest integration times for VS DA (tau > 800s) and the 

briefest for DLS DA (tau < 200s). We then examined DA responses within a Pavlovian approach 

task with three distinct auditory cues (75,25,0% predictive of reward ~3s later) and found 

remarkably distinct DA responses in each subregion. DMS DA signals showed strong RPE 

coding, with a large pulse to 75%, small to 25%, and negative to 0% cues. VS DA discriminated 

between cues more slowly and weakly, with the response to all cues remaining positive. DLS 

showed weak responses to all cues. Using recurrent neural network models, we found we could 

reproduce these response patterns simply by discounting future rewards at different rates in 

different subregions. The resulting spectrum of time horizons for value computations can help 

achieve efficient learning and adaptive motivation for a wide range of behaviors. 
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Abstract: How do our brains use past experiences to predict future rewards, despite long gaps in 

space and time? Candidate algorithms are provided by Reinforcement Learning (RL) theory, but 

how closely these correspond to brain processes is not well understood, especially in deep, 

multistep decision problems such as spatial navigation. RL variables can be encoded by ventral 

striatum dopamine (DA) signals, including pulses that scale with reward prediction error (RPE), 

and ramps during reward approach that scale with value (reward prediction). Yet few studies 

have examined how these signals evolve within naturalistic environments, and how this sheds 



light upon underlying algorithms. We examined DA dynamics using dLight photometry as rats 

(n=8) foraged for reward in a novel spatial task, the Hex Maze. This task varies both the 

probabilities of receiving reward, and the available paths to the reward locations. As expected, 

we observed clear positive RPE coding when rewards were obtained; unexpectedly, we also 

observed large positive transients when rats detected that previously blocked paths were now 

available. As rats ran, DA also ramped up in proportion to the spatially discounted value of their 

destination, and we compared the trial-to-trial evolution of this signal to RL models. Initial 

analyses indicate that ramping DA value signals are updated by at least two distinct processes: 1) 

During spatial navigation, value propagates progressively and locally along a rat’s taken path, 

chaining backwards across successive trials as if using a temporal-difference algorithm; 2) 

Between trials, rewards or omissions update values throughout the maze - both on the taken path 

and elsewhere - consistent with model-based learning. Our results provide evidence for a 

dopaminergic value signal updated through two computationally-distinct mechanisms. 
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Abstract: Animals seek rewards based on their needs. Imbalances in internal homeostatic state 

that occur over prolonged time courses, causing the sensations of hunger or thirst, drive reward-

seeking behavior. Interoceptive neurons governing hunger and thirst have been recently 

discovered in the arcuate nucleus of the hypothalamus (ARC) and the subfornical organ, and 

stimulation of these cells drives animals to eat or drink, respectively. The mesolimbic dopamine 

(DA) system, projecting from the ventral tegmental area (VTA) to the nucleus accumbens, also 

regulates reward-seeking behavior. However, the circuit mechanisms linking activity in 

interoceptive cells to DA neuron activity remain unclear. To determine how DA neurons 

integrate information about homeostatic state to drive specific activity patterns, we use a 



combination of optical calcium sensors, bulk and single neuron resolution imaging tools, and 

chemogenetic manipulation to measure DA activity in the ventral midbrain in hungry or thirsty 

mice. To test whether increased homeostatic need selectively boosts DA neuron activity based on 

the available reward, we used a freely-moving cued approach tone discrimination task in which 

food- and water-predictive cues were randomly delivered. We performed either fiber photometry 

or single-neuron resolution imaging of DA neuron calcium activity using a head-mounted mini-

microscope (nVista, Inscopix). We found that DA neuron activity was selectively boosted for the 

deprived cue (e.g. the food-predictive cue produced a larger amplitude calcium transient in food 

deprived mice than did the water-predictive cue). This pattern was observed in both the bulk DA 

neuron signal as well as at the single neuron level, suggesting convergent signals from upstream 

interoceptive neurons in driving DA activity rather than separate circuits. Surprisingly, 

chemogenetic activation of hunger neurons in the ARC, creating a false perception of caloric 

imbalance, equally boosted DA neuron responses to both food- and water-predictive cues. This 

suggests that, while activation of ARC hunger neurons drives food seeking, in natural hunger, 

additional circuit mechanisms may be required to achieve selectivity of DA neuron responses to 

food cues. 
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Title: Relationships between cholinergic interneuron spiking and dopamine release in freely 

behaving rats 
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Abstract: The striatum is an essential structure for adapting behavior to changing reward 

conditions. Key modulators of striatal function include dopamine (DA), provided by projections 

from midbrain neurons, and acetylcholine (ACh), predominantly provided by local cholinergic 

(ChAT+) interneurons. These two modulators influence each other's release, and their dynamic 

interplay is thought to critically control striatal plasticity mechanisms. Salient cues have been 



reported to evoke a pause in the activity of striatal "tonically-active neurons" (TANs) - presumed 

to be ChAT+ - that coincides with a burst of midbrain DA cell firing signaling reward prediction 

errors. Yet no studies have reported the firing patterns of identified ChAT+ or their relationships 

to DA release. We have been optogenetically-tagging and comparing several classes of striatal 

interneurons: ChAT+ (n=45), parvalbumin-positive (PV+, n=5), and somatostatin-positive 

(SST+, n=4), in unrestrained rats performing instrumental and Pavlovian tasks. We also recorded 

local dopamine release during the same tasks in the same striatal subregions with the fluorescent 

sensor dLight1.3b. All three cell types were consistently tonically-active, confirming that tonic 

activity alone is a poor guide to cell type, and spike waveform was also insufficient for 

identification. In dorsal-lateral striatum ChAT+ neurons reliably showed classic TAN patterns, 

including a brief pause to a Go! cue that simultaneously evoked a local DA pulse. However, this 

relationship varied by subregion and behavioral event. In particular, in ventral striatum (nucleus 

accumbens) we found that a reward cue evoked simultaneous increases in both ChAT+ spiking 

and DA release. These results demonstrate that 1) unequivocal cell type identification is 

important for deciphering striatal microcircuit functions, and 2) striatal models should not simply 

assume that ChAT+ neurons pause throughout striatum in conjunction with phasic DA release. 
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Abstract: Decision theory recognizes two forms of uncertainty: risk - in which the underlying 

probability distributions are known, and ambiguity - in which the underlying probability 

distributions are not known. Many decision-making theories based on risk, such as expected 

utility theory, fail to adequately describe real-world choice behavior. This failure partly reflects 

the fact that pure risk is rare: it is only encountered in casinos, coin-flips, and decision-making 

experiments. In most real-world cases, incomplete information, sparse data, and cognitive 

limitations create various states of ambiguity. Therefore, ambiguity, rather than risk, better 

describes the conditions of uncertainty under which most real-world decision-making occurs. 

Prior work has demonstrated that nonhuman primates (NHPs) demonstrate ambiguity aversion 



during choices between risky and ambiguous stimuli. Here, we investigate how decision makers 

assign value to ambiguous options. We developed a novel NHP economic decision-making task 

with independent control over the potential outcome numbers, magnitudes, and probabilities. As 

with prior NHP studies of risky decision making, we observed risk-seeking tendencies for low 

magnitude outcomes, and decreased risk seeking tendencies with increased reward magnitudes. 

On a subset of trials, the outcome probability information was partially or fully obscured to 

create ambiguity in the outcome probability distribution. During ambiguity trials with small 

reward sizes, we observed ambiguity-seeking tendencies: the animals selected ambiguous 

options over safe rewards with similar values. With larger rewards, the trend was reversed: the 

animals selected safe outcomes over ambiguous options. Thus, NHP uncertainty attitudes under 

conditions of ambiguity were dependent on the potential reward magnitudes. In addition to the 

choice data, we analyzed pupil diameter and found that pupil dilation was less sensitive to the 

reward magnitudes following ambiguous cues, even at larger reward sizes. Pupil diameter has 

been previously shown to reflect learning rate and prediction error. Thus, the decreased 

sensitivity to the outcomes of ambiguous predictions indicates that those predictions might not 

be quickly updated. Together, these observations suggest that uncertainty itself plays a 

significant role in the valuation of risky and ambiguous options, but also that fundamental 

distinctions exist between these behavioral contexts. These results provide the basis for further 

behavioral and neuronal characterizations of decision making under ambiguity. 
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Abstract: Effective economic decision making maximizes rewards and minimizes costs. 

However, utility models and other normative frameworks that follow utility maximization fail to 

capture or predict the full range of choice variabilities and decision makers’ idiosyncrasies. 

Emotions have long been recognized as significant factors driving decision makers to depart 

from pure economic rationality; John Maynard Keynes recognized these “animal spirits” as 

influencing individual behavior and even postulated them as a source of broad economic 



instability. Despite this, we do not know how emotional states and economic variables are 

integrated in the brain. To this end, we have constructed a contextual economic decision-making 

task intended to examine how emotional contexts influence risky choices in nonhuman primates. 

One NHP (rhesus macaque) was trained to predict rewards from informative visual stimuli that 

indicated both the magnitude and probability of all reward potential outcomes. Behavioral choice 

testing demonstrated that the decisions between two options were consistent with first order 

stochastic dominance. Thus, the animal properly inferred the values from the stimuli. Moreover, 

the animal’s choices reflected similar risk attitudes as previously described. Simultaneously, we 

have established a custom face expression recording system to map rhesus macaque face 

expressions in different emotional/reward contexts. Preliminary data suggest that facial action 

units are sensitive to reward parameters and contexts. These results set the stage for investigating 

how well-defined emotional states influence the evaluation of risk, and ultimately, how 

emotional and economic variables are combined to generate behavior. 
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Abstract: Economic decisions rarely have ‘correct’ responses. Instead, decision makers must 

deliberate and determine the most valuable option prior to making a choice. This process of 

deliberate consideration, or deliberation, can be computationally demanding values are often 

dependent on combinations of factors including context, alternatives, and internal states. To 

investigate the psychological and neural processes for managing computationally complex 

deliberations, we developed the ‘knapsack task’ based on the eponymous problem from 

computer science. The objective of each knapsack trial was to select subsets of items presented 

on a touchscreen in order to maximize juice reward, without exceeding a fixed limit of 0.8 ml. 

To understand how the animals optimized, we categorized their solutions according to the 

solutions’ proximity to established computer algorithms. The animals exhibited a variety of 

strategies, including those that require combinatorial reasoning. Remarkably, we could predict 

what algorithm an animal would use, based on the other animal’s behavior. The high correlations 

between the algorithms the two monkeys used for a given instance suggest that the application of 



combinatorial reasoning was not random and likely determined by the instances. A key 

difference between the algorithms is the number of operations performed before the first 

selection. For example, when there are 5 items, greedy search only needs to identify the item 

with highest value and hence requires 5 operations, whereas Sahni-k algorithm considers all 

possible k-item combinations and hence requires at least 5 choose k operations. In both animals, 

the deliberation times preceding the first selection, and subsequent inter-selection intervals, 

reflected the number of operations prescribed by the corresponding algorithms at each step. 

These results provide strong evidence that the animals adapted algorithmic strategies and 

employed combinatorial reasoning to manage complex deliberations. Recurrent neural networks 

(RNNs) allowed us to probe the neural representations during the deliberation period. Decoding 

analysis suggested that RNNs mimicking the combinatorial algorithms serially represented 

multiple combinations during deliberation, whereas the greedy RNNs lacked such dynamic 

representations. Accordingly, causal manipulations revealed that RNNs performing 

combinatorial comparisons required longer deliberation to achieve target performance. These 

results establish a new behavioral paradigm for investigating the psychological and neural basis 

for combinatorial optimization and economic deliberation. 
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Abstract: Hierarchical contextual control of associative memories, or context gating, is critical 

for adaptive behavior; it allows animals to derive context-dependent predictions from certain 

stimuli and engage in context-appropriate behavior. Acetylcholine (ACh) neurotransmission is 

known to be involved in several cognitive functions, however its role in the context gating of 

associative memories remains unexplored. Here we investigated the effects of systemic 

manipulations of ACh transmission on context-gated reward prediction. Three groups of rats 

were trained in a Pavlovian approach procedure, in which two brief auditory cues (X and Y) 

were presented in two different visual context (A or noA) and possibly followed by reward. The 

reward contingencies differed between groups. For a first group the reward-predictive status of 

each cue was informed by the background context, so that cue X was rewarded only in the 

context A while cue Y was rewarded only in the context noA; all rewarded trials resulted in the 

same outcome. Discriminated responding in this task critically relies on contextual gating. A 



second group of rats was trained with similar contingencies with the exception that the two 

rewarded trial types resulted in two different food outcomes. In this group, context-dependent 

behavior could be facilitated by direct associations between contexts and their corresponding 

outcomes. Finally, for a third group, cue X was always rewarded and cue Y was never rewarded, 

regardless of context. In this group, reward prediction is largely independent of the background 

context. Following acquisition of discriminated performance, we assessed the effect of an acute 

treatment with the cholinergic drugs oxotremorine (muscarinic agonist) and nicotine, and the 

anticholinergic drugs scopolamine (muscarinic antagonist) and mecamylamine (nicotinic 

antagonist; saline + 4 doses of each drug). Low doses of scopolamine profoundly disrupted 

context-dependent discrimination performance, particularly in rats trained with a single outcome 

—the only form of discrimination that unambiguously relies on context-gated predictions. In 

contrast, scopolamine had little effect on simple discrimination performance. Oxotremorine, 

nicotine, and mecamylamine did not affect discrimination performance in any group. These 

results suggest that context-gated and context-independent reward predictions rely on partially 

dissociable neural substrates and that cholinergic transmission at muscarinic receptors is 

particularly critical for the contextual control of associative reward predictions. 
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Abstract: Contextual control over cue-evoked appetitive behavior is essential for adaptive 

behavior. The orbitofrontal cortex (OFC) and the dorsal hippocampus (DH) have been shown to 

encode appetitive cues in a context-dependent manner. However, the specific contribution of 

these regions in the contextual regulation of cue-evoked reward seeking remains uncertain. Here 

we used chemogenetic silencing to interrogate the necessity of the OFC and the DH in the 

expression and acquisition/generalization of contextual rules for cue-evoked reward seeking. 

Rats were assigned to 2 behavioral training conditions: context-gated, or simple Pavlovian 

discrimination. In the context-gated discrimination task the validity of two brief auditory cues (X 



and Y) to signal reward depended on the contextual visual background (Cx.A or Cx. noA), so 

that cue X was rewarded only in the context A but not in the context noA, while the opposite was 

true for cue Y (A:X+ / X- / A:Y- / A:Y+). In the simple discrimination task, only one cue was 

rewarded regardless of context (A:X+ / X+ / A:Y- / A:Y-). For each training conditions, rats 

were made to express the inhibitory DREADD hM4di, or the control transgene mCherry, in the 

lateral OFC or the DH. OFC silencing (achieved by systemic injection of the DREADD ligand 

J60) disrupted context-gated but not simple discrimination performance. DH silencing had no 

effect in either task. To investigate OFC and DH contribution to the acquisition of contextual 

rules, we took advantage of the learning transfer effects predicted to occur in these tasks. The 

same rats, previously trained in context-gated or simple discrimination task, were introduced 

with a new cue (Z). Critically this cue was presented in a single context and always rewarded 

(A:Z+). Finally, responding to that cue was tested in both contexts. Consistent with the 

predictions of computational models, rats previously trained in the context-gated task showed 

preferential responding to that new cue when presented in its training context. In other words, 

these rats generalized an existing contextual rule to incorporate a new association. Silencing DH 

during this new learning episode had no effect on the development of conditioned responding but 

prevented the assimilation of this new association into existing contextual rule, as revealed by 

similar levels of responding to that new cue in both contexts during the final probe test. These 

results indicate specialized roles of OFC and DH in contextual control. Specifically, OFC 

critically contributes to the behavioral expression of contextual rules for cue-evoked predictions 

and the DH contributes the integration of new associations into existing contextual rules. 
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Abstract: When faced with ambiguous stimuli, organisms often rely on the background 

circumstances —the context— to interpret these stimuli and generate situation-appropriate 

predictions. Impaired context processing is a core deficit in several psychiatric disorders 

(schizophrenia, autism, PTSD). Importantly, sex differences in the prevalence and 

symptomatology of these disorders are well-established, suggesting potential sex differences in 

contextual processing. Here, we compared male and female rats as they learned a contextual rule 



for reward prediction (the background context informing the validity of different reward 

cues).Rats were trained in a context-gated Pavlovian discrimination task in which the validity of 

two brief auditory cues (X and Y) to signal reward depends on the contextual visual background 

(Cx. A or Cx. noA). Specifically, cue X was rewarded only in the context A but not in the 

context noA, while the opposite was true for cue Y (A:X+ / X- / A:Y- / A:Y+). To control for 

nonspecific effects, we trained two additional groups in tasks that do not require contextual 

processing: simple discrimination (only one cue rewarded regardless of context: A:X+ / X+ / 

A:Y- / A:Y-) and no discrimination (both cues rewarded probabilistically regardless of context). 

After initial learning, the effect of an acute restrain test on performance was assessed for all rats. 

Critically, we observed significant sex differences only in the context-dependent discrimination 

task. While a majority (72%) of males successfully learned the task, only a minority (43%) of 

females learned the task after 70 daily sessions. Acute stress disrupted performance only in the 

context-dependent discrimination task and this effect was more pronounced in males. Therefore, 

it appears that female rats are slower to learn a context-dependent discrimination task, but once 

acquired, contextual processing is more robust in females and less sensitive to stress. These 

results suggest a trade-off between speed and robustness in the acquisition of context-gated 

predictions, with different distributions of sexes along this Fast - Steady continuum. These sex 

differences in contextual processing could contribute to the sex biases in certain psychiatric 

disorders. 
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Abstract: Associative learning is generally conceived as the formation of a binary association 

between two events, so that event #1 automatically evokes the anticipation of event #2. 

However, animals can also engage in more complex forms of associative learning in which 

certain (contextual) stimuli acquire hierarchical control over associative memories. This allows 

for the context-informed interpretation of ambiguous stimuli (e.g., the word ‘apple’ might evoke 

different representations at the farmers market or the electronic store). Compared to the extensive 

literature devoted to understanding the neural mechanisms of “simple” Pavlovian predictions, 

fewer studies have investigated the neural substrates of the hierarchical contextual control of 



associative predictions —or context gating. Here we aimed to generate and compare brain-wide 

activation maps corresponding to these two forms of reward prediction: context-independent and 

context-gated. Three groups of rats were trained in three different forms of Pavlovian appetitive 

discriminations. A first group of rats was trained in a context-dependent discrimination task, in 

which the validity of two brief auditory tones (X and Y) to signal reward was informed by the 

contextual visual background (A or noA). Specifically, cue X was rewarded only in the context 

A but not in the context noA, while the opposite was true for cue Y (A:X+ / X- / A:Y- / Y+). A 

second group was trained in a simple Pavlovian discrimination task in which one cue reliably 

signaled reward while the other cue was never paired with reward, regardless of the context 

(A:X+ / X+ / A:Y- / Y-). Finally, for a third group, both auditory cues were ambiguous 

predictors of reward regardless of the context (A:X+- / X+- / A:Y+- / Y+- ). Following 

acquisition of stable performance in these tasks, we collected the brains from all rats, 120 min 

after the start of their final behavioral session. We then performed immunofluorescence labelling 

of NeuN (a general neuronal marker) and cFos (a molecular marker of activity) in selected 

structures. We observed that these different tasks resulted in partially dissociable neural 

activation maps, presumably reflecting the different associative or cognitive processes engaged 

in these tasks. Of critical importance was the claustrum, which showed a diminished activation in 

context-depended discrimination. This suggests that the claustrum could constitute a critical hub 

in the context informed processing of incoming stimuli and the contextual hierarchical control of 

associative reward predictions. 
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Abstract: Background: Major Depressive Disorder (MDD) is associated with impaired reward 

learning (i.e., the ability to modulate adaptive behaviors as a function of reinforcement history) 

and preclinical models relevant to depression have implicated increased levels of nociceptin 

receptors (NOP) in the corticostriatal-midbrain circuitry, opening a new promising pathway for 



the treatment of MDD. Aims: The aims of this study were 1) to identify the electrophysiological 

signatures of reward learning using both event related potentials and spectral analyses while rats 

performed the Probabilistic Reward Task (PRT), and 2) to investigate whether blockade of 

nociceptin receptors - using the NOP antagonist J-113397 - would modulate behavioral and 

neurophysiological markers of reward learning. Methods: 11 rats (5 females and 6 males) were 

trained on a rodent touchscreen-based version of the PRT. Once the rats completed the PRT 

training phase, they were surgically implanted with deep electrodes in the anterior cingulate 

cortex (ACC) and nucleus accumbens (NAc) for local field potentials (LFP) recordings during 

the PRT. In each testing/recording session, the rats were injected either with vehicle or the NOP 

antagonist J-113397 (10 mg/kg), 15 minutes prior to the PRT testing and concurrent recording. 

Results: We identified a negative amplitude deflection in the ACC and NAc electrodes after 

reward feedback, as well as power increase in feedback-locked 1-5 Hz (delta) at 200-600 ms and 

9-17 Hz band at 100-200 ms in both electrodes during rewarded trials. J-113397 had a main 

effect on feedback-locked delta band power in the NAc and increased the 9-17 Hz band power in 

ACC for lean rewarded trials, while it did not have an evident effect on the behavioral 

parameters. Conclusion: Using electrophysiology and touchscreen-based technology, we were 

able to show that the neural mechanisms that regulate reward learning in rats are similar to those 

in humans. Our study also provides initial insights about the effects of NOP receptor antagonism 

on reward learning. 
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Abstract: Prior research has elucidated the effectiveness of top-down emotion regulation 

strategies of cognitive reappraisal (CR) and guided attention (GA) at minimizing negative 

feelings while also being cognitively demanding. However, the mechanisms underlying these 

processes are not well understood. The current study uses eye-tracking to explore the temporal 

effects (4s; 8s) of two top-down emotion regulation strategies (CR; GA) on attentional 

deployment, working memory load, and emotion regulation effectiveness. 54 participants 

(Mage=25.42±5.01yrs) completed an emotion regulation task while Pupil Labs eye-tracking 

hardware and software where utilized to observe pupillometry and gaze fixations. During the 

task, participants implemented CR or GA strategies while viewing negative images then rated 

their feelings. A 2x2 within-subjects MANOVA was used to examine temporal effects (4s; 8s) of 

the top-down emotion regulation strategies (GA; CR) on emotion regulation effectiveness (self-

reported affect), working memory load (inter-trial change in pupil diameter), and attentional 

deployment (% of total fixations to negative stimuli). Pillai’s trace showed a significant effect of 

strategy, time, and their interactions on outcomes (V = 0.85, F(6,1912) = 234.69, p < .0001) with 

a large effect size (ηp
2 = 0.42). Separate univariate ANOVAs revealed that longer duration trials 

(8s) yielded greater fixations to negative stimuli, while emotion regulation effectiveness was not 

significantly changed. CR resulted in substantially higher fixations to the negative-emotion 

stimuli than GA (F(1,956) = 3532.14, p < .001), yet was more effective at regulating emotion 

(F(1,956) = 7.39, p < .01). On average, participants experienced significantly greater pupil 

dilation across all conditions (M = 31.64, SE = 0.19) compared to baseline (M = 28.48, SE = 

0.17), suggesting top-down emotion regulation’s potential impact on working memory load 

(t(956) = 39.032, p < .0001, r = .78). Longer duration (8s) top-down emotion regulation also 

increased pupil dilation (F(1,956) = 58.76, p < .001). In conclusion, this work suggests that 

implementing top-down emotion regulation may increase working memory load, but also sustain 

emotion regulation effectiveness. A better understanding of the interplay between emotion 

regulation, attentional deployment, and working memory could reveal individual differences in 

interpreting and behaviorally responding to emotional stimuli. 
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Abstract: Heterogeneity of brain structure and function has long been recognized, and the ability 

to predict individual differences in trait variables from brain measures is one of the most critical 

steps toward individualized neuroscience. Functional connectome fingerprinting is one such 

approach, which demonstrates that functional connectivity (FC) can serve as a ‘fingerprint’ to 

identify each individual from a large group of people. Researchers have shown that FC data 

collected with naturalistic stimuli (e.g., movie-watching) outperforms resting-state FC in both 

fingerprinting and behavioral prediction. However, there have been few studies on how 

introspective thinking shapes FC and its fingerprinting performance though it has been proposed 

that introspection could effectively induce idiosyncratic brain states. We collected fMRI data 

from 61 participants while they underwent two types of rest scans: one in which they were asked 

to report what they were thinking in a few words every 45 seconds (“thought-sampling”), and 

one pure rest scan without any thought probes. We applied the fingerprinting approach in which 

the accuracy was defined as the number of within-subject correlations being greater than any 

other between-subject correlations between two separate runs (thus the chance level was 

approximately 1/61). The fingerprinting result showed that the thought-sampling scan provided 

higher fingerprinting accuracies (95.1-100%, permutation p < 0.001 against chance) compared to 

the rest-only scan (88.5-93.4%). This result was consistent in the retest data from a subset of 

participants (n = 29, test-retest interval of 3 months on average). In both the thought-sampling 

and rest-only runs, functional connections among the medial frontal, frontoparietal, and default 

mode networks played an important role in distinguishing each individual from others. Lastly, 

data collected during the thought-sampling scan accurately predicted individual differences in 

traits measured with multiple behavioral surveys, whereas predictions based on rest-only data 

were not as accurate. These results suggest that even without external stimuli, a mere change of 

cognitive states that enhance introspection can induce individually unique FC patterns. Overall, 

we show that adding intermittent thought probes to rest scans to enhance introspection produces 

more FC-based accurate predictions of self-identity and trait-like features compared to pure rest, 

providing a possibility of using thought sampling not only in healthy populations but also in 

clinical populations given that it is a simple but potent method for capturing individually distinct 

FC features. 
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Abstract: Being able to regulate emotions is critical to coping with stress (Wang & Saudino, 

2011). Stress has also been shown to reduce emotion regulation ability. Stress-based HPA axis 

activation reduces top-down control of emotion regulation (Arnsten, 2009; Hermans et al., 2014). 

Acutely reducing HPA axis activation could therefore allow a person to better utilize emotion 

regulation strategies. Slow-paced breathing can activate the parasympathetic nervous system 

through increasing vagal tone (Sinha et al., 2013; You, Laborde, Zammit, Iskra, Borges, & 

Dosseville, 2021; You, Laborde, Zammit, Iskra, Borges, Dosseville, et al., 2021; Zaccaro et al., 

2018). In this study, we examined whether a short bout of slow breathing could acutely improve 

emotion regulation in young adults. Participants (n=13) were asked to regulate their emotional 

reactions to negative images by either increasing, decreasing, or maintaining the emotional 

intensity. In the experimental condition, participants completed a 3 minute voluntary breath 

control exercise, known as box breathing, prior to the experimental trials. For negative images, 

there was a significant main effect of condition (F(1,24)=11.898, p=0.005) on valence, such that 

the slow breathing condition resulted in more positive valence ratings. In addition, there was a 

significant main effect of emotion regulation instructions (F(1,24)=17.243, p < 0.001) on valence 

such that more negative valence ratings were reported for the enhance instruction than the 

maintain and the suppress instructions. Similarly there were significant main effects of condition 

(F(1,24)=18.86, p=0.001) and emotion regulation instructions (F(1,24)=14.09, p < 0.001) on 

arousal with the control condition associated with increased arousal compared to the breathing 

condition, and arousal levels following the pattern of the instructions. There was also a 

significant condition by emotion regulation instruction interaction (F(1,24)=5.259, p=0.013) for 

self-reported success at following the regulation instruction, such that in the slow breathing 

condition, participants rated themselves as equally successful at all instructions (all p’s >0.100), 

whereas in the control condition, participants were significantly worse at suppressing their 

emotional states to negative images compared to both enhancing (t(12)=3.934, p=0.002) and 

maintaining (t(12)=2.799, p = 0.016) them. Results indicate that slow breathing improved 

emotional valence, reduced emotional arousal, and increased success at using emotion regulation 

strategies. This supports that slow breathing can be an effective tool at helping to improve 

cognitive regulation of emotions. 
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Abstract: Title: Cortisol responses to social videos and depressive symptoms in caregivers to 

older adults with chronic conditions 

Keywords: caregiving, aging, cortisol, depressionAbstractCaregivers to older adults with 

chronic conditions often experience significant, chronic stress due to the challenging emotional 

and physical demands of their role. Furthermore, many caregivers experience depressive 

symptoms due to the stressful nature of their role. Yet, little is known about the degree to which 

caregivers differ from non-caregivers in their stress-related hormonal response to social contexts 

and how this relates to depressive symptoms. The pilot sample included 12 caregivers to older 

adults with chronic conditions (Mage=48.4) and 13 healthy non-caregiver comparison 

participants (Mage=52.5) who were not significantly different in age (p=.6). Participants were 

excluded if they had a history of psychiatric or neurological disease. The study included viewing 

a series of two social videos - (1) a non-emotional video, and (2) an emotional video depicting 

others’ who are suffering. Depressive symptoms were measured by the Beck Depression 

Inventory. Salivary cortisol was measured prior to and after the videos. For the post-video 

cortisol assessments, we found a significant group x video type interaction p<.05. Follow-up 

planned comparisons showed a marginally significant effect (p=.08), such that caregivers had 

lower cortisol in response to the non-emotional video than healthy comparison participants. In 

the caregiver group, there was a negative correlation between depressive symptoms and cortisol 

response to the non-emotional video (r= -.66, p=.01). Specifically, caregivers with higher 

depressive symptoms tended to have lower cortisol levels in response to the non-emotional, 

social video than caregivers with lower depressive symptoms. There was no significant 

relationship found in the non-caregiver comparison group. These results have implications for 

caregiver stress and depressive symptoms in the context of social settings. Future research is 

needed to replicate these findings in a larger sample and to examine relationships with perceived 

chronic stress and caregiver burden. 
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Abstract: The maturation of brain systems for affective control underpins changes in emotion-

regulation during adolescence that impact social functioning and mental health. Boys and girls 

differ in the expression and regulation of emotion, but the role of gender in the development of 

affective control is not fully understood. The present research aimed to investigate effects of age 

and gender on brain activity during performance of an emotion conflict task in healthy 

adolescents, additionally its relation to emotional intelligence. The study was approved by the 

local Ethics Committee. Electroencephalogram (EEG) was recorded from 50 participants (mean 

age 15.88 SD=2.62) during task performance based on emotional pictures from Databrary 

database (Benda&Scherf, 2020) by using ANT Neuro with 64 electrodes. Participants had to 

differentiate congruency of auditory and visual stimuli with emotion expressed in four types of 

basic emotional faces (fear, sad, anger, happy). Conflict was manipulated by overlaying emotion 

names that were congruent or incongruent with the face. The EEG/ERPlab toolbox (Lopez-

Calderon& Luck, 2014) was used for preprocessing and measurements of N170 amplitude for 

P7, P8 and average P300 amplitude for the networks (central, anterior, posterior, left and right 

hemisphere) in sex and age groups (12-15 and 16-20 y.o.). Behavioral data analysis revealed 

significant within subject main effects of condition (slower to incongruent, F=17.973, p=0.00) 

and emotion (slower to sad faces, F=11.066, p=0.02), an emotion*condition interaction 

(F=10.305, p=0.02), a and a gender effect (slower in boys, F=5.025, p=0.030). N170 amplitude 



analysis for P8 electrode showed a significant emotion effect (more negative amplitude for angry 

face, F=2.812, p=0.042). There were also significant emotion*condition (F=2.818, =0.041) and 

emotion*condition*age (F=2.716, p=0.047) interactions. P300 amplitude analyses showed a 

significant decrease with age in central network (F=4.647, p=0.036) for incongruent face. 

Increased P300 amplitudes in central (F=4.144, p=0.047) and left hemisphere networks 

(F=3.434, p=0.007) were observed for happy face in females in comparison to males. A 

subsidiary aim was to test for individual differences in brain activation. We report correlations 

between N170 and P300 amplitude with indexes emotion regulation. In conclusion, the study 

shows gender and age differences in neural response to emotion conflict that varied with emotion 

and brain network. These findings contribute to understanding gender differences in regulating 

emotion as the brain matures during adolescence. 
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Abstract: Electromyographic (EMG) activity of the corrugator supercilii increases during 

unpleasant emotional states and decreases during pleasant states. Corrugator response is 

commonly assessed during the brief presentation of visual stimuli, but comparatively less work 

has examined sustained activity during the mental simulation of personal events. Importantly, 

examining how emotional response to such events is shaped by trait depression may help 

elucidate biases in emotion expression and episodic memory that contribute to mood disorders. 

Accordingly, we analyzed EMG data from a total of 80 participants (M age 21.3 yrs; 47 F) with 

varying levels of self-reported trait depression. Participants first imagined hypothetical scenarios 

depicting emotional events while providing ratings of valence, arousal, and likelihood of the 

depicted event occurring, which reflects self-relevance. Trait depression attenuated the 

relationship between self-reported arousal and valence, such that neutral scenarios elicited 

comparable arousal as happy and sad scenarios. Sad scenarios were also deemed equally likely to 

occur as neutral and happy scenarios only among highly depressed individuals. Corrugator 

response was most sensitive to the valence of each scenario for individuals with low to average 

depression, whereby activity increased for sad scenarios and remained at baseline or decreased 

for happy scenarios. By contrast, highly depressed individuals exhibited a similar pattern of 



activity only when scenarios were perceived as very likely to occur, but otherwise corrugator 

activity was unassociated with scenario valence. After the imagination task, participants were 

randomly assigned to repeatedly recall either happy or sad autobiographical events. Recalling 

happy memories significantly improved self-reported mood whereas recalling sad memories 

significantly deteriorated mood, and this latter effect was amplified among individuals high in 

trait depression. Corrugator activity increased during sad memory recall and decreased during 

happy memory recall, and the extent of this effect predicted overall change in mood after the 

task. Increased trait depression was associated with stronger corrugator activity during sad 

memory recall. Our findings suggest that emotional response in depression is shaped by self-

relevance of episodic events, whereby less self-relevant imagined scenarios are associated with a 

pattern of emotional context insensitivity, while recalling sad personal memories elicits an 

amplified psychophysiological response. 
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Abstract: Sex differences in the appreciation of jokes have become increasing interest. The 

findings are complex based on behavioral studies, suggesting distinctions between different types 

involving aggression or not, and underlying neural mechanisms have yet to be fully understood. 

Participants included 16 men and 16 women, all of whom were right-handed with no history of 

neurological or psychiatric problems. The present study used a total of 64 aggressive joke and 

nonjoke stimulus pairs (32 aggressive stimulus pairs for each) and 64 non-aggressive joke and 

nonjoke stimulus pairs (32 non-aggressive stimulus pairs for each). The nonjokes were 

corresponding baseline stimuli which were constructed by replacing the punch lines. The present 

study used a 2 × 2 mixed factorial design, with group (men versus women) and type (aggressive 

versus non-aggressive) as factors, in an event-related fMRI paradigm. Imaging was performed 

using a 3 T Siemens Magnetom Prisma scanner. The functional images were pre-processed and 

analyzed using SPM12 implemented in Matlab. Psychophysiological interaction (PPI) analysis 

demonstrated that women showed functional connectivity between substantia nigra (SN) of the 

midbrain (seed) and insula coupling for aggressive jokes (AJ) versus non-aggressive jokes (NJ). 



Also, women showed functional connectivity between SN (seed) and insula and middle temporal 

gyrus coupling for AJ versus NJ. Conversely, women exhibited functional connectivity between 

SN (seed) and ventral anterior cingulate cortex (vACC), insula, and temporoparietal junction 

(TPJ) for NJ versus AJ. Also, women displayed functional connectivity between amygdala (seed) 

and vACC and insula for NJ versus AJ. The findings may show that women displayed greater 

functional connectivity than men did in the mesolimbic reward system, which suggestions a 

more robust bottom-up emotional response during humor appreciation in both aggressive jokes 

and non-aggressive jokes. 
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Abstract: With overwhelming sensory information that we constantly receive, survival require 

attending to motivationally salient information. One suggested mechanism that the brain utilizes 

to distinguish important information is by processing the valence of stimuli. Hence, studying 

how the brain processes emotional valence can further our understanding of how emotions 

modulate human attention and cognition. Most human studies have investigated the neural basis 

of emotional valence using fMRI or EEG. Here, we utilize microwire-recordings in multiple 

brain regions to identify the substrates of emotional valence in humans on a single neuron level. 

We recorded the activity of 99 neurons across the amygdala (AMY), hippocampus (HPC), 

anterior insula (aINS), and anterior cingulate (ACC) of three pharmaco-resistant epileptic 

patients while performing an affective visual task. Subjects were presented with pictures 

(International Affective Picture System) that have different emotional arousal and valence 

belonging to four categories (animals, humans, scenes, and objects). They were asked to rate the 

unpleasantness of each picture (subjective emotional valence). We analyzed the changes in 

neurons’ firing patterns associated with the presentation of stimuli, the subjective ratings, and 

stimuli categories. Valence-signaling neurons were defined based on the correlation between 

their firing rate and the subjective rating of unpleasantness. We found that 31% of recorded 

neurons were responsive to the task. Category-selective neurons were ubiquitous, suggesting that 

category selectivity as a higher order feature may not be region-specific. However, a group of 

neurons in AMY, HPC, and aINS displayed mixed selectivity for category and emotional 

valence. For example, scene-selective neurons in aINS had firing rate changes that correlated 

with the positive valence of stimuli within the scene category, but not other categories. Our 

findings suggest the existence of category-selective neurons that signal emotional valence within 

AMY, HPC, and aINS. This mixed selectivity (category and valence) highlights the complex role 

of these neurons in valence processing. The existence of such complex selectivity could be for 

organizing response to emotionally salient stimuli that require category-specific behavior. In an 

ongoing work, we seek to analyze the relationship between this neuronal population and 

attention-related neurons to enhance our understanding of how emotional valence regulates 

attention. 
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Abstract: General cognitive ability declines in older adulthood; however, older adults show 

higher levels of emotional well-being. Emotional regulation is a determinant factor to 

understanding affective change through age. Here we asked how emotional regulation changes 

over adulthood and how such changes may be related to amygdala volume in older adults. Using 

data from participants ages 18-87 from the Cambridge Centre for Ageing and Neuroscience 

(Cam-CAN) repository that included measures of emotional reactivity, subjective feeling of 

emotion regulation and emotion regulation success in response to short film clips. We then 

correlated emotion behaviors with amygdala volume, known to decline in aging. No statistically 

significant results were found for emotion regulation success. Subjective emotion regulation 

declined with age, but this effect was not explained by decline in amygdala volume. Emotional 

reactivity also declined with age. Moreover, the relation between emotional reactivity and 

amygdala volume differed among age groups. In young adults, emotion reactivity decreased with 

increased amygdala volume. In contrast, in older adults, reactivity increased with increased 

amygdala volume, suggesting preserved function. These findings imply that emotional control is 

related to brain volume change. 
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Abstract: The amygdala is assumed to contribute to a bottom-up attentional bias for emotional 

faces. However, its interaction with top-down attentional processes awaits further clarification. 

Here, we studied the context-dependence of emotion-driven responses in the human amygdala 

during face processing. We conducted intracranial EEG depth recordings of the amygdala in 7 



patients with epilepsy (3 right, 4 left, age M = 35.29, range = 19-63) and analyzed oscillatory 

activity in the gamma band (30-120 Hz) using non-parametric cluster-based permutation tests. 

Three randomized blocks consisting of angry, neutral, and happy facial expressions were 

presented, and one expression was denoted as the target category in each block. The target had to 

be detected via button-press. Angry and happy faces were detected faster than neutral faces. An 

early (about 200 ms) gamma-power increase during the neutral target condition was found for 

both angry and happy distractors compared to neutral targets. This might indicate an automatic 

attentional shift towards emotional distractors, even when they are not task-relevant. A mid-

latency onset (about 300 ms) increase in amygdala gamma-activity was selective to attended 

angry faces. Attention to happy faces did not result in an electrophysiological differentiation of 

facial expressions in the gamma frequency range. Still, overall, gamma-band activity was most 

pronounced in the attend to happy run, however, without difference between targets and non-

targets. The present data shed light on the attentional modulation of amygdala threat-sensitivity. 

Incremental target effects seem to be selective to angry faces as they were not present for neutral 

and happy faces. The enhanced processing of emotional distractors vs. neutral targets also 

corroborates assumptions about an automatic emotion-driven attentional capture when emotion is 

not in the focus of attention. These results uncover possible mechanisms of how different task-

induced attentional biases can modulate oscillatory neural responses to emotional stimuli. 

Assuming that individuals differ in implicit attentional biases that the present explicit 

instructions might mimic, these data might help explaining individual differences in threat 

processing.  
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Abstract: The present study aimed to understand how individuals with low empathic (LE) traits 

would process emotional information differently than those with high empathic (HE) traits by 

using electroencephalography (EEG). Previous research has shown that negatively valenced 

emotional information attracts more attention than positively or neutrally valenced information. 



This sensitivity to negative emotional information is referred to as the negativity bias (Ito, 

Larsen, Smith, & Cacioppo, 1998). By measuring event-related brain potentials, previous work 

demonstrated that the negativity bias emerged during the early information processing (Hajcak & 

Olvet, 2008). We hypothesized that people with a difficulty in empathizing with others would be 

less likely to exhibit the negativity bias compared to those normally empathic. To test this 

hypothesis, 45 college students were asked to passively view a total of 135 negative, positive, 

and neural stimuli taken from the International Affective Picture System in a random order, 

while their EEG was recorded. The empathic traits of the participants were assessed using self-

reported measures including the Empathy Quotient (Baron-Cohen & Wheelwright, 2004) and the 

Interpersonal Reactivity Index (Davis, 1983). The participants were divided into two groups, 

High Empathic (HE) and Low Empathic (LE) groups, based on their affective empathy scores. 

The results of the current study revealed that there was a marginally significant interaction effect 

between valence conditions and affective empathy groups on the average Late Positive Potential 

amplitudes of the medial lateral region of the cortex, F(2,86) = 2.979, p = .056, eta2 = .065. 

Against our hypothesis, this effect suggests that the LE individuals actively recruited more neural 

resources to process negative emotional information than the HE participants did. Implications of 

the current findings were discussed in terms of neural compensatory efforts to make up the 

empathic deficits among the people with low emotional empathy. 
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Abstract: Problem Statement: In recent years, there is interest in investigating brain health 

benefits of positive human emotions, specifically the psycho-physiological mechanisms 

associated with humor associated mirthful laughter (HAML) and its possible therapeutic 

efficacy. However, there are claims that Fake Laughter (FL) could be similar in response 

specifically with brain frequency modulation & benefits.Our previous research has shown 

HAML can provide both physical and brain health benefits (increase of gamma frequency). 

However, there is no known study that has explored brain electroencephalography (EEG) 

oscillations from FL, specifically beneficial gamma frequency. Objective: Our research aimed to 

determine if brain frequency modulation induced from FL increases Power Spectral Density 



(µV2 ) of beneficial gamma frequency (25-40 Hz). Methods: In a quasi-experimental design, 15 

university graduate students, ages 22-35, were recruited. Subjects were: 1) first asked to produce 

FL for 5 minutes (no cognitive or emotional context provided); after a 5-minute washout period 

they 2) watched an 8-minute humor video (HV). EEG wave band activity (0.5-49 Hz) was 

acquired from 24 cerebral cortical scalp locations using the B-Alert 24X wireless telemetric 

system. Results: There were two outstanding oscillation outcomes: 1) Topographical maps of 

absolute Alpha Power (8-13 Hz) was averaged across all participants for each stage of the 

experimental protocol. All data were normalized for effect size (Hedges-G). Statistically 

significant differences in Alpha Power was observed between the two stages (p<0.05, paired t-

test, not corrected for multiple comparison). Alpha Power decreased significantly Post FL to HV 

(p=0.004, G= 0.87) and increased back to Post HV (p=0.003, G= 0.86); 2) Topographical maps 

of Gamma Power (25-40 Hz) were averaged across the participants for each stage of the 

protocol. Statistically significant differences in Gamma Power were observed between stages of 

the protocol (p<0.05, paired t-test, not corrected for multiple comparison). Gamma Power 

increased significantly from baseline for the FL task (p=0.001, G= 0.987) and decreased back in 

the Post FL period (p=0.004, G= 1.01). Conclusion: A significant decrease in Alpha Power was 

observed during the Humor Video indicative of arousal to the external world. More profoundly 

was significant increase in Gamma Power µV2 (25-40 Hz) during Fake Laughter. Thus, we 

postulate there may be similar potential benefits from Fake Laughter to psycho-physiological 

mechanisms as seen in HAML (enhanced cognitive processing, recall, memory & synaptic 

plasticity) as well as the enhancement of positive emotions. 
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Abstract: Donations to endangered species can help offset threats and internet campaigns 

facilitate these donations, but it is not always clear whether individuals efficiently donate to 

protect the most endangered species or use some other psychological proxy (e.g., salience or 

cuteness in the case of charismatic megafauna). Therefore, to better understand and forecast why 



people donate to protect endangered species, we combined behavioral, neuroimaging, and 

representative survey experiments. We found that brain activity in brain regions associated with 

anticipatory affect predicted individual donations and also forecast donations on social media. 

Physical attributes that elicited excitement (e.g., cuteness) and anxiety (e.g., threat) tended to 

increase donations. These findings suggest that the efficiency of donations to offset extinction 

might be enhanced by boosting affective elements of the presentation of endangered species. 
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Abstract: Background: Subjective well-being (SWB) or happiness reflects an individual’s 

cognitive and affective assessment of life. Although relationship between psychological factors 

and SWB has drawn much attention from researchers, the precise neural structural correlates of 

SWB are broadly unknown. In the present study, we aimed to investigate the associations 

between gray matter (GM) volumes, cortical characteristic’s changes such as gyrification, sulcal 

depth, white matter (WM) microstructures, and SWB in healthy individuals using multimodal 

T1-weighted images and diffusion tensor imaging. Methods: We enrolled 70 healthy individuals 

using magnetic resonance imaging. We measured their SWB using the Concise Measure of 

Subjective Well-Being. Voxel-wise statistical analysis of GM volumes was performed using 

voxel-based morphometry, while gyrification and sulcal depth were performed with surface-

based analysis using Statistical Parametric Mapping 12 and the Computational Anatomy 

Toolbox 12. In addition, WM fractional anisotropy (FA) values were analyzed using tract-based 

spatial statistics. Results: In healthy individuals, higher levels of SWB were significantly 

correlated with increased GM volumes of the insula, and gyrification of the insula and the 

posterior cingulate cortex. Moreover, SWB were significantly and negatively correlated with the 



sulcal depth of the medial frontal gyrus and FA values in clusters of the body of the corpus 

callosum, precuneus WM, and fornix cres/stria terminalis. Additionally, a correlational analysis 

revealed that GM volumes and FA values in these significant regions were significantly 

correlated with severity of psychological symptoms such as depression, anxiety, and quality 

of life. Discussion: The findings of the present study indicate that GM volumes, cortical 

characteristic’s changes and WM microstructures in the regions related to default mode network, 

or adaptive integration of affective processing and emotional regulation may contribute to higher 

SWB and psychological symptom severity as well as quality of life in healthy individuals. 

Keywords:Subjective well-being, Insula, Default mode network, Voxel-based morphometry 

Disclosures:  H. Jung: None. C. Pae: None. Y. Hwang: None. S. Lee: None. N. Kang: 

None. H. Kim: None. I. An: None. M. Kim: None. M. Bang: None. S. Cho: None. S. Lee: 

None. 

Poster 

558. Emotion Processing in the Human Brain 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 558.15 

Topic: G.04. Emotion 

Title: Quantitative evaluation of food preference using physiological and psychophysical 

measurements 

Authors: H. LI1, S. LI1, K. MATSUO2, *T. OKAMOTO1;  
1Kyushu Univ., Fukuoka, Japan; 2Nichirei Foods Inc., Tokyo, Japan 

Abstract: Various indices have been developed to evaluate food preference. One of the 

promising candidates for its objective evaluation is brain activity. Food preference and brain 

activity are closely related, but it is difficult to record brain activity during eating. Brain activity 

during eating continuously elicits myoelectric activity and body movements. Another candidate 

is behavioral evaluation using cognitive tasks. Although objective evaluation was possible by 

devising cognitive tasks, the measurement of indirect responses poses unique challenges. In this 

study, we aimed to physiologically and psychophysically quantify food preference before and 

after eating by introducing Stroop cognitive tasks and recording electroencephalographs (EEGs) 

using mobile dry-EEG headset. To evaluate food preference, two types of fried rice were 

prepared in this study. One was considered tasty (Sample 1; Nichirei Foods Inc., Tokyo, Japan), 

and the other was considered comparatively tasteless (Sample 2; other food company). Twenty 

healthy students (19-26 years old) participated in this experiment. They were divided into two 

Groups: 10 students in Group 1 ate Sample 1 and 10 students in Group 2 ate Sample 2. After 

providing written informed consent, the participants were engaged in a baseline block of 

experiment including undergoing an EEG recording, performing a Stroop task, eating a given 

sample, undergoing an EEG recording, and undergoing subjective evaluations. Subsequently, 

they were engaged in three test blocks in an order similar to that of the baseline block. In the 



Stroop task, the stimuli were presented randomly in four colors: "red," "blue," "yellow," and 

"green." They were instructed to indicate the meaning or the color of the word based on the cue 

by pressing 1, 2, 3, or 4 on the keyboard while looking at the monitor. After recording, we 

performed frequency analysis on EEGs and obtained amplitudes in delta, theta, alpha, beta, and 

gamma bands. The results showed that Group 1 showed higher theta amplitudes in the frontal 

midline region, and Group 2 showed higher alpha amplitudes in the occipital region. This 

indicates that high preference food would make participants pay more attention on the task and 

let participants be more aroused during the cognitive task. We can conclude that our 

methodology is useful for the physiological and psychophysical quantification of food 

preference. 

Disclosures:  H. Li: None. S. Li: None. K. Matsuo: None. T. Okamoto: None. 

Poster 

558. Emotion Processing in the Human Brain 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 558.16 

Topic: G.04. Emotion 

Title: A quantitative approach to consumers' behavior accelerated by emotions 

Authors: *Y. EDAGAWA1, S. AOKI2, J. YAMAKAGE1, Y. HIRABAYASHI2, Y. KOHATA3, 

T. SHIMURA2, T. OHNO1;  
1Waseda Univ., Tokyo, Japan; 2Dentsu ScienceJam Inc., Tokyo, Japan; 3Dentsu Inc., Tokyo, 

Japan 

Abstract: Emotions play an important role in human behavior. And there should be a 

mechanism by which consumer purchasing behavior is driven by changes in consumer insight 

between the recognition of the desired product and the actual purchase. We are currently familiar 

with various consumer behavior models. However, none of these models so far have focused on 

changes in emotions and have shown changes at the purchasing site. Therefore, we attempted to 

model consumers’ behavior driven by emotions. First, we extracted factors related to emotion 

through a questionnaire survey of 3,000 respondents regarding their purchasing experiences that 

resulted in a good mood. Comparing emotional and non-emotional factors, we found that the 

involvement of emotional factors was about twice as high in the good mood purchasing 

experience. Next, to measure emotional changes in the actual in-store purchasing experience, we 

performed EEG measurements and the subjects walked around among the in-store displayed 

products. We then successfully measured time-course changes in emotion by using a system that 

extracts emotion-related characteristic brain waves from the measured EEG. After measuring the 

EEG in the store, the subjects were given a questionnaire that included recall of the products they 

remembered, and the products in the subjects' first evoked set were detected. Then, by combining 

the results with those of the EEG measurements, we obtained the following results. When 

subjects were in front of their own memorable products, they showed increases in expectancy, 



liking, interest, satisfaction, and positive affect values, and conversely, decreases in stress and 

sedation values. In addition, for products in the first evoked set, the subjects spent more time 

browsing for those products, suggesting that the increase in these emotional values may have 

contributed to an increase in the product browsing time. This indicates the importance of 

emotional factors in purchasing behavior. And it suggests that changes in brain activity involving 

multiple emotions actually occur when experiencing a product of interest and increasing 

purchase intention. 
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Abstract: Emotional information affects related experiences through integrated memories. 

However, the neurobiological mechanisms of how emotion modulates memory integration for 

related information with different valences (i.e., neutral or negative) remain unclear. In a 

between-subject functional magnetic resonance imaging (fMRI) study, we manipulated the 

valence of stimuli used in an associative memory paradigm to examine emotion-modulated 

memory integration. Specifically, participants were divided into three groups: integrating 

emotional events with related neutral events, integrating both related emotional events and 

integrating both related neutral events as control. Behaviorally, emotional information facilitated 

its integration with neutral events, but interfered with its integration with emotional events. 

Neurally, our trial-by-trial pattern similarity analysis revealed that the emotion-induced 

facilitation effect, occurring on memory integration of emotional and neutral events, was 

associated with increased hippocampal reactivation (i.e., higher pattern similarity) during both 

encoding and retrieval. Using the hippocampal region as a seed, our psycho-physiological 

interaction (PPI) analysis revealed that the facilitation effect was also supported by strengthened 

hippocampal connectivity with the amygdala and a set of neocortical areas, including the 

temporoparietal junction (TPJ), supplementary motor area (SMA), middle cingulate gyrus 

(MCC) and precuneus. In contrast, the emotion-induced interference effect, occurring on 

memory integration of both emotional events, was associated with impaired hippocampal 



reactivation during retrieval, which appeared to offset increased reactivation during encoding. 

Besides, similar but relatively weak hippocampal connectivity was found underlying this 

interference integration. Taken together, emotional information facilitates memory integration of 

emotional and neutral events while it interferes with the integration of two emotional events, 

through distinct hippocampal reactivation and connectivity patterns. Our findings advance the 

understanding of neurobiological mechanisms by which emotion adaptively modulates memory 

integration, and provide novel insights into the maladaptive emotion modulation on integration. 
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Abstract: Several studies have mapped brain regions associated with respiratory control and 

respiratory perception. However, its effect to resting state networks is unknown. Our objective 

was to determine the resting state networks during mild dyspnea. Resting-state functional 

magnetic resonance imaging data was collected for 35 healthy volunteer with or without mild 

dyspnea induced by resistive load. Functional connectivity (FC) was analyzed using Statistical 

Parametric Mapping 12, the CONN toolbox and whole brain ROI-to-ROI analysis with cluster 

level-comparison. Respiratory score showed that some participants felt dyspnea only with 

resistive load and others complained dyspnea at both conditions. The former represented increase 

of FCs between the motor cortex/salience network and visual cortex, while the latter indicated 

enhanced FCs between the orbito-frontal cortex and posterior temporal gyrus. These results 

suggest the heterogeneity of healthy volunteer against mild dyspnea. 
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Abstract: The self-organized activity of the brain involves coordination among multiple 

interdependent components that interact across scales based on context, task and conceptual 

knowledge. The brain's activity once attributed to criticality is now shown to reflect 

multiplicative interaction across temporal scales. In our earlier work, we found a dynamic range 

and temporal variability in functional connectivity patterns for naturalistic emotional events in 

the upper beta band. Hence, in the presented work, we hypothesize that the temporal variability 

in functional connectivity could be related to the coordination of different mechanisms in various 

time scales. We performed a leader wavelet-based multifractal study to assess the multiplicative 

interaction between different time scales. Emotional videos were used to elicit emotional events, 

and the brain activity of 40 subjects was recorded using EEG. Subjects marked their emotional 

events using a mouse click while watching the stimulus and, after watching the stimulus, labeled 

these emotional events. Movie frames around the click duration were presented to help subjects 

recall the emotional events and label them. With this simple strategy, we were able to record 

emotional brain activity with reduced impact of the mind-wandering activity. Prototypical 

microstates and microstate sequences were calculated by segmenting and clustering the global 

field potential in the EEG signal. Then embedding sequences using cumulative random walk 

were generated. The embedding sequences were used to calculate the leader wavelet coefficients 

at multiple scales. Then, calculating heterogeneous variations across scales using a range of 

statistical moments gave a multifractal spectrum following the surrogate and statistical analysis 

of different spectrum parameters. The intermittent variability generated by the multiplicative 

interaction across temporal scales was observed in the upper beta band during emotional events. 

In addition, intermittent variability was also observed in the gamma band for emotional stimuli 

rated as less context familiar. We interpret that the multiplicative interaction between scale-

dependent mechanisms might be facilitating context-sensitive emotional experiences in the upper 

beta band. In comparison, interaction activity in the gamma band for less context-familiar stimuli 

may facilitate neural adaptation to the context based on hierarchical bottom-up error feedback. 

Clinically, the lack of multiplicative interaction in the beta band was reported to be related to the 

reduction in flexible brain dynamics that could play a role in motor and cognitive disorders. 
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Abstract: Recognizing and understanding the social relationships of others is essential to our 

social interactions. Prior social neuroscience studies have reported the involvement of the 

parietal regions, including the superior temporal sulcus (STS) and inferior parietal lobule (IPL), 

and prefrontal cortex, while observing social interactions. However, how interpersonal 

information is processed in the brain during subjective recognition of social interactions remains 

still elusive. Here we performed an event-related functional magnetic resonance imaging (fMRI) 

experiment to investigate neural processing of interpersonal information. In the experiment, 

participants were asked to watch movie clips and rate social relationships based on the behavior 

of a subject and a target given in each movie clip. To reveal the dimensions of social 

relationship, we used principal component analysis (PCA) and found two components that can 

explain about 85% of the subjective rating of social relationship. To examine the neural response 

patterns associated with subjective ratings of interpersonal information, we used representational 

analysis (RSA) with Euclidean distances in regard to two principal components for each clip and 

found significant response patterns associated with dimensions of social relationships in the 

cortical regions, including the STS, IPL and dorsolateral prefrontal cortex (dlPFC). Furthermore, 

the identity information of subjects and targets in the movie clips could be decoded from the 

neural responses in the IPL and STS. These results suggest shared neural processing of 

interpersonal information across different individuals in the cortical network including the STS 

and IPL. 
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Abstract: The body and the mind are intertwined. Researchers have recently begun to 

investigate how bodily variables, such as metabolic states and interoceptive signals, shape the 

spontaneous flow of thought, but the relationship between people's conception of bodily 

sensations and spontaneous thought is unknown. Here we aimed to identify the topography of 

bodily sensations that underlies content dimensions of spontaneous thought, such as valence and 

self-relevance, using the emBODY tool. A total of 62 participants underwent an fMRI 

experiment with a recently developed thought sampling task, Free Association Semantic Task 

(FAST). During the FAST, participants were asked to generate a chain of concepts that 

spontaneously came to their mind every 2.5 seconds, starting from a given seed word. Each 

participant generated 160 concepts across four runs. After the fMRI scan, the participants rated 

each concept on the content dimension scales of valence, self-relevance, time, vividness, and 

safety-threat. Lastly, participants colored the body areas felt activated with red and felt 

deactivated with blue for each self-generated concept. We developed body map-based predictive 

models of content dimensions with machine learning techniques using 29 participants' data. We 

then tested the models on one hold-out training dataset and two independent test datasets (total n 

= 78). The body map-based predictive models showed good performance in the training data (rs 

= .392 to .643 with leave-one-participant-out cross-validation) except for the time dimension. 

The well-performing models also showed good prediction performance across the test datasets 

(for valence, rs = .308 to .672; for self-relevance, rs = .355 to .679; for vividness, rs = .327 to 

.633; for safety-threat, rs = .202 to .578). In addition, when we tested our valence model on the 

body maps from Nummenmaa et al., 2014 and 2018, the model was able to predict the valence 

rating scores of multiple types of emotion and feeling words (rs = .624 and .402, respectively). 

Lastly, we correlated the trial-by-trial body maps with the fMRI data from the concept reflection 

period. The results showed the face vs. feet/hands somatotopy in the primary somatosensory 

cortex and the significant correlations between the heart area and multiple brain regions within 

the default mode network. These results suggest that the conceptual body map patterns were 

reflected in the brain activity in a neurobiologically plausible way. Overall, this study identified 

the topography of perceived bodily sensations that could explain the content dimensions of 

spontaneous thought, supporting that the body plays an important role in the spontaneous flow of 

our mind. 
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Abstract: Emotional arousal refers to a state of heightened physiological activity in response to 

evocative stimulus or situations. Previous evidence have primarily focused on the changes in 

canonical frequency bands (periodic activity) to explain the electrophysiological basis of 

different arousal states (e.g. calm and excitement). Recent developments in electrophysiological 

time series analysis postulates that the aperiodic background often ignored in the past as 

electrophysiological noise may be a dominant player in guiding functional brain states. 

Consequently, a pertinent question arise to what extent do the aperiodic activity, influence the 

emotional arousal states. Here, we examined whether the slope of the aperiodic component (1/f) 

of the power spectra, changes differentially along the arousal and valence axis, using the 

Electroencephalography (EEG) (N=29) data obtained from “Database for Emotion Analysis 

using Physiological Signals (DEAP)”. EEG was recorded as participants watched 60s long 40 

different music videos. After each video, participants rated their valence (unpleasant to pleasant), 

arousal (calm/bored to stressed/excited), dominance (submission to feeling in control), liking on 

1-9 Likert scale and familiarity with the video on 1-4 Likert scale. We categorized the data based 

on the corresponding median split of the arousal and valence ratings of participants into high and 

low arousal trials, high and low valence trials, respectively. Subsequently, we estimated power 

spectrum in two separate time windows (0-30s and 30-60s) and decomposed the spectra into 

periodic and aperiodic components using fitting oscillations and one over f (FOOOF) algorithm 

over 4-40Hz range. Our results show that the 1/f slope for high arousal were steeper in than low 

arousal states (p &It 0.001, paired permutation test), whereas no significant difference was 

observed between high and low valence states. Furthermore, two-way ANOVA with factors of 

arousal states (2 levels: high and low) and time windows (2 levels: 0-30s, 30-60s) revealed 

significant effects of only arousal states [F=8.24, p=0.0041]. There was neither effect of time 

windows [F=0.35, p=0.552] neither any significant interaction between the two factors [F=0.05, 

p=0.8148].Overall our results demonstrate the significance of aperiodic activity in determining 

emotional arousal states. Moreover, these results also contribute to the growing body of research 

endorsing the physiological role of aperiodic activity. 
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Abstract: Introduction According to the trait-congruency hypothesis, individual differences in 

stable personality traits influence emotion processing. All the big five personality traits have 

been linked to emotion recognition. However, recent findings are inconsistent. To establish more 

clarity, we sought to investigate the neural correlates of the different personality traits during 

emotion processing. Methodology The PIOP1 dataset from the Amsterdam Open MRI collection 

database was used. 187 participants completed the NEO-FFI personality questionnaire and had 

valid fMRI data. Subjects were aged 18 to 26 years old (Mage = 22.2 years) and 44% were 

females. Task-based fMRI data collected during an emotion-matching task was studied in 

relation to personality traits. In the emotion trials, subjects were presented with an emotional 

target face that was either stereotypical anger or fear and two emotional probes. They had to 

match the probes to the target. In the control trial, subjects matched the orientation of an oval. 

Both male and female, and White, Black, and Asian faces were used. The first-level analysis was 

modelled using an event-related design with motion parameters included as nuisance covariates. 

In the second-level analysis, a one-sample t-test was conducted to identify areas significantly 

activated in the emotion > control trials. Then, a multiple regression was conducted to look at the 

association between emotion > control contrasts and personality traits. Age and gender were 

included as control variables and all analyses were corrected using the threshold-free cluster 

enhancement. Results Significant clusters in the emotion > control trials were highly 

symmetrical and located mostly in the amygdala, visual and motor cortex regions. Activation of 

the left inferior and middle frontal gyrus was associated with agreeableness. Less openness was 

associated with stronger activation of clusters in the left middle and right superior frontal gyrus 

and primary motor cortex. No significant clusters of activation were associated with the other 

personality traits. Discussion During the processing of negative emotions in the task, people who 

were more agreeable had more activation in the left inferior frontal gyrus, which was commonly 

implicated in response inhibition tasks. This could point to a top-down emotion regulation 

approach. Those who were less open had greater activation in the middle and superior frontal 

gyrus and this could also reflect a top-down emotion regulation process via attention inhibition. 

In conclusion, the traits of agreeableness and openness do seem to influence emotion processing 

as shown by their different activation patterns. 
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Abstract: AbstractIt is shown that people’s emotional reaction towards environmental 

destruction shared the same underlying neural circuit of empathy to human or animal torturing 

(Geiger et al., 2017). However, most of the current studies on emotional reaction toward 

environment destruction relied on self-report measurements. Hence, in this study, we aim to 

explore the neural correlates of pro-environmental behavior with their domain-general cognitive 

system, namely, “analytic and holistic thinking” by functional near infrared spectroscopy 

(fNIRs). We tested 44 participants (21 males and 23 women) in this study to detect their 

hemodynamic changes on pre-frontal cortex (PFC) corresponding to recycling behaviour. All 

participants answered the questionnaire “analytic-holistic scale” (AHS), consisting of 

contradiction, perception, attention and causality that define their analytic-holistic thinking 

patterns before the experiment. During the experiment, all individuals were presented with two 

videos (the correct recycling behaviour, or the wrong recycling behaviour) in random order. We 

conducted a generalised linear mixed model (GLMM) to investigate the role of analytic and 

holistic thinking in determining hemodynamic changes. We find a significant main effect of 

AHS subscale “change” score, shown in the left Inferior frontal gyrus (IFG), F(1,42) = 4.69, p < 

.05,η2= .10. Furthermore, we find a significant interaction effect between recycling condition and 

AHS sub scale “contradiction”. The contradictions score was significantly interacting with 

recycling condition, which was found in the anterior PFC [F(1,42) = 3.99, p < .05,η2= .05 ], right 

medial frontal gyrus (MFG) [F(1,42) = 4.19, p < .05,η2= .09], and right inferior frontal gyrus 

(IFG) [F(1,42) = 4.90, p <.05,η2=.06]. This indicated that under right recycling behaviour 

condition, as contradiction score increased, the haemoglobin manifested a consistent upward 

trend across all three channels, whereas the haemoglobin accordingly declined corresponding to 

the growth of contradiction score when wrong recycling behaviour was viewed. These findings 

suggested that people with holistic thinking might be tolerable to behaviours which are 

destructive the environment in neural responses. 
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Abstract: Affective response is a complex signal composed of changes in behavioral response, 

physiological response, and perceived experience. The mapping of these behavioral and 

physiological responses to reported experiences can differ greatly across individuals and be 

affected by many factors at both short and long timescales. Existing decoders using non-invasive 

electroencephalography (EEG) and heart-rate variability have demonstrated their ability to 

classify affect across a range of auditory and visual stimuli. These recordings capture heavily 

processed features and provide a glimpse into the underlying subcortical networks. Recent 

invasive stereoEEG studies have demonstrated discriminability among mood measures across 

long, unstructured recordings (Kirkby et. al., 2018; Sani et. al. 2018). Mood and affect are 

intertwined cognitive processes where mood is considered to be a state variation spanning long 

timescales, and affect spanning finer timescales. To better understand the underlying 

mechanisms driving affect, we explore the temporal sensitivity of affect modeling techniques in 

relevant subcortical structures in two primary axes of affect - valence and arousal - from the 

International Affective Digitized Sound database (Bradley & Lang, 2007). Four male subjects 

with intractable epilepsy were implanted with stereoEEG probes covering limbic structures. The 

task involved presenting a series of 6 second auditory stimuli and subsequent surveys. As an 

initial strategy, physiological power bands of the neural data including alpha and beta 

corresponding to active stimulus presentation periods are decomposed into independent 

components. These features are used to construct statistical models, which are evaluated against 

results from existing IADS-EEG studies (Bos, 2006) with comparable decoder performance 

(&gt; 60%) in a subset of subjects. Incorporating dynamic models that continuously track neural 

states, Sani et al. demonstrated improvement in decoding mood states. To model finer timescale 

affect states, we extract latent temporal features using Gaussian-Process Factor Analysis. A set 

of spectro-spatial neural features demonstrated improved decoder performance (&gt; 70%) in a 

set of subjects. To further understand the mapping between neural activity and perceived affect, 

the long-term variation must be separated from rapid variations related to stimulus triggered 

events; improved dynamic models are then needed to model the short-term variation. Such a 

direct measurement and understanding of the neural circuits that give rise to affect could enable 

objective evaluation of affect through machine learning based inference. 
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Abstract: Motivation: Self-compassion involves taking an emotionally positive attitude towards 

oneself when suffering. Self-compassion has positive effects on psychological health as well as a 

protective role in preventing depression and anxiety in healthy individuals. However, little 

research has been conducted to show white matter (WM) connectivity in neuroimaging studies of 

self-compassion. Recent studies have demonstrated that the mirroring network can be associated 

with neurocognitive functions and emotion processing. We hypothesized that mirroring networks 

are related to levels of self-compassion in healthy individuals.Methods: Magnetic resonance 

imaging (MRI) data were obtained from 71 healthy participants, whose levels of self-compassion 

and its six components were measured with self-compassion scale (SCS). Voxel-wise correlation 

analysis was performed between total/six-subscale scores of SCS and fractional anisotropy (FA) 

values of mirroring network regions of interest (ROIs) using tract-based spatial statistics (TBSS). 

For controlling multiple correlation comparisons, Bonferroni correction was used. Exploratory 

correlation analysis was performed between the FA values of self-compassion-related WM 

regions and total scores of the Connor–Davidson resilience scale (CD-RISC)/brief resilience 

scale (BRS)/state-trait anxiety inventory (STAI).Results: We found that SCS total scores were 

negatively correlated with the FA values of the superior longitudinal fasciculus (SLF) [p <0.001 

(FWE-corrected)]. Among six subscale scores of SCS, the mindfulness subscale scores were 

negatively correlated with the same regions [p =0.006 (FWE-corrected)]. FA values of SLF 

regions were found to be negatively correlated with CD-RISC and BRS total scores (r = -0.337, 

p =0.004; r = -0.336, p =0.004; respectively). The significantly positive correlation between FA 

values of SLF and STAI total scores did not survive the Bonferroni correction (r = -0.274, p 



=0.038).Conclusions: Our findings suggest that nonjudgmentally mindful awareness of one’s 

emotion may be negatively associated with the SLF regions involved in self-referential 

processing and 

mind-wandering. These low WM microstructures can be associated with the prevention of 

negative emotions such as anxiety in healthy individuals and resources that help them resilient 

from stressful events. 
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Abstract: As the brain’s processing resources are finite, but multiple processes, such as emotion 

and cognition, might compete over such limited resources, an appropriate distribution of 

resources is required. In the past, emotion and cognition were considered separate systems, 

antagonistically competing over limited processing resources, with certain brain areas preferably 

processing either emotion or cognition. Recently this view is challenged by more integrative 

approaches, yet so far these hypotheses are lacking detailed neurophysiological information. In 

this study, we use emotion cognition interaction to investigate the neurophysiological and 

temporal dynamics of solving limited resource competition via an electroencephalography 

(EEG)/ Finite Element Modeling (FEM) beamforming approach in a large cohort (N=103) of 

healthy human subjects. Emotion-cognition interaction was measured via an emotional Eriksen 

Flanker task, where emotional task-irrelevant images preceded the flanker signal. Our source 

analysis reveals the right Inferior Frontal Gyrus (IFG) as a shared location for processing 



emotional and cognitive information, with the strongest interaction effects in the beta frequency 

range in pars triangularis, thus requiring a distribution of limited resources. To investigate the 

temporal dynamics of such resource competition in right IFG, we used Support Vector Machine 

(SVM) analysis, revealing that at the transition time point between emotional and cognitive 

processing, the competition over processing resources is strongest, forcing the system to 

integrate both types of information. This occurs only for a brief point in time and is resolved 

afterwards, despite lingering emotional processing and even ramped up cognitive processing. 

Furthermore, the neurophysiological interaction at this transition time point is relevant for 

behavior as it correlates with reaction times and accuracy, with stronger interactions in the beta 

band having a negative impact on behavioral outcomes. Apparently, the brain tries to prevent this 

resource competition as the IFG establishes top-down influences on visual areas, as revealed by 

granger analysis. How well the brain can exert such top-down influences is fundamental for 

behavioral performance, as the connectivity measure correlates with the interference effect in the 

behavior. In summary, our findings reveal the neurophysiological and spatio-temporal dynamics 

of resource competition on source space with unprecedented detail, advancing the understanding 

of competition over limited resources in the human brain. 
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Abstract: Defensive responses in threatening situations are critical for survival. Aberrations in 

the mechanisms driving these responses may however lead to psychopathology, such as Post 

Traumatic Stress Disorder (PTSD). Previous work indicates a switch in neural activation may 

occur as a function of threat proximity: the Bed Nucleus Stria Terminalis (BNST) shows a 

relatively stronger response during threat anticipation but the amygdala shows a stronger reaction 



for actual confrontation of the threat (Klumpers et al., 2017). However, there is ongoing debate 

about such a dissociation of the functional roles of the amygdala and BNST (Hur et al., 2020) 

and little is known about how these dissociations might support defensive actions. This study 

serves to provide more insight in the role of the BNST and amygdala, not only in passive fear but 

also defensive action. We used a large dataset (N=406; 110 females) in which police recruits and 

age- and gender-matched healthy controls were tested during a functional MRI emotional 

go/nogo task under threat of electric shock (Hashemi et al., 2019). This paradigm entails three 

consecutive phases: shock anticipation, the switch to action during which the participant needs to 

shoot or withhold from shooting and lastly confrontation when a shock is actually administered. 

Results support the hypothesized switch in neural activation throughout the different phases of 

the shooting task. BNST activity rises during anticipation and the switch to defensive action 

while neural activity assessed by BOLD switches sharply to the dorsal amygdala during 

confrontation. Additionally, a significant positive correlation between childhood maltreatment 

and amygdala activity was found during threat anticipation. These robust results replicate and 

extend earlier findings (Klumpers et al., 2017; Visser et al., 2021) to suggest a distinct functional 

role for the BNST and amygdala during defensive responding and that early life stress may 

change the balance of activity between these regions. 
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Abstract: We reviewed the published research on novel pharmacological interventions for the 

treatment of posttraumatic stress disorder (PTSD) and attenuation of stress-induced depressive-

like behavior in humans and animal models. Multiple studies have demonstrated ketamine’s 

efficacy in attenuating treatment resistant depression and PTSD. The stereoisomers of ketamine, 

R-ketamine and S-ketamine have also demonstrated efficacy in attenuation of stress and 

depressive symptoms, with S- ketamine gaining FDA approval for treatment resistant depression 

and suicidal ideation in 2019. Although R-ketamine has not yet seen FDA approval, its lack of 

psychotomimetic properties, as seen in ketamine and S-ketamine, may reduce its side effect 



profile and abuse potential.We also reviewed more recent research revealing a prophylactic 

application for ketamine and R-ketamine in attenuating reactions to stress. Numerous studies 

indicate that prophylactic use of ketamine, along with R-ketamine and its hydroxynorketamine 

metabolites, can be effective in preventing depressive and fearful behavior induced by stress. 

According to current estimates, approximately 21 million adults experience at least one major 

depressive episode annually. PTSD is a potentially debilitating condition as well, affecting 6.8% 

of adults over the course of their lifetime. Additionally, suicide rates in the U.S. have been on the 

rise with a nearly 35% increase over the last 20 years. Traditional pharmacological treatments for 

depression and suicidality are limited in efficacy and have a delayed onset of therapeutic effects. 

Similarly, treatment options for those experiencing PTSD have historically been limited in scope 

and efficacy. Ketamine remains underutilized in its treatment potential for psychiatric disorders. 

In addition to attenuating current psychopathology, preventative treatments for PTSD remain 

unrealized in clinical application. Prophylactic treatments could potentially reduce rates of the 

disorder in first responders, military personnel, foreign aid workers, and other occupations where 

exposure to traumatic stress can be anticipated. We propose disseminating this review for the 

purpose of educating physicians and other healthcare providers on current uses and potential 

future applications of ketamine and its stereoisomers. 
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Abstract: Three well-provisioned post-mortem gene expression studies of PTSD have recently 

been performed, using different tissue preparations and data analytic pipelines (Girgenti 2021 

PMID:33349712, Lougue 2021 PMID:34646915, Jaffe 2022 bioRxiv 2021.01.12.426438). We 

performed gene set enrichment analysis (GSEA) on each mixed-sex dataset using probability 

ranked DEGs. Analysis of Hallmark gene sets identified ANDROGEN_RESPONSE, 

HYPOXIA, ANGIOGENESIS, HEME_METABOLISM, GLYCOLYSIS, 



PROTEIN_SECRETION and MYC_TARGETS_V1 as common up-regulated gene sets in 

PTSD. In addition, Reactome analysis indicated high RNA metabolism as an additional activated 

function in PTSD. ANDROGEN_RESPONSE was the most consistently up-regulated Hallmark 

gene set, with FDR q values lower than 0.006 across all three sets. Examination of jointly up-

regulated genes within the leading edge of the ANDROGEN_RESPONSE sets found 11 

common up-regulated genes in PTSD (AKAP12, ARID5B, ELL2, ALDH1A3, PA2G4, ABHD2, 

ZMIZ1, NKX3-1, INPP4B, XRCC5 and BMPR1B). Several of these genes are involved in 

cancer invasiveness and/or motility, including the most consistently up-regulated transcript in the 

androgen set in PTSD, AKAP12 (gravin). AKAP12 was significantly FDR up-regulated in PTSD 

in all four cortical regions in Girgenti, in the medial (but not basolateral) amygdala in Jaffe and 

nominally up-regulated in MDD cortex. AKAP12 is found in perivascular cells in the CNS and is 

involved in enhancing and repairing the blood brain barrier after ischemic damage, although 

exact mechanisms and cell-type expression after vascular stress in humans is not well described. 

In the mouse, this transcript is mainly found in endothelial cells, while it is not selectively 

expressed in the primary human brain cell types. Interestingly, AKAP12, a multi-functional 

kinase and calmodulin anchoring protein, has been identified as an important component of some 

synaptic structures in neurons, where its expression is associated with adrenergic signaling, 

synaptic plasticity and learning/memory. These findings highlight potentially interlinked cortical 

functions (hypoxia, androgen response, angiogenesis) that may be consistently activated by 

uncharacterized stressors in PTSD brain, and a potential new target affecting PTSD 

pathophysiology and neuronal plasticity, AKAP12. In addition to PTSD/MDD, we cannot rule 

out the possibility that the present findings may be related clinical and/or abuse factors that are 

poorly controlled in post-mortem psychiatric human cohorts, including psychiatric medications, 

sleep disturbances, obstructive sleep apnea, hypertension and drug/alcohol abuse. 
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Abstract: Background: During the COVID-19 pandemic, the regional authorities provided 

hospitals with guidelines to prevent infection among the healthcare workers. How the perception 

of the implemented measures affect their psychological health and stress remains unknown. 

Moreover, numerous studies show a relationship between inflammatory status and work-related 

distress. Brain-derived exosomes (BDEs) are extracellular vesicles that may be produced by 

CNS cells, cross the BBB, then passively release cytokines in the blood. These BDEs may be 

potential targets to blood identify CNS-specific biomarkers. We hypothesized that specific 

measures implemented are critical to prevent distress in healthcare workers and that 

inflammation from BDEs are associated with risk to develop psychiatric symptoms. 

Methods: Fifteen participants participated to this study. Inclusion criteria were: 18-59 years-old 

man or woman; and working full-time as a CHU de Québec healthcare provider (nurses, 

therapists, etc.) during the COVID-19 crisis. All participants completed four self-report surveys 

three times (1st visit, 3 and 6 months later): Kessler psychological distress (K10); perception of 

risk and preventive measures; impact of event scale-revised; and MBI-Emotional Exhaustion 

Scale. Blood sample was drawn for enrichment of BDEs. For each visit, we divided the 

participants based on their K10 score: no/low vs moderate/severe psychological distress. Welch-

corrected t test was used for statistical analyses. 

Results: Participants with moderate/severe psychological distress tend to experience intrusion 

symptoms (p=0.07) and were more at risk to develop exhaustion (p≤0.01) than those with low 

distress. On the 2nd visit, the same group was still at elevated risk for exhaustion (p≤0.01), 

presented higher hyperarousal score (p≤0.01), and tends to have poorer perception of 

implemented measures (p=0.08) vs participants with low distress. On the 3rd visit, participants 

with moderate/severe distress displayed higher hyperarousal score (p≤0.05), posttraumatic 

symptoms (p≤0.05), job-related stress (p≤0.05) and risk of exhaustion (p≤0.005) vs those with 

low distress. 

Conclusion: Altogether these findings show that healthcare workers with a moderate/severe 

psychological distress exhibit increased intrusion and hyperarousal symptoms, and are at high 

risk for emotional burnout. Moderate or severe psychological distress is associated with high job-

related stress and negative perception of the implemented measures. Complementary analyses, 

insomnia data, and measurements of circulating levels of inflammatory markers from brain-

derived exosomes will also be presented. 
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Abstract: Post-Traumatic Stress Disorder (PTSD) is a debilitating anxiety disorder that impacts 

6-9% of the US population, with no effective cure. Exposure to traumatic events is unique to the 

human condition and is an etiologic factor in this disorder. The multifactorial nature of PTSD 

makes it difficult to understand the mechanistic neural changes involved in the disorder. Few 

studies have combined learning and reward-related neural analyses with deeply-profiled 

behavioral data. Promising meta-analyses in PTSD neuroimaging have shown hyperactivated 

network activity in the amygdala, the dorsal anterior cingulate cortex (dACC), and hypoactivity 

in the ventral medial prefrontal cortex (vmPFC), and inferior frontal gyrus, amongst others. It is 

known that this altered activity is observed when subjects are performing fear-related tasks and 

engaging in reward-processing systems. Our long-term goal is to understand how non-

pharmacological interventions like stellate ganglion block impede sympathetic outflow to the 

brain. To progress toward this goal, we will analyze the correlations between a rich profile of 

states and traits and the learning-reward network before treatment. 

Individual patients diagnosed with PTSD who have a Clinically Administered PTSD Scale for 

DSM-5 (CAPS) score greater than or equal to 26 were enrolled. We then gathered data on each 

subject using the CSSR-S, PHQ-9, three modules of the PROMIS (physical function, sleep 

disturbance, fatigue), the Anxiety Sensitivity Index (ASI), STAI, Intolerance of Uncertainty 

Scale, Anxiety Control Questionnaire (ACQ-r), Perceived Stress Scale (PSS), Fagerstrom 

Nicotine Dependence Inventory, WHOQOL-Bref, PCL-5, Life-Events Checklist (LEC-5), and 

TLFB alcohol and drug. 

Patients were then scanned using functional MRI (fMRI) while performing an emotional face 

processing task, fear conditioning and extinction learning task (Milad and Quirk, 2012), and an 

aversive decision-making task. While all tasks were being performed, skin conductance data 

were also collected. Finally, we gathered salivary cortisol and alpha-amylase both pre and post-

scan. Forthcoming correlational analyses should provide novel linkages and lay the groundwork 

for a better understanding of treatment mechanisms. 

This work was supported by the Glenn Greenberg and Linda Vester Foundation. 
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Abstract: Post-traumatic stress disorder (PTSD) is a common psychiatric disorder manifested as 

hyperarousal, anxiety, depressive symptoms, and sleep disturbances. Evidence-based treatments 

for PTSD have only partial efficacy (with remission rates reported to range from 20% to 30%) 

and can result in numerous side-effects and early discontinuation. In the past 10 years, a growing 

interest has developed in the use of cannabis and synthetic cannabinoids as medications for 

PTSD. However in rodents and healthy humans chronic use of cannabinoid receptor 1 agonists 

can cause downregulation of these receptors, with loss of critical functions such as fear 

extinction. Loss of fear extinction could severely effect natural recovery from trauma as well as 

interfere with extinction-based therapies for PTSD. Here we evaluated whether cannabis use 

modulates fear extinction in PSTD. Ninety-four volunteers grouped according to their cannabis 

use and PTSD diagnosis were tested in a fear conditioning and extinction task. On day 1, the 

volunteers were assessed for PTSD symptoms using the Clinician-Administered PTSD Scale for 

DSM-5 (CAPS-5), and cannabis use was recorded using a modified version of the Customary 

Drinking and Drug Use Record (CDDR). Subjects then underwent fear learning acquisition and 

extinction sessions. On day 2, subjects returned for assessment of extinction recall. Participants 

were screened for acute intoxication before testing to ensure behavioral effects were not caused 

by acute cannabis use. There was no effect of cannabis use or PTSD on fear learning. However 

there was a significant interaction (P<0.01) between PTSD symptoms and cannabis use on 

extinction recall. Individuals with PTSD plus high cannabis use (1g/day for at least 90 days) 

(N=28) had worse recall compared to all other groups (No PTSD/No cannabis, N=29; No 

PTSD/Cannabis, N=18; PTSD/No cannabis, N=20). PTSD symptom severity was also reduced 

in the PTSD/Cannabis group compared to the PTSD/No cannabis group. Non-aversive memory 

was differentially associated with PTSD and cannabis use, with the No PTSD/Cannabis group 

showing worse memory performance compared to No PTSD/No cannabis and PTSD/Cannabis 

group. These results indicate that despite improvements in PTSD symptom severity, chronic 

cannabis use may reduce fear extinction in PTSD patients. 
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Abstract: Post-traumatic stress disorder (PTSD) is an incapacitating psychiatric disorder that 

can be treatment-resistant especially after severe traumatic experiences such as combat trauma. 

For people with treatment-resistant PTSD (tr-PTSD), traditional therapy approaches, such as 

medication or trauma-focused psychotherapy, do not lead to sufficient symptom improvement. A 

promising novel approach for tr-PTSD is responsive neurostimulation, which aims to directly 

target abnormal neural activity through stimulation of target brain regions with electrical current. 

Responsive neurostimulation, however, requires a reliable biomarker (i.e., a symptom-related 

neural signature in a specific brain region), that can be continuously monitored and that can 

trigger stimulation upon its detection. The present study aims to identify a suitable biomarker for 

responsive neurostimulation to mitigate tr-PTSD symptoms. We recorded intracranial 

electroencephalographic (iEEG) data in two individuals with intracranially implanted electrodes 

in the amygdala for a clinical trial to investigate the effectiveness of responsive neurostimulation 

in tr-PTSD. Oscillatory activity in the amygdala was recorded during exposure of both 

participants to individualized trauma reminders. Specifically, we used a script-driven imagery 

task during which the participants listened to audio-recorded narratives of their most severe 

trauma, and of a personal pleasant experience as a control condition. Participants reported 

increased PTSD symptom severity and anxiety during traumatic compared to pleasant individual 

reminders. Traumatic reminders were further accompanied by a significant increase of 

oscillatory power in the amygdala within the theta frequency band (5-9 Hz). These results 

suggest that increased theta activity in the amygdala could serve as a biomarker of an enhanced 

fear state during acute tr-PTSD symptoms. Future studies will investigate the suitability of this 

biomarker for responsive neurostimulation to mitigate acute and long-term PTSD symptoms and 

to measure treatment response of affected individuals. 
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Abstract: War and conflict impact millions of people worldwide, but the neurophysiological 

consequences of long-term exposure to trauma are unknown. A few studies have examined 

biomarkers of posttraumatic stress disorder (PTSD) in quantitative electroencephalography 

(qEEG), in most instances documenting unique patterns of neurophysiological brain activity, but 

results are inconsistent. This study investigated whether war refugees with and without clinical 

and subclinical PTSD would show abnormal qEEG activity. Moreover, it examined associations 

between qEEG markers and PTSD symptom severity. The hypothesis is that qEEG differences 

will be found between the PTSD group and controls, and that PTSD symptoms will predict 

observed differences. African war refugees in Australia were recruited for this study. Participants 

were assigned to a clinical and subclinical PTSD group (n = 35) and a trauma-exposed healthy 

control group (n=35). The final sample (n = 70) included Liberian (n = 22), Sudanese (n = 25), 

and Congolese (n = 23) refugees, consisting of 31 males and 39 females aged 18 - 54 years (M = 

33.64, SD = 10.54). In the PTSD group, 28.6% reported experiencing PTSD symptoms for the 

past 6-15 years, 65.7% for the past 16-30 years, and 5.7% reported persistent symptomatology 

for over 30 years as a result of long-term traumatic exposure. All participants completed the 

Clinician-Administered PTSD Scale for DSM-5 (CAPS-5) and resting-state EEG recordings. 

Scalp EEG was recorded with the Geodesic’s 32-Channel HydroCel net according to the 

standard 10-20 international system. Recordings were plotted into a frequency power spectrum 

using Fast-Fourier Transform (FFT) for all bands and brain regions. Independent t-tests and 

regression analyses were used to identify potential biomarkers and symptom associations. 

Results support the hypothesis of distinct EEG patterns among the PTSD group, which were 

observed in frontal, parietal, occipital, and temporal regions. Increased theta and beta activity in 

PTSD (p < .05) support previous studies, but findings in higher alpha power do not. Intrusion, 

avoidance, and negative mood and cognition symptoms strongly predicted higher theta and alpha 

power (p < .005). No symptom associations were found for higher beta activity, however, this 

marker was higher among females in the PTSD group. This is the first study to demonstrate how 



long-term exposure to trauma and chronic PTSD may impact brain activity among African war 

refugees. These results may serve as parameters to inform the development of portable precision 

diagnostic tools for resource-poor regions worldwide impacted by war and other emergencies. 
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Abstract: The applications of MRS to investigate the metabolic window on a wide range of 

biochemical processes are extremely diverse. MRS was the first tool that demonstrated 

biological changes in mental health patients, namely imbalances in brain metabolism, changing 

the stigma of mental health. However, research evidence for altered in vivo metabolite levels 

across post-traumatic stress disorder (PTSD) are lacking. This study evaluates edited and 

unedited single voxel spectroscopy (SVS) of ten clinically diagnosed PTSD participants and their 

age and gender-matched healthy controls. Four brain regions (anterior cingulate cortex (ACC), 

dorsolateral prefrontal cortex (DLPFC), insula, hippocampus related to the underlying PTSD 

symptoms have been investigated for assessment of alterations in cognitive processing, such as 

lack of extinction of the fear response, flashbacks, heightened physiological responses to trauma, 

and general hyperarousal symptoms and hypervigilance. Fifth brain region, the amygdala, was 

only investigated using unedited MRS due to difficulty in acquiring usable and reliable edited 

MRS. Unedited SVS was obtained using Point RESolved Spectroscopy (PRESS), processed in 

Osprey and analyzed using LC Model. Edited MRS was obtained using HERMES and analyzed 

using Gannet. To overcome acquisition downfalls, we have conducted critical optimization for 

each voxel of interest (VOI) by finding the optimal voxel rotation and slice order selection to 

enhance data quality and reproducibility. Amygdala is a core component in neurobiological 

models of stress-related pathologies. We found statistically significant changes in PTSD 

participants compared to healthy controls indicating neurotrauma with elevated glutamate-

glutamine (Glx), and creatine (tCr) values. Additionally, a decrease in choline (tCho) seems to 

indicate neurotrauma related metabolic changes in the brain region in charge of “flight or fight” 

state. Statistically significant decrease is observed in tCho, a cell membrane turnover marker, in 

four out of five brain regions. Edited MRS depicted the important role of three brain regions in 

PTSD. Lower concentration of GABA in the hippocampus is a biological marker of vulnerability 



for development of mood disorders, anxiety, depression, and insomnia which are common 

symptoms of PTSD. While the findings for Glx levels are somewhat inconsistent, a meta-

analysis suggests that Glx concentration are increased in frontal brain regions in neurological 

disorders, confirmed by our findings in the ACC. Glutathione, an antioxidant, is decreased in 

DLPFC of PTSD subjects due to an active protection against toxicity. 
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Abstract: Introduction: PTSD and sleep dysfunction are very common in US combat veterans 

with a bidirectional relationship. Chronic stress response associated with PTSD and sleep 

disturbance leads to immune endocrine changes and increased production of cytokines. Aims: 

To determine correlations between the severity of PTSD and sleep dysfunction symptoms and 

circulating levels of inflammatory cytokines and to evaluate if treating sleep dysfunction in 

treatment-naïve PTSD patients with standard sleep agents is associated with decreases in the 

circulating levels of cytokines and severity of PTSD symptoms. Methods: Nineteen treatment 

naïve veterans with PTSD and concurrent sleep disturbance were recruited for treatment with 

sleep agents for 3 months. Patients with sleep apnea, preexisting inflammatory conditions and on 

immunomodulatory drugs were excluded. Severity of sleep dysfunction was assessed before and 

at the end of treatment period using Epworth Sleepiness Score (ESS) and Pittsburgh Sleep 

Quality Inventory (PSQI) questionnaires and PTSD severity was assessed using PTSD Check 

List (PCL-5). Blood samples were obtained to assess serum cytokine levels using human 

cytokine plex-65 discovery assay. Results: Initiation of sleep agents led to improvement in sleep 

measures and clinically significant improvement in PTSD measure as demonstrated by decrease 

in scores (Figure 1). Out of 65 cytokines measured by multiplex assay, 22 cytokines were 

downregulated, and one was upregulated (p-value <0.05) Table 1. 
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Abstract: Major Depression (MD) is a debilitating disorder characterized by low mood and 

anhedonia that affects roughly one out of every six adults worldwide. Several large GWAS 

studies have already identified genome-wide significant variants associated with MD. However, 

little can be said about the functional impact of these variants from the GWAS alone. A 

complementary approach to understanding the underlying neuropathology of MD involves 

identifying transcriptome changes associated with major depression in postmortem brain tissues. 

MicroRNA (miRNA), a class of small non-coding RNA with important gene regulatory 

functions and high expression in the brain, has been studied in relation to neuropsychiatric 

phenotypes. In this study, we used miRNA-Seq to compare the expression of 947 miRNAs 

between 150 MD patients and 150 matched controls in the subgenual anterior cingulate cortex 

(sACC) and in the amygdala. We applied statistical and bioinformatic analyses, e.g., single 

miRNA differential expression analysis (DEA), weighted gene co-expression analysis 

(WGCNA), expression quantitative trait loci (eQTL), and miRNA/mRNA correlation-based 

analyses to detect a set of miRNAs with a converging role in the etiology of MDD. In the sACC 

We identified 50 miRNAs whose expression was associated with MD (at FDR of 5%). These 

included miRNAs that were both previously associated with MD and unique to this study as well 

as miRNAs associated with neurodevelopment or other psychiatric illness. The network analyses 

detected two significant miRNA modules associated with MD at the Bonferroni corrected p &lt 

0.05, the module eigengenes (ME) of which were also negatively correlated with mRNA 

modules significantly associated with MD. Our eQTL analysis identified 86 significant cis- and 8 

trans-eQTLs modulating the expression of these miRNAs. We further showed the eQTLs for 

these miRNAs are enriched for signals in GWAS of MD. Lastly, we note A to I RNA editing for 

a number of our top miRNAs highlighting additional biological mechanisms by which miRNA 

contribute to neuropathology of MD. In conclusion ours is the largest to date postmortem brain 

miRNA expression study of major depression, and our ongoing analyses provides solid evidence 

of the importance of miRNA as a contributing factor to the development of MD. 
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Abstract: Background: Panic disorder (PD) is sexually dimorphic in its clinical manifestation 

and disease course. Recent evidence suggests that sex differences in PD may result from the 

different brain responses to fear and anxiety between men and women. Considering oxytocin’s 

role in the regulation of socio-emotional behaviors, epigenetic alterations in the oxytocin 

receptor gene (OXTR) could be one possible mechanism underlying sexual dimorphism in PD. 

We aimed to investigate the sex difference in cerebral gray matter (GM) volume and its 

association with OXTR methylation in patients with PD. Methods: Forty-six patients with PD 

(24 women) and 55 healthy controls (HCs; 31 women) underwent a high-resolution T1-weighted 

magnetic resonance imaging scan and provided peripheral blood samples at baseline. Cerebral 

GM volume differences were examined using FreeSurfer’s surface-based general linear model 

analysis. OXTR methylation was performed using the pyrosequencing method. The severity of 

PD symptoms was assessed using the Panic Disorder Severity Scale (PDSS) and Albany Panic 

and Phobia Questionnaire (APPQ). Results: Patients with PD showed smaller GM volumes in 

the right frontal pole, post-central gyrus, superior temporal gyrus, and parahippocampal gyrus 

compared to HCs independent of sex. An interaction effect of sex and PD diagnosis was found in 

the left precuneus; its volume was higher in women than men in patients with PD and vice versa 

in HCs. OXTR methylation, which was decreased in patients with PD than in HCs irrespective of 

sex (F = 37.2, p < 0.001), showed a significant negative correlation with the precuneus volume 

in women (r = -0.329, p = 0.014), but not in men (r = 0.191, p = 0.204). Higher precuneus 

volume was correlated with more severe agoraphobia in women with PD (ρ = 0.448, p = 0.042), 

whereas an inverse correlation was found in men with PD (ρ = -0.566, p = 0.009). Discussion: 

Our findings suggest that epigenetic alterations of OXTR contribute to structural brain changes in 

the precuneus underlying the sexual dimorphism in PD. Furthermore, the inverse association 



between the precuneus volume and severity of agoraphobia in women and men with PD may 

provide a clue to understanding the neurobiology of the sex-different manifestation of PD. 

Further research is required to figure out the pathogenesis of PD with an integrated picture of the 

oxytocin system in men and women. 
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Abstract: Anxiety disorders are characterized by aberrant threat anticipation. While most 

research on aberrant responses in anxiety uses trial-based tasks, naturalistic paradigms may be 

more ecologically valid for studying psychopathological mechanisms. Such research is 

particularly needed in youth with anxiety, prior to later compounding psychopathology. We used 

a child-appropriate scary movie to evoke a threat anticipation state during functional 

neuroimaging to assess fear circuitry function in youth with anxiety disorders relative to healthy 

youth. 54 subjects, including 25 anxiety patients and 29 healthy controls [F/M=30/24, age 

M(SD)=14.43(2.26) years] underwent a baseline resting-state scan, followed by a 6-minute scary 

movie. Cognitive (self-reported fear; assessed between scans) and physiological (skin 

conductance, SC; recorded continuously) fear responses were recorded. Functional connectivity 

data were preprocessed with fMRIPrep and analyzed using SPM12-based CONN. Based on prior 

translational research, we defined a fear circuitry encompassing cortical and subcortical regions 

of interest (ROIs). We performed network-based connectivity statistics (multivariate pattern 

analysis omnibus test; p< .005 edge-wise and p< .05 FDR cluster-level thresholds) in a mixed 

design (group as between-subjects factor; scan as within-subject factor), controlling for age and 

sex. Results indicated that the movie elicited greater cognitive and physiological fear responses 

in anxious relative to healthy youth. We found no significant group differences in connectivity 

during the baseline resting-state scan, suggesting comparable intrinsic connectivity patterns. In 



contrast, significant group differences emerged in the change in connectivity between baseline 

and movie. Anxiety patients showed a greater increase in connectivity within a distributed 

cortical-subcortical network that included the bed nucleus of the stria terminalis and central and 

basolateral amygdala, and cortical regions such as posterior cingulate cortex and ventromedial 

prefrontal cortex, and additional regions. Nodes in this network have been implicated in 

extensive fear and defensive response research. Here, we used naturalistic threat-anticipation 

induction and network statistics to characterize patterns of aberrant function in this circuitry in 

pathological pediatric anxiety. These findings can guide translational neuroscience and clinical 

research on psychopathological mechanisms in anxiety and potential treatment approaches. 
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Abstract: Social anxiety disorder (SAD) is characterized by fear and avoidance of social 

situations. Although functional changes of the limbic area for emotional hyper-reactivity and 

emotional dysregulation are well documented, prior neuroimaging studies on structural changes 

have shown mixed results. A total of 35 patients with SAD and 42 matched healthy controls 

underwent structural magnetic resonance imaging. A high-resolution anatomic whole-brain scan 

was acquired using a T1-weighted inversion recovery 3-dimensional fast-spoiled gradient echo 

sequence. For a comparison of vertex-based analysis, we calculated local averaged cortical 

thickness of each subject using automatic parcellation, based on an automated surface 

registration algorithm and a surface template on which regional boundaries were defined 

manually. Cortical thickness was increased in the left insula, left superior parietal lobule, left 

superior temporal gyrus, and left frontopolar cortex in patients with SAD than healthy controls. 

Cortical thinning was shown in the left medial prefrontal cortex and the left fusiform gyrus in 

patients with SAD (FDR corrected p < .05, brain size entered as a covariate). Partial correlation 

analyses with brain size and age as covariates revealed that earlier age of disease onset was 



associated with smaller volumes of the left medial prefrontal cortex (r = .411) and left fusiform (r 

= .431) in patients (all, FDR uncorrected p < .05). These findings are in line with prior functional 

and structural alterations of salience and frontoparietal networks for attentional functions, and 

autobiographical and social structures for socioemotional processing in patients with SAD. 
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Abstract: Mental disorders cause the high burden of diseases associated with disability in 

developing countries. There has been no study on the prevalence of mental disorders in the 

general population of Mongolia since 2005. Therefore, this study aimed to determine the 

prevalence of mental distress and its risk factors in the Mongolian population. The study was 

conducted between July and October 2020, as a part of a nationwide multicenter, 

interdisciplinary, prospective, population-based cohort study that investigates brain-related 

disorders in the general population. 646 participants from 64 sampling sites spread through 

Ulaanbaatar and rural regions were approached. To assess potential mental distress in the general 

population, we used a combination of a 42-item self-report questionnaire and a 13-item 

structured psychiatric interview. Vital function tests and a survey on the quality of life were 

administered to each participant. Among the participants (mean age=38.0±15.4; 57.6% women), 

35.9% were evaluated as having mental distress. There was a difference in residence location and 

the brain overactivity scale (BOS) total score between distressed and normal people (p=0.011 

and p=0.024, respectively). Multiple linear regression showed that an increased in the BOS total 

score was associated with those who were young, living in urban areas, and have high quality of 

life. These results suggest that the prevalence of mental distress is 35.9% among the general 

population in Mongolia. The use of the BOS questionnaire along with a psychiatric interview can 

provide an effective screening tool in low-resource settings. 
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Abstract: The relationship between neuroimaging measures and clinical/behavioral phenotypes 

is an important avenue of research in psychiatry and neuroscience. However, recent evidence 

questions the usefulness of neuroimaging markers, as they may lack validity and reliability 

important for clinical relevance. In this study, we explored whether global efficiency of the 

amygdala - a region highly implicated in internalizing psychopathology - improves the 

diagnostic performance of the Development and Well-Being Assessment (DAWBA) in a 

pediatric anxiety cohort. The DAWBA is a package of online questionnaires, lay interviews, and 

rating techniques for assessing psychiatric diagnoses in children and adolescents. Twenty-four 

participants (14 with a diagnosed anxiety disorder and 10 healthy controls) completed the 

Kiddie-Schedule for Affective Disorders and Schizophrenia for School Aged Children (KSADS) 

with a trained clinician, after which they completed the DAWBA and a resting state fMRI scan. 

For each disorder, the DAWBA produces a band score indicative of an individual’s risk for 

diagnosis; here, we used the highest band score across all anxiety disorders as a predictor. Global 

efficiency measures were calculated using the CONN Toolbox. We used logistic regression to 

analyze the relationship between the maximum DAWBA band score, amygdala global 

efficiency, and a clinician’s diagnosis via the KSADS. We tested two models, one full model 

with amygdala efficiency and the maximum DAWBA band score as predictors, along with age 

and sex as covariates. For comparison, we also tested a clinical model using only the DAWBA 

band score as a predictor, along with age and sex as covariates. The full model with the 

amygdala and the DAWBA band score showed that amygdala efficiency was not significant in 

predicting a clinician diagnosis (β = 0.87, p = .38, 95% CI (-0.83, 3.27)). The DAWBA band 

score, however, was a significant predictor in both models. The full model presented a 

marginally higher AIC (22.66) compared with the clinical model without the efficiency predictor 

(AIC: 21.58). The DAWBA alone was a strong predictor of diagnosis (β = 3.64, p = .03, 95% CI 

(1.41, 8.59)). Despite the limited sample size, our results suggest that the DAWBA alone is a 

very sensitive, if not specific, predictor of a clinician’s diagnosis while amygdala global 

efficiency does not produce any detectable improvement in diagnostic prediction. Aligned with 



the extant literature, our results suggest that using neuroimaging markers as indicators of risk for 

anxiety disorders may be limited due to small effect sizes. 
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Abstract: The developing society has increasing incidence of stress and anxiety-based disorders 

due to the current lifestyle and work-life balance. Stress and anxiety can lead to cognitive decline 

and influence adult neurogenesis. Mind-body techniques like Yoga have been known to reduce 

stress and related complications. Through this exploratory study, we wanted to understand the 

molecular mechanism through which Mind-Body technique-based yoga protocol helps in 

amelioration of lifestyle stress-based cognitive decline, we recruited 2 groups: 60 healthy adults 

between the age of 18-55 years who had a sedentary lifestyle, and they were given 45 minutes of 

Yoga intervention for 3 months for 5 days/week, the control group comprised of 50 healthy 

adults (no intervention was given). Assessment of stress and anxiety was done through STAI 

questionnaire, and their general health and cognitive functioning were also measured using 

neuropsychological scales, i.e., General Health Questionnaire (GHQ), Digit Span test (DST), 

Trail Making Test (TMT A & TMT B) and Digit Symbol Substitution Test (DSST) before and 

after the intervention. To understand the molecular influence of the inclusion of Yoga based 

lifestyle intervention on the molecular and biochemical parameters, blood samples of the 

participants were taken at baseline, after 1 month, and after 3 months of the intervention, and 

assessment of serum levels of BDNF, VEGF, Angiogenin, and Amyloid-beta was done by 

ELISA, Anti-apoptotic markers (BCl 2 and Bcl xL) were also measured by qRT PCR. Also, the 

Lipid profile of the participants was measured. The results show that after 3 months, the yoga 

group showed a significant decline in stress and anxiety, showed an overall improvement in 

general health, showed an increase in HDL (the good cholesterol), BDNF, VEGF, Angiogenin, 

and Amyloid-beta showed a pattern of change after 1 and 3 months of yoga practice. Also, anti-

apoptotic markers i.e., BCl 2 and B Cl xL showed an increase after yoga practice for 3 months. 

These results ascribe that the inclusion of yoga practice in daily lifestyle can help maintain a 



stress-free life with improved cognition, and the effects observed are through the molecular 

effects on the angiogenesis and neurogenesis pathways. 
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Abstract: Structural abnormalities in the (orbito)fronto-striato-thalamo-(orbito)frontal loops in 

patients with obsessive-compulsive disorder (OCD) are among the most reliable systems 

neuroscience findings in psychiatric disorders. The orbitofrontal cortex (OFC) has been 

determined as a crucial cortical structure both, for evaluation of positive and negative outcomes 

of actions in healthy subjects and for the pathophysiology of OCD (1). The aim of our study was 

to determine, whether and which volumetric abnormalities persist or change, respectively, in the 

course of cognitive behavior therapy (CBT) of OCD. Voxel-Based Morphometry (VBM) allows 

for detection of gray matter (GM) changes reflecting neuroplasticity as early as after one week of 

training. Thirty-five unmedicated inpatients were scanned twice, at admission and after 3 months 

of structured CBT. Accordingly, we scanned healthy matched control subjects twice, using a 

Siemens Trio 3-Tesla scanner. T1-images were analyzed with SPM12 software using customized 

procedures for preprocessing of longitudinal VBM data (http://dbm.neuro.uni-jena.de/vbm). 

Symptom severity scores and neuropsychological profiles were obtained from patients at both 

time points of scanning. We analyzed GM volume for effects of group, time, and their 

interaction, respectively. In comparison to healthy controls, we found an enlargement of lateral 

prefrontal and lateral orbitofrontal cortex in OCD patients. These differences remained 

unchanged despite a highly significant reduction of OCD symptoms after CBT. In contrast, 

medial OFC/orbital gyrus and amygdala were enlarged in patiens after therapy as compared to 

the first measurement at admission. Other regions showed time-independent differences between 

group. Left anterior and posterior insula/operculum GM volume was increased in patients. 

Patients showed a persistingly reduced GM volume of the substantia nigra/nucleus 

subthalamicus. The observed enlargement of lateral prefrontal and orbitofrontal cortex in patients 

with OCD is consistent with functional neuroimaging findings of over-recruitment of these 

regions in rest and during cognitive demands. The lateral OFC seems preferably involved in 



processing information about (potential) punishment, whereas medial orbitofrontal cortex 

activation is rather important for the evaluation of (potential) reward in healthy subjects. The 

present finding of medial OFC and amygdala GM volume increase in the course of CBT is both, 

consistent with the medial-lateral functional distinction hypothesis and clinically plausible given 

'reward deprivation' in OCD. 
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Abstract: SFN 2022 Binaural pulsesEvaluation of the effect of musical stimuli with alpha, beta 

and theta binaural pulses under stress, anxiety and concentration conditions(Romero, O., 

Betancourt, C., Conti, J.) 

Music is considered one of the elements that cause pleasure in life; it improves health through 

neurochemical systems for reward, motivation and pleasure. Binaural pulses (BB) - stimulation 

of sensory information - provide potential information of altered consciousness to modify the 

states of excitement, attention and level of consciousness. They can be classified in theta (4 to 

7.9 Hz), alpha (8 to 13.9 Hz) and beta (14 to 30 Hz) waves. Theta waves are often associated 

with information consolidation processes or long-term memory tasks, alpha with cognitive 

improvement and beta with executive functioning.The release of dopamine induced by listening 

to music, provides a sense of calm; however, the musical genre can alter the results between 

different individuals because the stimuli that provide pleasure is different for each person.During 

the SARS-COV-2 pandemic, distance education was implemented, so university students used 

different concentration strategies to perform the tasks assigned by their teachers. In this work we 

evaluated the effect of BB generated by a compilation of songs that emit BB alpha, beta and 

theta, and how stress and concentration were modified when performing tasks that require 

logical-mathematical skills.A total of 200 participants were enrolled in the study. We found that 

University students got better results while listening to BB theta including on reggaeton and 

regional mexican band, compared to the exam resolved while listening to BB alpha and beta. 



Since BB alpha/beta are related to cognitive improvement and executive 

functioning, it is quite surprising that students got more concentrated with BB theta than alpha or 

betha. This case could be explained because of the personal music taste that prevail among 

students, in which BB theta music predominates, even mentioning the adaptation of participants 

with BB theta on a regular basis. 
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Abstract: Attentional resources are allocated to emotional stimuli within the environment. An 

attentional preference for one type of valenced stimuli is defined as an attentional bias. It is 

thought that attentional biases toward negative stimuli underlie cognitive maintenance and 

vulnerability to affective disorders such as anxiety. Attentional biases have been linked to frontal 

and subcortical areas thought to mediate affective regulation and processing, such as the lateral 

and superior prefrontal cortex, anterior cingulate cortex (ACC), and the amygdala. In the early 

2000s, attention bias modification (ABM) was developed as a potential treatment for targeting 

this type of cognitive bias. However, ABM does not appear effective for everyone, underlying 

the importance for improving the understanding of which factors predict treatment success. The 

current investigation was aimed to discover which brain regions at baseline predict changes in 

anxiety symptoms following an ABM intervention. Thirty-one participants (NFemale = 22; MAge = 

21.5) who scored 40+ on the State-Trait Anxiety Inventory (STAI; M = 52.29, SD = 6.59) and 

had attentional bias scores greater than 7 ms completed attentional training away from negative 

images. Prior to receiving training, structural T1-weighted scans were obtained using a 1.5 T 

MRI. Six-weeks of ABM were administered using a mobile application installed on participants’ 

phones. The STAI was administered again following ABM training. Trait subscores of the 

inventory were used to assess the relationship between baseline gray matter volumes and 

intervention-related changes in trait anxiety. Structural MRI images were processed using 

CAT12 (version 12.8). A voxel-based morphometry (VBM) regression model including changes 

in trait anxiety as a covariate and total intracranial volume as a nuisance variable was created in 

SPM12. Pre-session trait anxiety was marginally higher than the post-session (M = 51.68, SD = 



8.23). We observed that lower levels of baseline gray matter volume in a large cluster 

encompassing the subgenual ACC and the ventral striatum (VS) significantly predicted decreases 

in trait anxiety (t(28) = 4.76, pFWE = 0.003, k = 690). A similar relationship was observed in 

another cluster including the posterior cingulate cortex (PCC), but did not reach statistical 

significance when controlling for multiple-comparisons (t(28) = 4.62, puncorr = 0.021, k = 174). 

Results from this investigation suggest that the gray matter volume of brain regions involved in 

affective control and processing are important when determining who may most benefit from 

ABM. 
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Abstract: Previous structural MRI studies have demonstrated that people who exhibit high 

levels of trait anxiety as well as those with an anxiety disorder tend to display lower gray matter 

volume(compared to healthy controls) in regions of the frontal cortex. Beyond traditional sources 

ofanxiety, climate change is an important global threat that can lead to elevated levels of anxiety. 

Indeed, studies have shown that people who care about the impacts of climate change tend 

toexperience heightened anxiety related to the phenomenon. Accordingly, a newly 

developingconstruct of climate change anxiety has emerged in the last few years, but little is 

known aboutits cognitive and neural correlates. Here, in an initial investigation, we assessed 

voxel-wise differences in gray matter volume across the brain in relation to climate change 

anxiety.Twenty-one participants (16 females, age: M = 20.4 years, SD = 2.16, range = 18 - 28 

years) completed the climate change anxiety questionnaire (M = 23.6,SD = 9.51, range = 13 - 

43), thenthey later received structural T1-weighted MRIs using a 1.5 T scanner within a week of 

completing the questionnaire. Using the CAT 12 toolbox in SPM 12 within the MatLab suite, a 

voxel-based morphometry linear regression was run using climate change anxiety scores as well 

as total intracranial volume as covariates. The analysis showed that lower gray matter 

volumewas associated with higher climate change anxiety in clusters located within the 

dorsolateral prefrontal cortex (t = 4.50, p < 0.001, k = 113) and posterior parietal cortex (t = 4.95, 

p < 0.001, k= 205). Results from this analysis add insight intothe neuroscience of climate change 

anxiety. Inparticular, our findings suggest that anxiety related to climate change is also linked to 

morphological differences in the frontal lobe, and posterior parietal cortex, as observed in 

research into general/high trait anxiety. The dorsolateral prefrontal cortex is associated with 



attention guidance and emotion regulation, which can be affected in anxiety. Lower grey matter 

volume in these areas may decrease the ability to utilize regulatory cognitive control 

processesthat in turn may contribute to symptoms of anxiety. Future research will be needed to 

determine the exact functional significance of these gray matter volume differences; yet, our 

results provide initial evidence that climate change anxiety is linked to gray matter volume 

differences in regions implicated in cognitive control. 
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Abstract: Attention bias modification (ABM) is an intervention aimed at reducing anxiety by 

training individuals with an attentional bias toward threatening stimuli to redirect their attention 

toward non-threatening stimuli. Previous research found changes in amygdala, anterior cingulate 

cortex (ACC), and lateral prefrontal cortex (PFC) activity following ABM with effectiveness 

increasing with neuromodulation of the dorsolateral PFC. Although ABM has been found to be 

effective for some individuals, it is not effective for everyone. Identifying predictors of ABM 

outcomes could help determine who is most likely to benefit from the training. This investigation 

aimed to identify differences in intrinsic functional connectivity that predicted successful 

reduction in anxiety following ABM. Participants were initially screened using the state-trait 

anxiety inventory trait scale (STAI-T) for scores greater than 40 to be included in the study. 50 

participants were assigned to complete 36 ABM training sessions across six weeks where 

attention was trained away from negative stimuli (including fearful faces and emotionally 

negative words). Resting-state functional MRIs were obtained before and after ABM training 

using a 1.5 T scanner. Participants who did not complete ABM training or had excessive motion 

during the MRI scan were excluded, leaving N = 21 participants (NFemale = 15) in the final 

analyses. In the post-session, the STAI-T was completed to assess changes in trait anxiety as a 

result of the ABM training. ROI-to-ROI resting-state functional connectivity analyses were 

performed utilizing seeds from the salience, frontoparietal, and default mode networks involved 



in anxiety-relevant processes including affective, cognitive control, and self-referential 

processing, respectively. Post-training STAI-T scores were descriptively lower (M = 52.05, SD = 

8.04) compared to before training (M = 53.43, SD = 6.34). We observed that decreased 

functional connectivity between the dorsal ACC (salience network) and medial PFC (default 

mode network) at baseline predicted greater improvements in anxiety following ABM training 

(t(17) = -3.59, pFDR = 0.03). This finding suggests that weaker functional connectivity between 

networks involved in salience detection (ACC) and self-referential processing (mPFC) at 

baseline predict greater symptom change following ABM. Both the ACC and mPFC are involved 

in emotion appraisal and regulation. Weaker connectivity between these structures at baseline 

could indicate poorer ability to process and regulate negative emotion, thus leading individuals to 

experience greater changes over the course of ABM training. 
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Abstract: Application of closed-loop approaches in systems neuroscience and deep brain 

stimulation (DBS) holds great promise for revolutionizing our understanding of the brain and for 

developing novel neuromodulation strategies to restore lost function. The mammalian central 

thalamus (CT) is hypothesized to underlie arousal regulation of the cortex, a mechanism critical 

to supporting performance during wakefulness. Dysfunction of arousal regulation is 

hypothesized to contribute to the persistent deficits in executive attention, working memory, and 

chronic mental fatigue experienced in a variety of neurological disorders, most prominently in 

patients following traumatic brain injury (TBI). Previously, we showed that central thalamic 

DBS (CT-DBS) produced robust improvement in arousal and recovery of cognitive and motor 

function in a very severe TBI patient. In a recently completed feasibility study (NS095554), we 

demonstrated in five moderate to severe TBI (msTBI) patients that CT-DBS can restore 

executive attention and working memory, and in three patients, reduced mental fatigue. Despite 



these promising results, our current mechanistic understanding of arousal regulation is limited by 

our inability to chronically record, analyze, and modulate, in real-time, arousal regulation of the 

cortex in behaving animals. Here we present data collected from two healthy non-human 

primates (NHP), Macaca mulatta, as they performed visuomotor reaction time tasks, while using 

the Picostim-DyNeuMo2 (Oxford and Bioinduction, Ltd. Bristol, UK) bi-directional, closed-loop 

research platform in order to modulate, in real-time, arousal regulation and performance. 

Chronic epidural ECoG signals collected over medial frontal areas were used to develop subject-

specific algorithms to identify periods of low arousal and alertness. The NHPs’ task performance 

and drowsiness, the latter quantified using eye blink duration and partial-to-full eye closures, 

were measured. The DyNeuMo2 embedded classifier detected the presence of low arousal/alert 

states and initiated stimulation CT-DBS until the ECoG signals return to an ‘alert’ state. 

Preliminary results from CL-DBS experiments show correlation above 0.7 between loss of 

alertness (eyes closed) and stimulation state changes; optimization of the stimulation algorithm is 

ongoing. These results represent proof-of-concept and a first step in our goal to design and test 

novel closed-loop devices that are capable of monitoring the circadian dynamics of arousal 

regulation in TBI patients, in order to effectively restore arousal regulation and thereby improve 

executive attention, working memory and reduce mental fatigue. 
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Abstract: Amongst the general population, an estimated 5-10% contain low levels of anti-

NMDAR1 autoantibodies in their peripheral blood stream. High titers of anti-NMDAR1 

autoantibodies in the brain can cause anti-NMDAR1 encephalitis that displays psychiatric and 

neurological symptoms. We have previously shown that mice with chronic low titers of anti-

NMDAR1 autoantibodies exhibit impairments in working memory, fear extinction learning and 

recall. NMDAR signaling in prefrontal cortex plays a key role in fear extinction and post-

traumatic stress disorder (PTSD) development; and circuits underlying fear learning, extinction 

and recall are highly conserved across rodents and humans. Therefore, we hypothesized that anti-

NMDAR1 autoantibodies in humans may also disrupt these fear processes and thereby confer 

increased risk for PTSD. In this study, we aim to investigate the prevalence and consistency of 

anti-NMDAR1 autoantibodies in a high-risk human population, and explore associations 

between autoantibody levels and multiple cognitive measures. We leveraged 143 banked blood 

samples and symptom data from a prospective longitudinal study of PTSD development in 

Active Duty Marines, which provides us with blood plasma samples collected before and after a 

7 month combat deployment to Afghanistan. Subjects were age-, gender-, trauma exposure (Life 

Events Checklist “witnessed” or “happened to me” total scores) and ethnicity-matched. We 

utilized our previously developed novel, highly sensitive One-Step immunoassay to semi-

quantify the staining intensities of 286 samples. We find that NMDAR1 autoantibodies are 

present in 16.7% of all participants, with 9.8% containing autoantibodies both before and after 

their one-year deployment. ~5% of participants developed autoantibodies during their 

deployment period, and 2% displayed a cessation of autoantibody production. Participants were 

also assessed for PTSD symptom severity at both time points, as well as fear extinction 

performance. Thus far, our exploratory analysis suggests associations between NMDAR1 

autoantibodies and memory performance. Together, our findings suggest that circulating 

NMDAR1 autoantibodies in humans are persistent, and have the potential to influence cognitive 

deficits in trauma-exposed populations. 
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Abstract: Background and Aim: Long term neuroendocrine immune alterations have been 

proposedto play a mechanistic role in Post-Traumatic Stress Disorder (PTSD) as well as in 

itsassociated increase in physical morbidity and mortality. Better characterization of 

alteredimmune function may help identify diagnostic and prognostic biomarkers and 

potentiallytargets for preventive intervention.Methods: As part of a prospective cohort ongoing 

study, we conducted a preliminary casecontrol comparison of resting mononuclear cell profile 

between terror victims treated inchildhood at the Hadassah Medical Center emergency 

department over the previousdecade, who developed chronic PTSD upon long term follow up or 

recovered, and healthynon traumatized controls.Results: Our results point to childhood trauma 

related childhood long term alterations in theexpression of genes related to cortisol reactivity, 

including the glucocorticoid receptor aswell as its trans-activator Spindle And Kinetochore 

Associated Complex Subunit 2 (SKA2)among resting mononuclear cells in young 

adults.Conclusion: Chronic resetting of the neuroendocrine reactivity of immune cells 

mayparticipate in inflammatory activation, as well as modulate immune - neuro-

endocrinefeedback.Better characterization and understanding of these findings may point 

todiagnostic and prognostic biomarkers and potentially elucidate mechanistic involvement 

ofimmune activation in childhood trauma related chronic PTSD. 
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Abstract: Evidence suggests that individual differences in trait anxiety affect cognition, but its 

effect on sensorimotor function remains unknown. Sensorimotor function involves goal-directed 

attentional control to influence perception and generate action. Attentional Control Theory 

(ACT) postulates that high trait anxiety impairs attentional processing efficiency but does not 

affect behavioural performance. This study sought to assess the relationship between trait anxiety 

and sensorimotor function by examining early cortical event-related potentials (ERPs) in 

response to visual-tactile stimuli and behavioural performance cost incurred by crossmodal 

distractors. Trait anxiety was assessed using the State-Trait Anxiety Inventory trait scale (STAI-

T). Electroencephalography was used to acquire early tactile (P50, N70, P100, N140) and visual 

(P1, N1, P2) ERP peak amplitudes from 27 healthy young adult participants (aged 18-33) during 

the task. Stimuli were presented as either visual or tactile alone or bimodally for each block. 

Visual stimuli were vertical bars of varying heights and tactile stimuli were vibrations to the left 

index finger. Participants responded by gripping a rubber bulb with force corresponding to 

stimulus amplitudes. Instructions were given to attend and respond to only either visual or tactile 

stimuli (alone or with a distractor) in each block. Based on ACT, it was hypothesized that trait 

anxiety would show reduced distractor suppression as shown by a positive relationship with 

early ERP amplitudes in response to distracting stimuli, but no relationship to behavioural 

distractor cost. Regression analysis revealed that trait anxiety showed a positive relationship with 

the reduction of visual distractor N1 ERP magnitudes when presented simultaneously with tactile 

stimuli (p=0.003). Tactile and visual behavioural distractor costs showed no relationship to trait 

anxiety (p>0.05). Evidence suggests that the magnitude of the visual N1 ERP corresponds to 

selective attention. These results indicate increased attentional suppression of visual distractors 

when presented with tactile stimuli. The behavioural results match ACT, as trait anxiety did not 

impact performance. In contrast to our hypothesis, higher trait anxiety was associated with more 

prominent attentional suppression of visual distractors with tactile stimuli. These findings show 

that high trait anxiety benefits early crossmodal selective attention processes. Future work should 

explore this concept in contexts with higher perceptual load and in different sensory modalities. 
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Abstract: The impact of the COVID 19 pandemic on mental health issues such as stress, 

anxiety, and depression are a growing concern in the United States and worldwide. A preexisting 

neurological condition may heighten the risk for mental health disorders during COVID 19. 

Hence, it is vital that the health care system be informed about the effect of COVID 19 on 

neurological conditions such as Multiple sclerosis (MS) to prioritize and integrate mental health 

concerns within the treatment plan. To address this issue, the current study aimed to check the 

prevalence of mental health issues using DASS21 and to check the construct validity of the 

DASS21 in individuals with MS during the pandemic. Further to explore the prevalence of 

stress, anxiety, and depression in individuals with MS after removing the participants with an 

extreme response. A survey monkey link consisting of demographics, and a DASS-21 

questionnaire was sent to three centers including Bennett Rehabilitation Institute NY, Brain 

Center at Miami, FL, and the MS Physical Therapy and wellness center at Rocky Mountain 

University of Health Professions at Provo, Utah. We have obtained responses from 24 

individuals with MS using 21 items DASS questionnaire during a pandemic. The DASS-21 

consists of 21 questions which contain 3 subscales and each subscale with 7 questions named 

stress, anxiety, and depression; each subscale contains 7 questions. Participants rated a scale of 

0-3 for each question. The rating scale “0” denotes does not apply to me at all, “1” applied to me 

to some degree or some of the time, “2” applied to me to a considerate degree or a good part of 

the time, and “3” applied to me very much or most of the time. The raw score is multiplied by 2 

for each subcomponent. For each component, the score can range from 0 to 42. Rasch model was 

used to analyze construct validity and extreme responses of DASS 21 items and 24 individuals 

with MS. Extreme responses from four individuals with MS were identified using outfit 

statistics. After removing the extreme responses, we found that the person reliability improved to 

88% with a separate index of 2.69. After removing the outfit, we found the prevalence of stress 

was 30%, anxiety was 20% and depression was 45%. The application of the psychometric Rasch 

model helps for the meaningful interpretation of determining the target attributes in multiple 

sclerosis. We report that individuals with MS exhibit a high prevalence of mental health issues 

during the pandemic 
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Abstract: Posttraumatic stress disorder (PTSD) is a trauma- and stressor-related disorder. 

Hallmarks include hyperarousal, avoidance behavior, and high fear reactivity to unpredictable 

threats. Although current pharmacotherapy for PTSD is limited, modulators of glutamatergic 

NMDA receptors (NMDAR) have received substantial attention. A recent phase II clinical trial 

(ClinicalTrials.gov: NCT04044664) demonstrated the efficacy of NYX-783 (Aptinyx, Inc., 

Evanston, IL), a positive allosteric modulator of NMDAR, in subjects with PTSD. Here, we 

investigated the effects of NYX-783 in rat models of the sensitization of acoustic startle reflex 

(SS), fear reactivity to unpredictable threats (anxiety-potentiated startle, APS), and repeated 

stress-induced reduction in exploration in the elevated plus-maze (EPM). Following baseline 

startle testing, male rats (n=12/group) were tested for foot-shock induced SS one hour after 

saline or NYX-783 (1 or 10 mg/kg i.p.). Despite significant foot-shock induced SS in all rats 

(F(1,33) =35.42, P<0.0001), there was no effect of NYX-783 on SS (F(2,33)=0.9954, P=0.3804, 

two-way ANOVA). To probe fear to unpredictable threats, we used APS, in which startle is 

potentiated by un-paired cues and foot-shocks following fear conditioning. Female rats received 

saline or NYX-783 (1, 10, 30, or 100 mg/kg, n=10/group) before fear recall. All rats 

demonstrated significant APS during fear recall (F (1.471, 51.47) =13.10, P=0.0001) with no 

treatment effect (F(3,35)=1.670, P=0.1913). However, one-way ANOVA of percentage change 

of non-cued fear showed a significant treatment effect (F(3,35) = 3.355, P=0.0297), with a trend 

between saline and 30 mg/kg of NYX-783 (P=0.0710). Finally, there was a significant difference 

between saline and 30 mg/kg of NYX-783 (t=2.469, df=17, P=0.0244, unpaired t-test). To 

measure effects of repeated stress on EPM, male rats (n=12/group) underwent daily resident-

intruder stress for 5 consecutive days, or control handling. On the testing day, rats received saline 

or NYX-783 (1,10, or 30 mg/kg) one hour prior to testing on the EPM. There was no effect of 

NYX-783 in the control group. After stress there was a dose-dependent increase in time spent in 

the open arm (P<0.05, unpaired t-test at 30 mg/kg, t=2.5, df=22), and distance traveled in the 

open arm (P<0.05, unpaired t-test at 30 mg/kg, t=3.5, df=22), but no significant effect on total 

distance traveled in the EPM (P>0.05, unpaired t-test, t=0.52, df=22). Overall, our results show 

that NYX-783 at 30 mg/kg reverses repeated stress-induced reduction of exploration, acutely 

reduces fear to unpredictable threats, and demonstrates pharmacotherapeutic potential for PTSD. 
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Abstract: The central nucleus of the amygdala (CeA) plays an important role in mediating 

stress-induced excessive alcohol drinking. However, little is known about the neurocircuitry 

underlying enhanced alcohol drinking produced by post-traumatic events. We used a 

chemogenetic approach to examine the role of CeA neurons that produce the stress peptide, 

corticotropin-releasing factor (CRF). These neurons regulate anxiety-like behavior, traumatic 

fear responses, and alcohol drinking. Adult male and female Crh-Cre rats (Wistar background) 

that express Cre recombinase under control of the Crh promotor, received foot shock stress on 

two occasions separated by 48 hrs. This experience produces inhibitory avoidance. Subsequently, 

all rats underwent two-bottle choice (2BC; 20% v/v; 2hrs) voluntary alcohol drinking for four 

weeks. One week-later, fear overgeneralization and irritability-like behaviors were measured 

during alcohol abstinence. Chemogenetic inhibition of CeA CRF neurons generally reduced 

alcohol intake. Inhibition of CeA CRF neurons did not alter fear overgeneralization. In females, 

inhibition of CeA CRF neurons increased defensive signs measured by the bottle brush 

irritability test. Collectively, our findings reveal that CeA CRF neurons mediate some comorbid 

signs of post-traumatic stress including vulnerability to increased alcohol drinking, and in 

females, irritability-like symptoms. These findings suggest that CRF neuronal population in the 

CeA is a potential target for reducing phenotypic behaviors associated with comorbid post-

traumatic stress and alcohol use disorder. 
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Abstract: Mitochondrial dysfunction has been strongly implicated in several psychopathologies, 

including depression, anxiety, schizophrenia, and posttraumatic stress disorder. We recently 

demonstrated a profound multisystem metabolic reprogramming in mice associated with trauma 

exposure and PTSD-like behavior. Most significantly we observed evidence reduced hepatic 

fatty acid oxidation (FAO) flux following trauma exposure, and reduced plasma acetylcarnitine 

in mice displaying PTSD-like behavior. We therefore hypothesized that supplementation with L-

acetylcarnitine (LAC) would promote hepatic fatty acid oxidation, ameliorate PTSD-like 

symptomatology and promote resilience to PTSD-like behavior in trauma-exposed mice. 48 male 

C57Black/6J mice aged 10 weeks were exposed two decontextualized sessions of inescapable 

electric foot shock over two consecutive days. Subsequently half of the cages received either 

0.6% LAC in drinking water or vehicle. Mice were assessed for PTSD-like behaviors - anxiety, 

risk taking behavior, hyperarousal, and sleep disruption - and PTSD-like and resilient animals 

were identified. Each animal also performed a restrained stress test to assay corticosterone 

response. Finally, each animal was sacrificed, and liver and plasma were collected and flash 

frozen. ELISA was performed to measure restraint stress plasma corticosterone response. 

Targeted metabolomics for acylcarnitines was performed on liver and plasma. RT-qPCR was 

performed on liver cDNA to assay expression changes in genes involved with FAO, and 

mitochondrial electron transport chain complex activities were assayed in liver tissues. LAC 

supplementation reduced the severity of PTSD-like behaviors, as well as the restraint stress 

corticosterone response. LAC supplementation increased the abundance of plasma short chain 

acylcarnitines, and hepatic free carnitine and medium chain acylcarnitines in the liver, which 

drove PTSD-resilience. LAC-supplemented resilient animals displayed significantly increased 

expression of the FAO genes Pgc1a, Cpt1a, and Cpt1b, and increased activity of hepatic 

mitochondrial electron transport chain complex II, which receives electrons from the reducing 

equivalent FADH2, which is produced in large quantities through FAO. These data further 

implicate the role of multisystem energy metabolism in PTSD vulnerability and symptomatology 

and indicate that improving hepatic mitochondrial FAO flux and subsequent bioenergy 

metabolism through dietary supplementation can ameliorate PTSD-like symptomatology and 

drive PTSD-resilience. 

Disclosures:  G. Preston: None. T. Kozicz: None. 

Poster 

560. Stress and Trauma Related Disorders: Animal Models 



Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 560.04 

Topic: G.07. Post-Traumatic Stress Disorder 

Support: GR-2019-12369216 

ERA-NET NEURON Cofund JTC 2017 (Top-down PTSD) 

Title: Behavioral and molecular characterization of PTSD-like susceptible and resilient lines of 

rats 

Authors: *M. MORENA1, G. F. MANCINI1, E. BLASI1, E. RICCARDI1, A. PISANESCHI1, 

O. C. MEIJER2, P. CAMPOLONGO1;  
1Sapienza Univ. of Rome, Rome, Italy; 2Leiden/Amsterdam Ctr. for Drug Res., Leiden, 

Netherlands 

Abstract: After experiencing a traumatic event, stress coping mechanisms may become 

dysfunctional leading to the development of psychiatric disorders, such as post-traumatic stress 

disorder (PTSD). However, only a subset of subjects who experience trauma develops PTSD and 

factors conferring vulnerability to the neurobiological sequelae of trauma exposure remain 

largely unknown. Identifying mechanisms of susceptibility to develop PTSD has been 

challenging due to the lack of proper research tools, which is reflected by the scarcity of 

effective treatments for PTSD. We have previously developed a rat model for PTSD-like 

symptomatology that allows early post-trauma behavioral profiling to enable the differentiation 

between susceptible and resilient phenotypes to the development of long-lasting trauma-induced 

behavioral alterations. However, to date, the available PTSD-like susceptible (SUS) or resilient 

(RES) animal models are primarily obtained based on post-trauma behavioral profiling, thus they 

do not allow for examination of neurobiological determinants of vulnerability (or resilience) 

before trauma exposure. The aim of the present study was to generate 2 populations of rats SUS 

or RES to develop PTSD-like symptoms and perform a behavioral and molecular 

characterization (transcriptomic analyses of fear-related brain regions) to identify markers of 

vulnerability and resilience to develop PTSD-like symptomatology.By selective breeding of rats, 

screened based on post-trauma behavioral indicators of PTSD-like vulnerability (or resilience) 

(Colucci et al. 2020 Transl Psychiatry 10:243), we generated two distinct lines of PTSD-like 

SUS and RES rats. Data collected so far, on the 9th generations, indicated a marked distinction 

between the two phenotypes in terms of behavioral indices of traumatic memory (i.e., increased 

traumatic memory consolidation, and recall and reduced extinction in SUS vs RES) and post-

trauma sociability (i.e., reduced sociability in SUS vs RES). Furthermore, profiling of anxiety- 

and depressive-like behavior, stress-reactivity and social interaction indicated overall marked 

baseline differences between the two phenotypes in both sexes, assessed in naïve rats never 

exposed to a traumatic experience.The availability of such SUS and RES lines of rats represents 

an unprecedented tool to determine mechanisms of PTSD vulnerability or resilience and identify 

new targets for prophylactic and/or therapeutic interventions for the treatment of trauma-related 

disorders. 
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Abstract: Sex differences associated with Post-traumatic Stress Disorder (PTSD) are commonly 

reported, but not well understood. Although women are diagnosed with PTSD at twice the rate of 

men, the vast majority of research is on male subjects (Kessler et al., 2017). Sex differences in 

onset, symptom expression, and treatment response highlight the need for a more thorough 

examination of animal models of PTSD.The present study compared the impact of the single-

prolonged stress (SPS) model of PTSD in adolescent (postnatal day 25) male and female 

Sprague-Dawley rats. The SPS procedure consisted of two hours of forced restraint, twenty 

minutes of forced swimming, and a CO2-induced loss of consciousness (Lisieski et al., 2018). 

The SHAM controls were exposed to the same contexts but without the stress-inducing stimuli. 

Immediately after SPS, rats were placed in automated locomotor activity chambers for twenty 

hours. After a 10 day incubation period, rats were subjected to a test battery: open field (10 

minutes), elevated plus maze (EPM; 10 minutes), forced swim (10 minutes), and sucrose 

preference (72 hours). Six weeks later, rats were inescapably placed on an open arm of the EPM 

for five minutes. Rats were subsequently assessed on a second test battery. The sucrose 

preference test was expanded (48 hours with 2% and 72 hours with 1%). Upon completion of 

behavior testing, dopamine in prefrontal cortex and ventral striatum were measured (data in 

progress).Preliminary data analysis revealed robust sex differences across several measures. A 

Greenhouse-Geiser corrected RMANOVA revealed a statistically significant Time X Sex 

interaction (F=2.44; p < 0.05) as the female rats displayed hyperactive locomotor activity during 

the first hour of the automated locomotor activity chamber. A one-way ANOVA also revealed a 

statistically significant effect of stress (F= 13.31; p < 0.001) as the SPS-exposed rats showed 

increased locomotor activity during the second hour of the test. The open field test resulted in a 

statistically significant increase in center crosses (F= 27.68; p < 0.001), total crosses (F= 11.69; 

p < 0.002), and rearing (F= 36.37; p < 0.00) among female rats. The elevated plus maze revealed 

statistically significant increases in open arm time (F= 20.47; p < 0.001), closed arm time (F= 

7.53; p < 0.01) and open arm entries (F= 34.79; p < 0.001) among female rats. Surprisingly, SPS 



tended to further increase exploration of the open arms of the EPM (p= 0.06; d=0.67). In both 

males and females, SPS produced a reliable increase in rearing compared to Sham rats. Taken 

together these findings emphasize the importance of evaluating sex differences in the SPS model. 
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Abstract: Post-traumatic stress disorder (PTSD) is a psychiatric illness that afflicts 

approximately 8% of the United States population. In addition to core symptoms of the disorder, 

patients with PTSD commonly present with a comorbid diagnosis, including psychosis. 

Symptoms of psychosis are thought to be driven by increased mesolimbic dopamine 

transmission, however, no clear histopathology has been identified within these cells. Rather, 

hyperactivity in upstream brain regions that regulate ventral tegmental area (VTA) dopamine 

neuron activity contributes to psychosis-like behavior. Two such regions are the paraventricular 

nucleus of the thalamus (PVT) and ventral hippocampus (vHipp), which synergistically regulate 

VTA dopamine neuron activity through a multisynaptic circuit that begins with convergent 

inputs to the nucleus accumbens (NAc). We have previously demonstrated that activation of 

PVT-NAc or vHipp-NAc projections significantly increases VTA dopamine neuron population 

activity, defined as the number of neurons firing spontaneously. These data suggest that 

hyperactivity in the PVT or vHipp, which are stress-sensitive brain regions, may contribute to 

psychosis-like behavior in a rodent model used to study PTSD. Interestingly, hippocampal and 

thalamic regulation of VTA population activity requires simultaneous activity from both regions, 

suggesting that targeting either region may be a novel site of intervention for comorbid psychosis 

related to PTSD. In this study, we induced stress-related pathophysiology in male Sprague 

Dawley rats using the two-day inescapable foot shock procedure. Following foot shock, we 

observed deficits in sensorimotor gating, as measured by prepulse inhibition of startle (PPI) and 



an increase in VTA dopamine neuron population activity. Interestingly, chemogenetic inhibition 

of either PVT-NAc projections or vHipp-NAc projections, following stress, reversed deficits in 

PPI and restored dopamine system function. These results suggest that the PVT or vHipp may be 

novel therapeutic targets for decreasing psychosis symptoms observed in PTSD. 

Disclosures:  H.B. Elam: None. A.M. McCoy: None. A.M. Boley: None. D.J. Lodge: None. 

Poster 

560. Stress and Trauma Related Disorders: Animal Models 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 560.07 

Topic: G.07. Post-Traumatic Stress Disorder 

Support: CIHR 

Title: Neural activities in the anterior pretectal nucleus is associated with fear generalization in a 

mouse model of posttraumatic stress disorder 

Authors: *X. QIN1, X. YANG2, Y. WANG3;  
1Dept. of Neurosci., Univ. of British Columbia, Vancouver, BC, Canada; 2Shenzhen Inst. of 

Advanced Technol., Shenzhen, China; 3Univ. British Columbia, Vancouver, BC, Canada 

Abstract: Generalization of fear response towards innocuous stimuli is a highly prevalent 

symptom of PTSD. Although generalization of fear memories can protect animals by helping 

them avoid potential dangers, overgeneralization of fear can lead to anxiety-related mental 

disorders, including PTSD. Previous studies on fear generalization have heavily focused on the 

role of fear-related circuitry including the amygdala, prefrontal cortex, and hippocampus. 

Modulating these regions can reduce fear generalization, but it also increases the risk of being 

unable to elicit the correct fear response when encountering an actual threat. Previous researches 

have shown that stimulation of the Zona Incerta (ZI) could reduce fear generalization generated 

by auditory cues paired with high intensity foot-shocks. In this study, we aimed to determine if 

the APtN, a midbrain structure that has dense projections to the ZI, also plays a role in fear 

generalization. Our C-FOS images did not support a direct involvement of the APtN in neither 

acquisition of a fear memory nor elicitation of a proper behaviour response when the animals 

were placed in a traumatized environment. However, we did observe a linear relationship 

between the neural activities in the APtN and the animals’ freezing rate in a fear generalization 

test 24 hours after the initial fear acquisition. Moreover, the observed relationship is validated in 

a long-term fear generalization paradigm, in which we trained the mice to associate high 

intensity foot-shocks with a contextual box and tested the fear response in a chamber that was 

visually similar to the training context after two months to mimic the real-world condition in 

human PTSD patients. Our results strongly suggest that APtN may play an important role in fear 

generalization. Together with the fact that it conveys sensory information to the thalamic and 



subthalamic brain regions, the APtN may represent a novel therapeutic target for attenuating fear 

generalization without affecting fear learning and fear expression. 
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Abstract: Although women are more likely than males to suffer from stress-related disorders 

such as posttraumatic stress disorder and depression, the majority of preclinical research on the 

impact of stress has been conducted on male subjects. Chronic social defeat stress (CSDS) is a 

rodent model of psychosocial stress that causes social avoidance and anhedonia. However, this 

model has been challenged in female mouse studies since neither male nor female resident mice 

attack intruder females. In this study, we aim to establish the female mouse model of social 

avoidance. We used ovariectomized (OVX) CD-1 female mouse with single- or a pair-housed 

setting with male CD-1 mouse. Given that the selection of aggressor is the critical step for the 

CSDS model, we first determined the attack latency and the number of attacks during the 

selection of aggressor. In the single-housed OVX mice, 34 percent of mice met the criterion of 

the selection of aggressor. There was a significant negative correlation between attack latency 

and the number of attacks (R2=0.5660, P=0.009), suggesting that attack latency can be a good 

indicator of the number of attacks. However, single-housed OVX mice did not show reliable, 

aggressive behaviors (e.g., attack bites) during the CSDS. As a result, we did not find any 

behavioral changes in the social interaction test, elevated plus-maze test, and spontaneous 

alternation Y-maze test, suggesting the importance of aggressive behavior toward the intruder. In 

contrast, during the selection of aggressor, 42 percent of OVX mice in a pair-housed condition 

with male CD-1 mice satisfied the criterion and displayed consistently aggressive behaviors. 

CSDS produced susceptible (67 %) and resilient (33 %) phenotypes during the social interaction 

test. In addition, both susceptible and resilient mice showed anxiogenic-like behaviors in the 

elevated plus-maze test. Our study suggests that OVX CD-1 mice in a pair-housed setting show 

reliable, territorial aggression toward female intruders, producing susceptibility and resilience to 

social avoidance. 
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Abstract: Post-traumatic stress disorder (PTSD), a trauma-related disorder affecting 

approximately 8% of the population, is associated with hyperactivity of the amygdala, a key 

region for adaptive stress and fear processing. Amygdala hyperactivity is suggested to be the 

cause of hyperarousal symptoms of PTSD, which include avoidance of cues related to trauma, 

hypervigilance, and increased startle response. This traumatic stress disrupts the excitatory and 

inhibitory balance within the basolateral nucleus of the amygdala (BLA), resulting in long-term 

maladaptive stress processing. This exploratory study is to determine how a chronic reminder of 

traumatic stress impacts hyperarousal symptoms and fear learning in an adolescent mouse model. 

Five-week-old male C57Bl6/J mice were used and a baseline acoustic startle response (ASR) to 

15 110 dB white noise bursts delivered at a 30-s inter-tone interval (ITI) was recorded on day 1. 

On days 2-8, the mice were exposed to an adapted Traumatic Experience with Reminders of 

Stress (TERS) model which consisted of a 5-minute exposure to a pre-shock context followed by 

a 10-second, 2 mA foot shock in a secondary context. Subsequently, mice were reminded of the 

shock experience by exposure to the pre-shock context for 60-seconds once a day for another 

five days. The mice were retested on day 9 for changes to ASR. A 4-day fear conditioning 

protocol began on day 14, and on day 18 a final ASR was recorded. TERS-exposed mice had 

significantly higher motion (p<0.0001), time freezing (p<0.01), and freezing episodes (p<0.001) 

upon final reminder exposure compared to controls. While no significant increase to average 

ASR was observed, individual scores relative to baseline showed significant increases for TERS 

mice compared to controls (p<0.01), and this change increased in intensity after the final ASR 

(p<0.0001). Dramatic differences were observed in active escape behaviors from TERS mice 

during fear conditioning acquisition (p<0.0001). Differences in number and duration of freezing 

episodes were also observed throughout recall (day 15, p<0.01) and extinction (days 16-17, 

p<0.001). TERS-exposed mice showed greater fear memory acquisition (p<0.01) and a delayed 

extinction (p<0.001) compared to control mice. These results indicate that this adapted TERS 

model induces a hyperarousal phenotype, increases fear memory retention, and delays fear 

memory extinction in the adolescent mouse. This model will be used to further assess circuit 

level and cellular mechanisms underlying these behavioral phenotypes induced by traumatic 

stress. 
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Abstract: PTSD associates with dysregulated fear processing. Most prior fear-related research 

has focused on responses to externally evoked stressors. Yet mounting evidence suggests PTSD 

patients are more sensitive to homeostatic stressors such as CO2 inhalation which triggers 

acidosis and evokes fear-associated defensive behaviors in clinical and preclinical models. 

Studies suggest this sensitivity may exist prior to PTSD pathology. Therefore, investigating the 

relationship between homeostatic stressors like CO2 inhalation and externally evoked stressors 

may improve our understanding of PTSD vulnerability. We recently developed a mouse model 

examining the effect of CO2 inhalation on later PTSD relevant behaviors. We found CO2 

exposure increased later shock-evoked fear extinction deficits. This associated with reduced 

neuronal activation within the infralimbic (IL) cortex which plays a primary role in fear 

extinction, suggesting a convergence of homeostatic CO2-sensing nodes and forebrain extinction 

circuits. We previously reported the subfornical organ (SFO) as a key homeostatic site regulating 

CO2-evoked fear. Here, we identified direct SFO to IL projections and used an intersectional 

chemogenetic approach to test the hypothesis that inhibiting SFO-IL projections during CO2 

inhalation attenuates CO2-evoked defensive responding and delayed CO2-associated fear 

extinction deficits. We found inhibition of the SFO-IL circuit during CO2 inhalation reduced 

CO2-evoked defensive behaviors and attenuated CO2 evoked extinction deficits 1 week later. 

We then sought to identify specific cell types within the SFO mediating these effects. The SFO is 

known to mediate central responses to renin-angiotensin system (RAS) signaling and mounting 

evidence supports a role for RAS in fear regulation. Therefore, we investigated the role of RAS 

in our model. We identified a population of SFO-IL projecting neurons containing the 

angiotensin-type II receptor (AT1R). Inhibiting this population also reduced CO2-evoked 

freezing and attenuated the delayed CO2-associated fear extinction deficits one week later. 

Together these data point to a specific role for an AT1R associated SFO-IL circuit in threat 



responding. Collectively, these data highlight AT1R SFO-IL projections as a key circuit 

facilitating the convergence of homeostatic threat sensing and long-term fear memory that may 

contribute to PTSD vulnerability. 
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Abstract: Pharmacotherapy for stress-related psychological disorders remains inadequate. 

Patients who are treated with conventional pharmacological agents frequently report negligible 

symptom reduction, and, in most cases, less than 50% experience full remission. Clearly, there is 

a need for additional pharmaceutical research into both established and novel approaches to 

alleviate these conditions. Over the past several years, there has been a renewed interest in the 

use of psychedelics to aid in the treatment of psychological disorders. Several studies have 

reported promising results in patients with major depression, anxiety disorders, and post-

traumatic stress disorder (PTSD) following treatment with psychedelic agents such as lysergic 

acid diethylamide (LSD), 3,4-methylenedioxymethamphetamine (MDMA), ayahuasca, 

ketamine, and psilocybin. However, the precise behavioral and neurobiological mechanisms for 

these effects remain unclear. Thus, we aimed to develop an animal model of PTSD that involved 

prophylactic treatment with psilocybin, a 5-HT2A agonist, that could be used to further 

understand the mechanisms underlying the benefit of psychedelic substances in treating these 

disorders. Adult male and female Sprague-Dawley rats were subjected to the single prolonged 

stress (SPS) paradigm, including 2 hours of physical restraint, 15 minutes of forced swim, and 

ether vapor exposure until loss of consciousness. Five minutes following ether-induced loss of 

consciousness, the rats were intraperitoneally injected with vehicle (0.9% saline) or psilocybin (1 

mg/kg). One week later, the rats underwent a battery of behavioral tests, including the elevated 

plus maze (EPM), startle response assessment, open field testing, and novel object recognition 

(NOR) testing. No effects of SPS or psilocybin were observed for EPM behavior. SPS led to 



enhanced startle responses in males, but not females, which was prevented by psilocybin. SPS 

also increased locomotor activity in the open field in males, but not females, and this effect was 

not prevented by psilocybin. SPS had no impact on NOR memory in males, but enhanced 

memory in females. Interestingly, psilocybin administration, alone or in combination with SPS, 

enhanced NOR memory in males only. These findings support a complex interaction between the 

administration of psilocybin and the prevention of stress-induced behavioral sequelae that 

depends on both sex and the type of behavioral task. 
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Abstract: The first-line psychotherapies used in the treatment of Posttraumatic Stress Disorder 

(PTSD) are exposure-based therapies, such as Prolonged Exposure (PE). PE aims to extinguish 

conditioned fear through repeated in vivo or imaginal exposure to reminders of the traumatic 

experiences, reducing the maladaptive fear and attenuating other symptoms in PTSD. However, 

large clinical trials indicate suboptimal response rates, and the current research agenda has 

shifted to strategies that can augment the efficacy of PE. We have demonstrated that vagus nerve 

stimulation (VNS) during extinction trials enhances extinction learning in different rat models 

for PTSD, suggesting that VNS could be used as an effective adjuvant to exposure therapies. 

Here we investigated if precisely pairing VNS with the presentation of the conditioned stimulus 

(CS) is critical for VNS enhancement of extinction learning. Adult Sprague-Dawley rats were 

exposed to an intense stress followed by fear conditioning training to produce extinction-resistant 

conditioned fear. The rats were then implanted with a cuff electrode around the left vagus. After 

recovery, the animals underwent extinction training paired with VNS (0.5 s, 0.8 mA, 100 µs, and 



30 Hz) or with Sham VNS (0 mA). VNS rats were randomized into the following subgroups: 

During VNS (delivered during presentations of the CS), Between VNS (delivered between CS 

presentations), Continuous VNS (delivered during the entire extinction session), and Dispersed 

VNS (delivered at longer inter-stimulation intervals across the extinction session). Sham VNS 

rats failed to extinguish the conditioned fear response over five days of repeated exposure to the 

CS. Rats that received Between or Dispersed VNS showed modest improvement in conditioned 

fear at the retention test. During and Continuous VNS groups displayed the greatest reduction in 

conditioned fear. These findings indicate that delivering VNS paired precisely with CS 

presentations or continuously throughout extinction promotes the maximum enhancement in 

extinction learning. Translational insights into the use of VNS to augment the efficacy of PE 

therapy in individuals with PTSD will be discussed. 
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Abstract: Exposure to traumatic stress is a major risk factor for development of neuropsychiatric 

disorders in a sub-population of individuals, while others remain resilient. The contributing 

factors differentiating between these phenotypes are still unclear. The majority of the studies 

assessing the potential factors predisposing to host susceptibility or resilience to stress induced 

psychopathologies have been conducted using male animals. Here, we aimed at characterizing 

the microbial, immunological and molecular differences of stress susceptible and resilient 

Sprague Dawley female rats before and after exposure to traumatic stress. Animals were 

randomly divided into unstressed controls and experimental group exposed to Single Prolonged 

Stress (SPS), an animal model for PTSD. Fourteen days later, all rats underwent a battery of 

behavioral tests and were sacrificed one day later to collect cecum, ventral hippocampus 

(Vhipp), and medial prefrontal cortex (mPFC). Stool and urine samples were collected both 



before and after SPS. The behavioral analyses on the elevated plus maze (EPM) test revealed that 

about half of the animals displayed high anxiety-like behavior, whereas the other half behaved 

like the unstressed controls. Due to this divergent response, the SPS group was further 

subdivided into SPS-Resilient (R) and SPS-Susceptible (S) subgroups. The SPS-S subgroup 

showed impaired social interaction (SI) relative to the SPS-R subgroup, and the time spent 

interacting on SI correlated significantly (r=0.83, p<0.0001) with Anxiety Index on the EPM. 

Interestingly, the levels of urinary epinephrine at baseline and during SPS were higher in SPS-S 

subgroup. Fecal 16S rDNA sequencing also revealed differences in the gut microbial 

composition between the subgroups both before and after SPS, and the analysis of the cecal short 

chain fatty acids showed significantly higher levels of isobutyrate, isovalerate and valerate in 

SPS-S subgroup relative to the SPS-R subgroup. In line with the observed distinct behavioral 

phenotypes, the levels of inflammatory cytokines, Il-1b and Il-6 were significantly higher in the 

Vhipp of SPS-S subgroup relative to the controls and the SPS-R subgroup. In contrast, the 

expression levels of tight junction protein claudin-5 in the Vhipp and mPFC were higher in SPS-

R subgroup relative to the SPS-S and the controls, indicating lower blood-brain-barrier 

permeability. The results reveal potential contribution of gut-brain axis in the susceptibility or 

resilience to traumatic stress in females. Further characterization of these factors will be crucial 

to understand susceptibility and foster resiliency. 
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Abstract: Approximately 16 million people in the U.S. will experience a traumatic event and 

eventually develop posttraumatic stress disorder (PTSD). Symptoms of PTSD can be debilitating 

and include fear, anxiety, and uncontrollable negative thoughts about the event. Unfortunately, 

current interventions for PTSD include pharmacological and behavioral therapies, which have 

limited efficacy due to the lack of treatments that target the pathophysiology associated with 

PTSD. The anatomical structures involved in processing of fear related information are well 



known and include the prefrontal cortex (PFC), amygdala, and the hippocampus. The PFC is 

central to cognitive flexibility, extinction of conditioned fear, and volitional regulation of 

negative emotion – all of which are altered in PTSD. Importantly, hypoactivity of the PFC is a 

consistent observation in functional imaging studies and in rodent models used to study PTSD. 

Advances in non-invasive brain stimulation allow for a novel approach to modulate PFC activity. 

Specifically, transcranial direct current stimulation (tDCS) is an innovative approach to 

neuromodulation that targets superficial areas of the brain. Anodal stimulation can cause 

depolarization and increase neural excitability, which can increase prefrontal cortical function. 

We posit that anodal tDCS will reverse PFC hypoactivity and may serve as a novel therapeutic 

approach for the treatment of PTSD. Here, we apply tDCS to the PFC of rats to investigate the 

neurophysiological alterations in brain activity. We observed an increase in c-fos expression in 

rats given tDCS demonstrating activation of the PFC. In addition, preliminary data revealed that 

combining tDCS with a sub-effective extinction protocol, enhanced the efficacy of extinction 

alone in reversing stress-induced deficits in set shifting, a measure of cognitive flexibility. 

Further, we investigated a downstream, stress sensitive brain region and found that tDCS 

increased dopamine neuron activity in the ventral tegmental area (VTA), where decreases are 

thought to underlie anhedonia. Taken together, these data provide initial evidence supporting the 

effects of PFC tDCS to treat symptoms of PTSD. 
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Abstract: Post-Traumatic Stress Disorder (PTSD) has a lifetime prevalence of 7 - 8% and is the 

fifth most common major psychiatric disorder in the United States. PTSD has been related to 

exaggerated fear memory. Prior stress is known to enhance fear conditioning and the Stress 

Enhanced Fear Learning (SEFL) model is used for modeling enhanced and prolonged fear 

memory. Because women are twice as likely as men to develop PTSD, we employed female rats 

of two nearly isogenic inbred strains with differing stress reactivity to study extinction of fear 

memory after SEFL. The inbred Wistar Kyoto (WKY) Less Immobile (WLI) and Wistar Kyoto 



More Immobile (WMI) strains show genetic predisposition to less, and more stress reactivity and 

passive coping behaviors, respectively. Adult WLI and WMI females were randomly divided 

into a control group (not stressed) and a stressed group, the latter exposed to a two-hour restraint 

stress (stressed). 48 hours after the restraint stress, both groups underwent a Contextual Fear 

Conditioning (CFC) test using three one-sec foot shocks (one per minute), of 0.8 mA intensity. 

24 hours later, the animals were returned to the CFC chamber for three minutes without shock 

and their freezing behavior observed. Extinction was carried out for a week by reintroducing the 

animals to the CFC chamber without shock. Fear memory, as measured by freeze duration during 

the second day of CFC, was significantly greater in WMI females regardless of prior stress 

compared to WLIs [strain, F(1,26)=19.4; p<0.001]. As expected, the inverse was observed for 

distance traveled, where WLIs were more active than WMI females [strain, F(1,26)=13.1; 

p<0.001]. During extinction, the same strain differences were preserved in the first two days, but 

disappeared in the subsequent days [days, F(7,185)=42.4; p<0.001; strain, F(1,28)=6.4; p<0.05; 

days x strain, F(7,185)=5.6; p<0.001]. Thus, the genetic differences in stress-responsiveness 

between the strains were more impactful than the restraint stress-induced differences in fear 

memory and extinction within the strain. This suggests that individual stress sensitivity 

contributes to the exaggerated fear memory component of PTSD but not the vulnerability to 

prolonged fear memory. 
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Abstract: Converging evidence suggests the neural immune system is altered following opioid 

use and withdrawal and post-traumatic stress disorder (PTSD). Using an innovative rodent model 

that combines escalating heroin administration and spontaneous withdrawal with enhanced fear 

learning, we demonstrated that heroin withdrawal enhanced fear learning is driven by dorsal 

hippocampal (DH) interleukin-1 (IL-1) and tumor necrosis factor alpha (TNF-α) signaling, and 

withdrawal from escalating heroin administration induces both DH IL-1β and TNF-α expression. 

Additionally, the IL-1β and TNF-α involved in heroin withdrawal enhanced fear learning is 

primarily expressed in hippocampal astrocytes. Interestingly, we found that heroin withdrawal 

upregulates hippocampal glial fibrillary acidic protein (GFAP), a marker for astrocyte reactivity. 

Therefore, the goal of the current studies was to investigate the hypothesis that heroin 

withdrawal enhances fear learning through astrocyte activity, as well as alterations in astrocyte 

physiology. To demonstrate astrocyte activity is causally related to heroin withdrawal-induced 

fear learning, Experiment 1 employed Gi-coupled designer receptors exclusively activated by 

designer drugs (DREADDs) to manipulate astrocyte signaling in vivo. Male rats were infused 

with AAV8-GFAP-hM4D(Gi)-mCherry into the DH, and underwent the chronic escalating 

heroin administration procedure. Clozapine-n-oxide (3 mg/kg, s.c.) or vehicle was administered 

0-hour, 24-hour, and 48-hour into heroin withdrawal, and animals were then exposed to the 

enhanced fear learning paradigm. To test if withdrawal from chronic heroin altered astroglial 

structure and synaptic interactions, Experiment 2 used an established method to visualize DH 

astrocytes in rich detail using a membrane-tagged GFP, advanced microscopy, and image 

analysis. Male rats were administered bilateral intra-DH infusions of AAV5-GFAP-Lck-GFP, 

and underwent the chronic, escalating heroin administration procedure. Tissue was collected 24-

hour into heroin withdrawal. Using high resolution confocal microscopy and analysis of 3-

dimensional cellular reconstructions, astrocyte surface area, volume, and colocalization with 

postsynaptic density-95 were quantified to assess the consequence of chronic heroin and 

spontaneous withdrawal on astrocyte structure and neuronal interactions. Together, these studies 

examine the role of hippocampal astrocytes in heroin withdrawal-enhanced fear learning. 
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Abstract: Post-traumatic stress disorder (PTSD) is a chronic and devastating disorder resulting 

from a traumatic experience that is also associated with biological alterations in several immune 

system pathways. Our laboratory has investigated the mechanism of stress-enhanced fear 

learning (SEFL), an animal model of PTSD, and found that the severe stressor in SEFL paradigm 

induces a time-dependent region-specific increase in dorsal hippocampal (DH) interleukin-1β 

(IL-1β) in astrocytes. Further, we show that blockade of IL-1β attenuates this stress-enhanced 

fear learning, suggesting that IL-1β signaling is necessary for the development of enhanced fear 

learning.  Recently, clinical trials have demonstrated 3,4-methylenedioxymethamphetamine 

(MDMA)-assisted psychotherapy is highly efficacious in individuals with severe PTSD, and that 

this treatment is safe and well-tolerated by patients. Interestingly, MDMA has a suppressive 

effect on cytokines such as IL-1β and tumor necrosis factor-alpha (TNF-α ). Therefore, we 

hypothesized that MDMA may be effective for PTSD in part due to these immunosuppressive 

effects. In Experiment 1, we examined MDMA’s effect on enhanced fear learning by 

administering three, 10mg/kg doses of either MDMA or saline at 0 hours, 24 hours, and 48 hours 

following the severe stressor in the SEFL paradigm. Excitingly, we demonstrated that MDMA 

administration following the severe stressor attenuated enhanced fear learning. In Experiment 2, 

we used fluorescent immunohistochemistry to examine MDMA’s effect on the neuroimmune 

and cellular markers IL-1β, TNF-α, glial fibrillary acidic protein (GFAP), and ionized calcium-

binding adaptor protein-1 (IBA- 1) following the severe stressor. Interestingly, MDMA 

administration attenuates IL-1β immunoreactivity following a severe stressor, but has no effect 

on TNF-α, GFAP, or IBA-1 immunoreactivity. Overall, these experiments indicate that MDMA 

inhibits the development of stress-enhanced fear learning, and suggest that it may function 

mechanistically by inhibiting IL-1β immunoreactivity. 
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Abstract: PTSD is a serious condition that can lead to intense fear, anxiety and depression. 

Childhood exposure to highly stressful events has been found to increase the possibility that the 

adult will be more prone to suffer from PTSD. Current medication is not very effective and has a 

large number of side effects. As a result, many people continue to suffer from PTSD, indicating a 

critical need for new treatments. One limiting factor in the development of treatment for PTSD is 

the lack of valid, translational models. Naason Science has been developing models of PTSD in 

the rat and in the minipig, based on multi-faceted, prolonged stress paradigms, so as to test the 

efficacy of new compounds. Behavioral profiling analysis is employed capturing individual 

differences in response to trauma and treatment. We also expose the animals to stress as 

juveniles in order to increase their susceptibility to PTSD as adults. Pigs are intelligent animals 

that not only closely share physiology with humans, such as the cardiovascular system, but 

demonstrably show emotions, including fear. This is different from many animals that do not 

overtly express fear nor discomfort, making pigs viable candidates for behavioral studies. Jeju 

minipigs from the same litter, mixed gender, were used, n=4-6 per group, one group being a 

control for the group that experienced stressors. Over a 5-week period, piglets are exposed to 

predator urine, restraint and brief isolation from the mother sow. Piglets 1 week old were 

separated from their mothers for 2 hours/day until weaning, restrained in a net for 10 min/day 

and exposed to predator urine and sound. Both sets of animals appeared to thrive as they 

experienced similar weight gain. Animal behavior was subsequently tested 2 times/week in an 

open field (OF) from week 6, and for 20 hours in their home cage at week 7. Minipigs were 

recorded and analyzed using our digitized video recording and AI analysis system. Both control 

and PTSD pigs occupied the same zones in the OF, but by day 4 of testing PTSD pigs only 

moved 20% of the distance that their control littermates moved over the same time period. PTSD 

pigs experienced longer periods of freezing, about 3-fold that of their control littermates. In their 

home cage, PTSD minipigs demonstrated significantly greater social distancing from their 

littermates compared to controls, both day (0.15 vs. 0.11m) and night (0.21 vs. 0.1m). Changes 

in MRI (volume) and MRS (metabolites) in brains of PTSD minipigs were also evaluated. This 

study demonstrates how early stress can affect simple behavior in juvenile pigs and can serve as 

a model system for the development of PTSD in large animals and possibly provide for a 

translational model for humans. 
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Abstract: PTSD is a serious condition that can lead to intense fear, anxiety and depression, 

resulting in social distancing and other behavioral disorders. Childhood exposure to highly 

stressful events increases the likelihood that the adult will be more prone to suffer from PTSD. 

Current medication, usually antidepressants or anxiolytics, is unspecific, ineffective and has a 

number of side effects (sedation, sexual dysfunction). As a result, many people continue to suffer 

from PTSD in spite of current treatment options, indicating a critical need for new treatments. A 

limiting factor in the development of treatment for PTSD is the lack of valid translational 

models. Naason Science has been developing models of PTSD in the rat and the minipig based 

on a multi-faceted, prolonged stress paradigm so as to test the efficacy of new compounds. 

Animals are stressed as juveniles in order to increase their susceptibility to PTSD as adults. We 

have used Desipramine + Methylphenidate, Fluoxetine or Diazepam as controls in the rat. 

Juvenile male SD rats, n=12/group, are exposed to different stressors over a 2-day period, 

comprised of restraint (2h), swimming (1m), submersion (30s) in the Water Associated Zero 

Maze (WAZM) and cued electric shock (x5). This paradigm is repeated weekly for another 2 

weeks. The behavior of the rats is recorded using our Home Cage Activity (HCA) monitoring 

system, recording the behavior of the mixed group housed animals 24/7. Behavior is 

automatically assessed using AI computerized systems. After being exposed to the 3-week PTSD 

paradigm subjects are treated for 5 days and then exposed to the external track of the WAZM 

and subsequently to cued fear conditioning (cFC), novel object recognition (NOR) and HCA 

monitoring. This is repeated after another 30 days. Upon terminating the study blood samples are 

collected. After 2 weeks, test subjects exhibited signs of anxiety and antisocial behavior, 

persisting for at least 60 days. In the WAZM, normal rats spent 34±9sec in the open arms with 5 

entries, while PTSD rats entered for 17.8±6sec with 2 entries total. Fluoxetine (10mpk) had no 

beneficial effect. In the NOR test PTSD rats spent significantly less time exploring the novel 

object than did the unstressed rat (63.9±3sec vs. 73±2sec). Fluoxetine (10mpk) was effective in 

this case (72.3±5sec). Normal rats move significantly more than PTSD rats (78±3.7m vs 

54±2.7m), unaffected by Fluoxetine. PTSD rats exhibited significantly less social (interactive) 

activity by 21%. The model presented here is a simple, robust model of PTSD that should 



facilitate dissecting out various aspects of this disorder and provides a screening paradigm for 

new medical treatments. 
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Abstract: Approximately 10% of people who experience a highly stressful event, or trauma, will 

go on to develop Post-Traumatic Stress Disorder (PTSD). As the majority of people who 

experience intense stress do not develop PTSD, an important question is what makes a stressful 

event “significant” enough to cause this disorder to manifest. It has previously been established 

in an animal model of PTSD called Stress Enhanced Fear Learning (SEFL) that not all stressors 

are significant enough to cause PTSD-like symptoms, even if both experiences cause comparable 

levels of fear. Specifically, rats that experienced 15 presentations of (1s, 1mA) Shock Stress 

showed future SEFL, while rats that experienced 15 presentations of (1s, 120 dB) Noise Stress 

did not. Additionally, only Shock Stress animals exhibited a panic behavior response to stressor 

presentations. Shock animals exhibited a flight response to each stressor, followed by 

significantly more movement and thigmotaxis; Noise animals exhibited a simple startle response 



to each stressor. We concluded that shock is a Significant enough stressor to cause SEFL, while 

noise was Nonsignificant. The periaqueductal grey (PAG) is a key brain region for defense 

response behavior. It is well established that activity in the PAG is both necessary and sufficient 

for both fear and panic response toward external stressors. We hypothesized that there would be 

a difference in activity levels in the PAG between animals experiencing Significant or 

Nonsignificant stress. Rats were first exposed to either 15 presentations of Shock Stress or 15 

presentations of Noise Stress. 30-45 minutes after the final stressor presentation, these 

experimental rats, as well as homecage controls, were perfused. Brain slices from central PAG 

stained for c-Fos expression showed a significant difference in activity in the lateral PAG (lPAG) 

and ventral-lateral PAG (vlPAG) between Shock Stress and Noise Stress animals. Thus, we have 

begun to characterize which specific subregions of the PAG correlate to exposure to 

“Significant” and “Non Significant” stress, which in turn may better help us understand the 

underlying neural mechanisms of PTSD. 
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Abstract: Post-traumatic stress disorder (PTSD) is marked by maladaptive learning processes 

that lead to inappropriately exaggerated fear responses following a traumatic experience. In order 

to recapitulate some of the symptomology of PTSD, our laboratory developed a rodent stress 

model, termed Stress Enhanced Fear Learning. In this stress model, a single traumatic stressor 

(10 footshocks across 60 min) leads to heightened fear learning and defensive behaviors. Our lab 

and others have shown that stress leads to hyperexcitability and neural plasticity in the 

basolateral amygdala (BLA), leading to an enhanced propensity for future associative learning. 

In the present set of studies, we further tested the functional impact of traumatic stress on BLA 

synapses. We conducted whole-cell voltage clamp recordings of BLA neurons in acute brain 



slices from adult male and female C57BL/6J mice in order to compare miniature excitatory 

postsynaptic currents (mEPSCs) between animals that received traumatic stress or no stress. 

While there was no difference in the amplitude of the mEPSCs, there was increased frequency of 

mEPSCs in the neurons of stressed mice. Next, we utilized a novel activity-dependent labeling 

AAV (AAV9-RAM-d2TTA:TRE-hM4Di-mCherry-WPREgamma, “RAM” virus) that 

fluorescently tags neurons that have expressed c-fos and/or Npas4, immediate-early genes 

associated with neuronal activity. This custom viral vector allows for robust and temporally 

specific labeling and inhibition of previously activated neurons, i.e. “engram” cells. BLA 

neurons were tagged during traumatic stress in male and female mice and then whole-cell 

voltage clamp recordings were performed one day after the stress. We confirmed in stressed 

mice that there was increased mEPSC frequency, but not amplitude, in tagged neurons vs. 

untagged neurons. Taken together, these data suggest that trauma promotes excitatory input onto 

BLA neurons, likely through either increased presynaptic neurotransmitter release and/or number 

of synapses. Our findings additionally provide partial validation of the novel RAM virus and 

indicate we can further dissect functional difference between different neuronal populations 

based on their prior activity history. 
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Abstract: BackgroundPost-traumatic stress disorder (PTSD) is a complex syndrome, which 

may occur after exposure to life-threatening events. Fear memory with abnormally enhanced 

consolidation and impaired extinction have been indicated a vital role in PTSD. Besides, the 

expression of fears has also been found strongly correlated with the theta (4Hz) activities in 

animal models. However, the relation between longitudinal fear formation and potential brain 

wave features after traumatic stress exposure still remains largely unknown.Aims & 

ObjectivesWe hypothesized that after traumatic stress exposure, the longitudinal dynamic 

changes of abnormal fears in PTSD models could be reflected by local field potentials (LFPs) 



and could be further differentiated from the conditioned fear model.MethodsIn our study, we use 

a well-established modified single prolonged stress (SPS&FS) PTSD rat model and compared it 

with a conditioned fear model and control (each group n=5). In the PTSD model, animals were 

restrained for 2 hrs and followed by 20 mins forced swimming, after that, rats were exposed to 

diethyl ether until lose consciousness, then are kept in a conditioning chamber until they awake, 

foockshock (2 shocks (1.5 mA) trains of 1 s / per minute (total 5 min, 10 shocks)) was applied 

after awaking. Microwires for LFPs recording were implanted in the medial prefrontal cortex, 

the amygdala and the ventral hippocampus, brain waves were recorded after traumatic stress 

exposure at the early (10 mins, 30 mins, 2,4, 6 hrs) and late phases (day 1, 3, 7, and 14) during 

context re-exposure. All data were presented as Mean ± SEM, and statistical results were 

calculated by one-way analysis of variance (ANOVA) (behavioral indexes) and two-way ANOV 

(indexes of brain wave activities). ResultsThe SPS&FS rats showed heterogenous PTSD 

phenotypes (anxiety, depression and anhedonia) with sustained fears. And in the PTSD model, 

time-dependent higher theta (5-8 Hz) and gamma (>30 Hz) activities were observed only in the 

early phases (10 mins and 30 mins post SPS&FS) and started to shift to continuous lower delta 

(0.5-4Hz) from the time points of 2-4 hrs to the late phase (day 1-14), the patterns could also be 

differentiated from the conditioned fear model. Later, the PTSD phenotypes could be alleviated 

with the application of transcranial direct current stimulation (tDCS). ConclusionOur results 

revealed the time-dependent inter-regional changes after traumatic stress exposure, the 

understanding of these longitudinal changes could help find the important biomarkers at specific 

phases after traumatic stress exposure.Keywords: PTSD, brain synchrony, traumatic memory, 

fear, temporal development, tDCS. 
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Abstract: The anterior cingulate cortex (ACC) is involved with emotional processing and 

attentional regulation. It has been shown to decrease in size after PTSD. Others have shown, 

however, that synapse density may increase in the ACC in the long term after trauma. We 

wanted to determine if the increase in spine density is linked to trait anxiety, using a rat model of 

post-traumatic stress disorder (PTSD). Adult male Long Evans rats were exposed to a single 

episode of predator odor in an inescapable environment. After exposure, the rats were returned to 

their home cage for six days, before Elevated Plus Maze (EPM) testing was performed to 

measure levels of trait anxiety. Rats were placed in the middle of the maze facing an open arm, 

and then letting them freely explore the EPM for five minutes. The percentage of time spent in 

the open arms [open/(open + closed)] was calculated, where low EPM scores signifies high 

levels of anxiety. We perfusion fixed 33 male rats 3-4 days after their EPM testing with a 

mixture of formaldehyde and glutaraldehyde, before processing the right hemisphere of each rat 

for Golgi-Cox staining with the Hito Golgi-Cox Optimstain TM kit. The left hemisphere was 

processed further with freeze substitution and embedding in Lowicryl HM 20 for later ultrathin 

sectioning and post-embedding immunogold labelling for electron microscopy (EM). Golgi-

stained sections were imaged with a Leica DM5500 B microscope with a 100x objective, 

preparing z-stacks for analysis with NeuronStudio and preparation of 3-D models for 

quantification of dendritic spine densities. Three different regions of interest were chosen: ACC, 

hippocampus CA1 region (CA1), and the primary somatosensory cortex (S1). Dendritic spine 

density measurements were performed on primary branches from apical dendrites of pyramidal 

neurons (layer 5 in ACC and S1). Linear mixed effects model analysis with R showed that spine 

density was a significant function of anxiety levels (EPM) (p = 0.008) in ACC, but not in CA1 or 

S1. When broken down in different morphological spine types, the significance increased to 

p<0.001 for mushroom spines (mature synapses), but not for the other spine types. EM 

immunogold analysis showed that concentration of GluN2B-subunit containing NMDA 

receptors was significantly lower in the PSD of high anxiety rats compared to both low-anxiety 

rats and a control group which was not exposed to trauma. In conclusion, high anxiety levels in 

rats six days after being subjected to trauma, predicts high synaptic density in ACC, a prominent 

part of the default mode network, with important functions in emotional regulation. 
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Abstract: Background: Selective serotonin reuptake inhibitors such as fluoxetine have a limited 

treatment efficacy. The mechanism by which some patients respond to fluoxetine while others do 

not remains poorly understood, limiting treatment effectiveness. We have found the opioid 

system to be involved in the responsiveness to fluoxetine treatment in a mouse model for 

anxiety- and depressive-like behavior.Methods: We analyzed gene expression changes in the 

dentate gyrus of mice chronically treated with corticosterone and fluoxetine. After identifying a 

subset of genes of interest, we studied their expression patterns in relation to treatment 

responsiveness. We further characterized their expression through in situ hybridization and the 

analysis of a single-cell RNA-Seq data set. Finally, we behaviorally tested mu and delta opioid 

receptor knockout mice in the Novelty Suppressed Feeding test and the Forced Swim Test after 

chronic corticosterone and fluoxetine treatment.Results: Chronic fluoxetine treatment 

upregulates proenkephalin expression in the dentate gyrus, and this upregulation is associated 

with treatment responsiveness. The expression of several of the most significantly upregulated 

genes, including proenkephalin, is localized to an anatomically and transcriptionally specialized 

subgroup of mature granule cells in the dentate gyrus. We have also found that the delta opioid 

receptor contributes to some, but not all, of the behavioral effects of fluoxetine. Conclusions: 

These data indicate that the opioid system is involved in the antidepressant effects of fluoxetine, 

and this effect may be mediated through the upregulation of proenkephalin in a subpopulation of 

mature granule cells. 
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Abstract: Major depressive disorder is the leading cause of disability worldwide and about one 

third of patients do not respond to current medications. In cases of treatment-resistant depression, 

electroconvulsive therapy (ECT) is an effective alternative with a fast onset of action. However, 

its mechanism of action is poorly understood. In the dentate gyrus of the hippocampus, a brain 

region highly vulnerable to stress, ECT increases the production of adult born granule cells 

(abGCs), through a process termed adult hippocampal neurogenesis. We have successfully 

established a mouse model of ECT, named electroconvulsive stimulation (ECS) and shown that 

abGCs are required for the behavioral effects of ECS. In this model, ECS stimulates the 

production of abGCs, increases the number of presynaptic boutons coming from abGCs in the 

molecular layer of the dentate gyrus and decreases c-Fos activation in the granule cell layer.In 

addition, optogenetic stimulation of abGCs induce an inhibitory current in mGCs mediated 

through mGluR2 receptors in ECS treated animals. Our overarching hypothesis is that ECS, 

through stimulation of neurogenesis induces an increase in the number of presynaptic boutons 

from abGCs which lead to the activation of postsynaptic mGluR2 receptors on mGCs. We 

propose that the resulting inhibition of the dentate gyrus is responsible for the antidepressant-like 

effects of ECS. Understanding the neurobiological substrates underlying the effects of ECT is 

therefore likely to reveal new targets that may lead to the development of novel fast acting 

antidepressants. 
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Abstract: Functional Ultrasound (fUS) recently allowed 2D or 3D transcranial functional 

imaging in awake mice thanks to motorized linear or matrix arrays [1]. However, the tradeoff 

between the field of view and temporal resolution introduced by motorized scanning prevents 

acquiring whole-brain resting state Functional Connectivity (rsFC) whereas the limited 

sensitivity of matrix arrays prevents transcranial imaging in mice. Here we propose a new hybrid 

approach dedicated to 3D FC in the whole brain. A 15 MHz MultiArray probe was developed 



based on four high-sensitive compact linear arrays (4x64 transducers, pitch 110 µm, Iconeus, 

Paris, France), mounted on a 4-axis motor stage for automatic positioning and scanning both 

driven by the Iconeus One scanner. 3D rsFC was characterized in both anesthetized (n = 4) and 

head-fixed awake mice experiments (n = 4). During rsFC acquisitions (20 minutes) the power 

Doppler was acquired in 4 slices simultaneously during 0.4s (200 compounded frames at 500 

Hz) for four positions, resulting in 16 contiguous slices (525 µm step) acquired in 2.4s. After 

automatic atlas-based registration and preprocessing (slice timing correction, temporal filtering, 

global mean regression), correlation matrices were computed with 372 Allen regions. Strong 

cortical and hippocampal bilateral connectivity patterns were found, and seed maps analysis 

allowed the quantification of long-ranged connectivity in the entire mouse brain. The MultiArray 

approach is a suitable solution for 3D functional imaging in awake and anesthetized mice 

without craniotomy. The wide field of view combined with the high sensitivity opens new 

opportunities to perform unbiased 3D functional connectivity measurements in the whole mouse 

brain. 
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Abstract: Besides significant benefits to physical health, exercise promotes mental health, 

reduces symptoms of mental illness and enhance psychological development. Exercise can offset 

the impact of chronic stress, which is a major precursor to the development of mental disorders. 

The effect of exercise on chronic-stress-induced behaviors are contradictory in preclinical 

studies, primarily due to the lack of data and sex-specific investigations. We sought to evaluate 

the effects of exercise on chronic stress-induced behavioral changes in both male and female 

mice. Mice were subjected to an Unpredictable Chronic Mild Stress (UCMS) paradigm with 

accessibility to running wheels for 2 hours daily. Physiological and behavioral evaluations were 

conducted throughout the stress paradigm to determine if exercise blunted the effects of UCMS. 

Stressed mice spent more time running, with an overall increase in females compared to males. 

Chronic stress induced sex-specific differences in weight, and in food, water, and sucrose 

consumption. Exercise blunted the hyponeophagia effect of UCMS in the novelty suppressed 

feeding test. Results of the open field test and tail suspension test reflect a sex-specific exercise-

induced amelioration in avoidance of the light zone and center zone. These results indicate that 

exercise concurrent with chronic stress can ameliorate some of the behavioral effects of chronic 

stress and baseline behavioral effects. 
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Abstract: Selective breeding strategies over the past century have produced laboratory rats that 

differ from their wild counterparts. Recently, we reported that stressed wild-trapped adult rats 

have higher corticosterone (CORT) fecal metabolite (FM) levels and larger adrenal glands than 

their weight-matched lab rat counterparts, suggesting that Hypothalamic-Pituitary-Adrenal 

(HPA) activation has been significantly impacted in lab rats. In the current study, comparative 

evaluations continued; specifically, 4 male and 11 female wild rats were trapped in Richmond, 

VA, and the same number of weight- and sex-matched Long-Evans lab rats (both R. norvegicus) 

were compared on several neurobiological measures. Concurrent with past findings, a 2x2 (sex x 

population) ANOVA indicated that stressed CORT FM levels were significantly higher in the 

wild cohort than the lab group [i.e., a nine-fold difference (p=.0001)] whereas 

dehydroepiandrosterone (DHEA), an endocrine marker of emotional resilience, levels were 

higher in the wild rats but not to the degree observed in the CORT data (p=.003). In an additional 

cohort of 10 wild adult male rats trapped in New Orleans, LA, baseline levels of CORT (in 

serum and fecal samples) were also observed to be higher than previously observed lab rats’ 

baseline levels (i.e., approximately 10x higher). Focused on the brain, preliminary data suggest 

that the wild brains have significantly higher levels of non-specific staining of vascularization in 

the anterior cingulate cortex and hippocampus than the lab rat brains. Subsequent analyses using 

CD31-immunoreactivity, a platelet endothelial cell adhesion molecule 1 (PECAM-1) marker of 

vascular differentiation and angiogenesis, are ongoing. Cellular profiles in the dentate gyrus 

revealed no differences in the density of neurons (pyramidal and fusiform) and glial cells in lab 

and wild rats. Immunoreactive glucocorticoid and mineralocorticoid receptors are being 

quantified in the hippocampus to provide additional information about HPA activation in wild 

rats; additionally, levels of B2 SINE transposon RNA are being processed in several brain areas 

involved in emotion and cognition. Taken together, these results suggest that wild rats possess 

specific adaptations for enhanced vigilance and survival in the wild, including enhanced HPA 

responsivity and, based on preliminary data, increased markers of brain vascularization. Gaining 

more information about the similarities and differences between lab and wild R. norvegicus will 

inform the translational value of rodent preclinical models, especially related to stress 

responsivity-- a core component of many psychiatric illnesses. 
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Abstract: Psychiatric disorders such as post-traumatic stress disorder and major depressive 

disorder are characterized by deficits in cognitive flexibility. Exposure therapy can be effective 

in reversing cognitive deficits in these patients. Fear extinction in rodents bears similarity to 

exposure therapy. Extinction reverses chronic stress-induced deficits in cognitive flexibility on 

the attentional set-shifting test (AST), a medial prefrontal cortically-mediated executive process. 

Extinction requires the activity of pyramidal neurons in the infralimbic cortex, and BDNF-

initiated signaling cascades to reverse stress-induced impairments in set shifting. However, the 

circuit mechanisms governing the extinction-mediated BDNF plasticity in the infralimbic are 

unknown. The ventral hippocampus plays a key role in regulating infralimbic activity during 

extinction learning, and plasticity in the ventral hippocampus is necessary for extinction memory 

consolidation. Thus, in these experiments we investigated the role of ventral hippocampal 

(vHipp) input to the infralimbic cortex (IL) for the effects of extinction after chronic stress in 

reversing cognitive deficits in male and female rats. Our results demonstrate that 

chemogenetically silencing pyramidal cell input from the vHipp to the IL prevents the effects of 

extinction in reversing stress-induced cognitive deficits. Further, we demonstrate that activating 

vHipp input in the IL, in the absence of extinction, is sufficient to reverse stress-induced deficits 

in set shifting. Importantly, the effects of activating vHipp terminals in the IL are dependent on 

BDNF signaling, as local infusion in the IL of a neutralizing antibody prevented these beneficial 

effects. These findings suggest vHipp-driven BDNF signaling in the IL is critical for extinction 

to counteract the deleterious cognitive effects of chronic stress. 
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Abstract: Ketamine is a multi-modal anesthetic drug that is commonly used to treat pain caused 

by traumatic injury. However, there remain questions regarding the effects of ketamine 

administration on traumatic memory formation and subsequent long-term psychological 

outcomes, considering the drug’s dissociative and hallucinogenic properties. To address these 

questions, this study investigated the effects of intravenous (IV) ketamine at subanesthetic doses 

on brain glucose metabolism in female Sprague-Dawley rats following fear conditioning. To 

analyze brain glucose metabolism, rats underwent two fluorodeoxyglucose (18F-FDG)-positron 

emission tomography (PET) and computed tomography (CT) scans: (1) baseline scan 1 (Day 0, 

n=36), and (2) scan 2 immediately following auditory fear conditioning and ketamine infusion 

(Day 5, n=34). During fear conditioning, rats received three pairings of an auditory tone that co-

terminated with a mild footshock (0.6 mA, 1 s) at the end of the tone. Immediately thereafter, 

rats received a single subanesthetic dose of IV ketamine infusion: saline (n=11), 10 mg/kg 

(n=11), and 20 mg/kg (n=12). FDG-PET images were pre-processed using Analysis of 

Functional Neuroimages (AFNI) and VivoQuant software. A voxel-wise analysis of brain 

glucose uptake was then performed using Statistical Parametric Mapping 12 (SPM12) and the 

Small Animal Molecular Imaging Toolbox (SAMIT). Our preliminary results showed that, 

compared to the baseline scan 1, 10 mg/kg IV ketamine at scan 2 increased glucose uptake in the 

left parietal association cortex, left secondary visual cortex (lateral area), and left secondary 

auditory cortex (dorsal area) (Family-Wise Error (FWE)-corrected p<0.05). Further, compared to 

the baseline scan 1, 20 mg/kg IV ketamine at scan 2 increased glucose uptake in the left 

secondary visual cortex (lateral area), left secondary auditory cortex (dorsal area), right alveus of 

the hippocampus, and right retrosplenial granular b cortex (FWE-corrected p<0.05). However, 

no significant changes in brain glucose uptake were observed when comparing baseline scan 1 

and scan 2 of rats that received IV saline. Together, our results suggest that IV ketamine may 



dose-dependently alter glucose uptake in key brain regions important for the processing and 

memory encoding of visuospatial, somatosensory, and auditory information. These preliminary 

findings warrant further investigation into the effects of ketamine infusion on brain function, 

memory formation, and behavior following the peri-trauma period. 

Disclaimer: The views expressed are solely those of the authors and do not reflect the official 

policy or position of the US government. 
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Abstract: The effects of psychostimulants involve higher availability of monoamines. While 

dopamine (DA) has been related to rewarding effects of drugs, noradrenergic system (NA) has 

been mainly related to peripheral signs. However, there is evidence that NA has an important 

action in brain and play an important role in the addictive effects of psychostimulants. Modafinil 

is a weak psychostimulant prescribed for sleep disorders that acts mainly on DA transporters and 

has a low affinity for NA transporters; at the same time, no addictive potential has been 

described for this drug. Based on the differential action on monoaminergic activity, it is possible 

that the co-administration of modafinil plus atomoxetine (a specific inhibitor of NA reuptake) 

could conferring or increase the incentive value of modafinil (MOD) and, at the same time, 

facilitate its subsequent self-administration of MOD and the mix MOD+ATX. Six groups of 

male rats 60-day old (n=12 each) were treated chronically (16 days) with, either 60mg/kg MOD, 

2 and 4 mg/kg ATX or the combination of 60mg/kg MOD with 2 or 4mg/kg ATX before 

evaluating the motor activity and the exploratory behavior. In addition, oral MOD and 

MOD+ATX self-administration was assessed after 12h of liquid restriction. ANOVA test was 

used. Atomoxetine 4mg/kg+MOD decreases modafinil-induced exploratory behavior during 

pharmacological treatment. This group 60MOD+4ATX showed a higher subsequent oral 

consumption of modafinil that was not observed in the group pretreated with only 60MOD. 

Although the group 60MOD+4ATX did not present a higher subsequent oral consumption of this 

mixture, did present a greater exploratory behavior that was not observed during the initial 

treatment period. The co-administration of 60MOD+4ATX seem increase the incentive value of 



modafinil without affecting motor activity; however, the increase in exploratory behavior suggest 

an effect, of this mixture, on behaviors more related to attentional process. 
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Abstract: Inhalants, such as toluene, rank fourth in lifetime use among 8th graders in the U.S. 

and drug use during adolescence is known to produce lasting neurobiological and behavioral 

consequences. Despite toluene’s abuse during this period, there is a gap in understanding of the 

impact early adolescent toluene exposure causes on subsequent drugs of abuse. To address the 

gap, adolescent (PND 28-32) male Swiss-Webster mice (N=360) were exposed to 0, 2000, or 

4000 parts per million (ppm) of toluene vapor for 30 min/day for 5 consecutive days using a 

static exposure chamber. After a delay period of 4- (PND36) or 12-days (PND44), a subset of 

mice (N = 180) had their locomotor activity recorded during a five injection (8 min ITI) 

cumulative dosing regimen of cocaine (0, 2.5, 5, 10, 20 mg/kg), ethanol (0, 0.5, 1, 2, 4 g/kg), or 

saline (5 control injections). Immediately following the last injection of the regimen and 

locomotor activity recording, animals were euthanized and brains processed for assessment of 

DA, NE, and 5-HT via High Pressure Liquid Chromatography (HPLC). The common 

metabolites DOPAC, HVA, 3-MT, & 5-HIAA were also assessed, and all HPLC analyses 

focused on four regions of the reward neurocircuitry, including medial prefrontal cortex (mPFC), 

nucleus accumbens (NAc), dorsal striatum (dSTR), and ventral tegmental area (VTA). Toluene 

exposure dose-dependently increased locomotor activity during the 5-day exposure. When 

challenged with cocaine, mice previously exposed to toluene produced significantly decreased 

activity after higher cocaine doses (10 and 20 mg/kg) as compared to air controls. Mice 

previously exposed to 4000 ppm toluene showed a non-significant downward shift in locomotor 

activity at 4 g/kg ethanol (p = 0.101). The HPLC analyses revealed subtle changes in 

neurochemical levels that varied by prior toluene exposure, brain region, and age tested (i.e., 

delay period 4 vs 12 days) with the greatest impact of prior toluene exposure observed in the 

dSTR. Together these results suggest that adolescent toluene exposure produces behavioral 

desensitization to subsequent cocaine (and possibly ethanol) exposure and that the striatum likely 

participates in these effects. This toluene-induced behavioral desensitization in our animal model 



may be a mechanism during adolescence that impacts the propensity for continued drug use by 

requiring the individual to take more drugs during later drug use. 
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Abstract: Previously we demonstrated that disrupting nitric oxide synthase 1 (NOS1) in the IPN 

abolishes place preference for nicotine. Others have demonstrated that systemic administration of 

a NOS1 inhibitor can prevent the development of analgesic tolerance to opioids, reverse 

established tolerance, as well as prevent and reverse withdrawal to chronic opioids. We sought to 

determine if NOS1 in the IPN was necessary and/or sufficient for reward tolerance by knocking 

down NOS1 expression in the IPN using a shRNA virus (n=17). Control animals received a 

scrambled shRNA virus(n=20). After allowing 2-3 weeks for the virus to express, mice were 

divided into oxycodone-drinking and water-drinking groups. After allowing mice to habituate to 

their drinking condition over 1 week, a biased CPP paradigm was run conditioning mice to their 

least preferred side with oxycodone. As expected, the scramble injection group with regular 

drinking water(n=12) demonstrated robust preference for the chamber paired with 5 mg/kg 

oxycodone, while the scramble injection group given oxycodone (n=8) in the drinking water 

showed significantly less preference after chronic oxycodone, which is suggestive of reward 

tolerance. However, mice with NOS1 knocked down in the IPN did not show a significant 

difference in preference between the water (n=7) and oxycodone-drinking groups (n=10) which 

suggests that NOS1 in the IPN is necessary for reward tolerance to develop. Interestingly, it 

appears that the NOS1 shrna water group, although not statistically significant, was not able to 

develop as high a preference for oxycodone as the scramble group. This is suggestive that 

knocking down NOS1 in the IPN also reduces the rewarding aspect of acute oxycodone 

administration. This finding confirms previous studies showing similar behavior to other drugs 

of addiction such as nicotine. Understanding the mechanisms of nitric oxide production in the 



IPN and the impact on drug tolerance behavior may lead to better treatment options for those 

struggling with opioid addiction and other substances impacted by nitric oxide and NOS1. 
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Abstract: Background: People with opioid dependence experience a physical withdrawal 

syndrome when tapering off opioids. Physical withdrawal is one factor that drives compulsive 

drug-taking behavior and short-term relapse. However, the molecular mechanisms of morphine 

withdrawal (MW) remain unclear. MW is characterized by persistent neuroadaptations in key 

brain regions, such as the midbrain periaqueductal gray (PAG). A transcription factor, 

phosphorylated cAMP response element binding protein (pCREB), is involved in the PAG in 

MW. However, the downstream mechanisms of pCREB in the PAG in MW is still not clear. 

Evidence strongly implicate NMDA receptor 2 B (NR2B) subunits in drug abuse. Here, we 

examined the molecular relationship of pCREB and NR2B in the PAG in MW using rats. 

Methods: Chronic escalating doses (10-50 mg/kg) of morphine given intraperitoneally for a 

period of 5 days in male rats. MW syndrome was precipitated by naloxone (4 mg/kg, IP) 1 h 

after the last morphine injection (day 5). Immediately after naloxone, withdrawal signs were 

evaluated for 30 minutes. Following MW, western blot was used to determine levels of pCREB 

and NR2B proteins in the ventrolateral PAG. For intracranial microinjection into the PAG, 

cannula implantation was carried out in a stereotaxic headholder. An antisense 

oligodeoxynucleotide against CREB (AS-CREB), or a NR2B inhibitor, was microinjected in 

MW rats. Chromatin immunoprecipitation (ChIP) assay was used to determine the nr2b gene 

promoter enrichment of pCREB. Over-expression of CREB was induced by microinjection of a 

recombinant herpes simplex virus (HSV) vector that encodes the CREB gene. Results: Chronic 

morphine withdrawal was precipitated by naloxone, with increased MW scores seen in rats. MW 

increased the expression of pCREB and NR2B protein in the PAG using western blots. 

Immunostaining showed co-localization of pCREB and NR2B in PAG neurons. Microinjection 

of AS-CREB, or of the NR2B inhibitor Ro25-6981, into the PAG blunted the MW syndrome. 



Western blots showed that AS-CREB reduced the expression of NR2B in the PAG in MW. ChIP 

assay showed that AS-CREB reduced the enrichment of pCREB on the nr2b gene promoter 

region in the PAG in MW. Over-expression of CREB mediated by HSV vectors further 

increased MW scores and expression of NR2B protein in the PAG. Conclusions: Our results 

suggest that MW is associated with pCREB and induction of NR2B in PAG neurons, and that 

CREB mediates increased expression of NR2B in an epigenetic manner. Understanding the 

complex relationship between pCREB and NR2B will allow us to formulate novel epigenetic and 

molecular therapies. 
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Abstract: Rates of opioid use disorder (OUD) and overdose deaths have increased dramatically 

in recent years. Currently approved medications for OUD include the opioid agonists methadone 

and buprenorphine, and the opioid antagonist naltrexone. However, relapse rates are high due to 

an impaired ability for addicts to control their urge to consume due to strong cravings, and the 

extreme severity of withdrawal symptoms. Additionally, the opiate nature of the agonists can 

lead to abuse of those compounds as well. Non-opiate targets, such as glutamate receptors, are 

potentially ideal for developing intervention strategies with the goal of reducing OUD, relapse, 

and overdose death. NYX-783 is a small molecule positive modulator for the glutamate receptor 

NMDAR. It has been shown to modulate learning and memory, both of which are impaired in 

drug addicts, and known play a role in relapse. Using mice, we have conducted preclinical 

studies to evaluate the potential for NYX-783 as a therapeutic for OUD with assessment of 

several outcomes: 1) respiratory depression, 2) consumption, 3) motivation for consumption, and 

4) the development of aversion to withdrawal symptoms. For respiratory depression studies, 

mice were pretreated 1h prior with NYX-783 and respiratory rates were monitored for 15min 



after each escalating dose of oxycodone. No effects were seen across all doses of NYX-783 

tested. To test for effects on drug consumption, mice were trained to orally self-administer 

oxycodone and then treated every two days with different doses of NYX-783. No effect on 

intake at clinically-relevant doses was observed. Mice that were self-administering oxycodone 

were then evaluated on a progressive ratio paradigm and no effect of NYX-783 was observed on 

oxycodone rewards earned. We next evaluated withdrawal using two separate paradigms to test 

for effects of NYX-783 on, 1) somatic withdrawal symptoms, 2) aversion to the state of 

withdrawal. For somatic withdrawal, using higher doses of naloxone (1 mg/kg), NYX-783 did 

not attenuate jumping behavior. For aversion to withdrawal, three aversion pairings were 

completed that consisted of oxycodone treatment, followed by NYX-783 preceding a low dose of 

naloxone (0.1mg/kg ip) immediately before pairing in a specific context. These alternated with 

neutral (saline) pairings daily in an alternate context, resulting in place aversion (avoidance of 

oxycodone/naloxone paired side) on test day. We observed a significant reduction in place 

aversion in the NYX-783 treated mice. These data suggest a potential therapeutic use for NYX-

783 in reducing the negative state of withdrawal that can drive relapse in OUD. 

Disclosures:  R. Trinko: None. E. Foscue: None. D. Diaz: None. K. Leaderbrand: A. 

Employment/Salary (full or part-time):; Aptinyx Inc. J.R. Taylor: None. R.J. DiLeone: C. 

Other Research Support (receipt of drugs, supplies, equipment or other in-kind support); Aptinyx 

Inc.. 

Poster 

561. Addictive Drugs: Pharmacology and Neural Mechanisms 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 561.06 

Topic: G.09. Drugs of Abuse and Addiction 

Title: Animal models of addiction - Aiding the search for pre-clinical CNS drug discovery 

Authors: Author Block needs to be regenerated 

Abstract: Animal models of addiction have been crucial to our understanding of brain 

mechanisms that underlie reward functions and the dysregulation of these processes during 

addiction. Clinical features have been incorporated into these models to better capture the human 

condition, including the compulsive aspects of drug seeking and taking, as well as propensity to 

relapse. Here, we present three addiction-related behavioral assays that are routinely utilized for 

testing the abuse potential of novel therapeutics. Alternatively, these assays can also be 

implemented to assess efficacy of potential pharmacotherapies for addiction. Locomotor 

sensitization, an augmentation of locomotory response following exposure to drugs of abuse like 

cocaine and amphetamine, is mediated by molecular and cellular mechanisms that contribute to 

drug-induced pathophysiological emotional and motivational states characteristic of addiction. 

Conditioned place preference (CPP) paradigm is a well-established model utilized to test the 

reinforcing properties of drugs. A drug’s rewarding or aversive properties are measured based on 



associations formed between the administered drug and a contextual environment. Finally, the 

drug self-administration paradigm relies on operant conditioning and involves the subject to 

perform a response, such as pressing a lever, to receive a dose of a drug. Abuse potential or 

rewarding properties of the drug is indicated by its ability to support continued responding by the 

subject. In addition to their fundamental role in abuse liability testing, which forms an integral 

part of drug development, regulatory review, and market approval, these assays can also be used 

for testing efficacy of new medications being developed for the treatment of substance use 

disorders. 
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Abstract: Solvent misuse constitutes a serious public health problem worldwide that mainly 

affects children and adolescents. Volatile solvents share pharmacological properties with central 

nervous system depressants, and they are commonly inhaled to achieve intoxicating states. The 

most misused solvent is toluene. It can be found as part of multiple products such as thinner, 

adhesives, gasoline, and cleaning products. There are several reports indicating that inhaling 

toluene can produce cardiac arrhythmias due to adrenergic sensitization of the heart and also lead 

to a phenomenon named sudden sniffing death, but the mechanism responsible is not completely 

understood. In this sense, it is unknown the effect of toluene exposure on adrenergic responses in 

arteries, such as aorta. The purpose of this study was to investigate the effect of subacute toluene 

exposure on alpha 1- and beta-adrenergic responses in aorta in rats. Male Wistar rats (250-300 g) 

were placed in a static exposure chamber and exposed to 6000 ppm of toluene or air (control 

group) during 30 minutes, twice a day, for a week. After this period, rats were euthanized with 

sodium pentobarbital (65 mg/kg) and the aorta was isolated, it was cut into rings and the 



endothelium was removed from half of them. Arterial rings were bathed in a 10 ml chamber, 

filled with Krebs-Henseleit solution, and attached to the bottom of the chamber and to an 

isometric force displacement transducer. Aortic rings were subjected to an initial optimal tension 

of 3 g and were stimulated with a submaximal concentration of phenylephrine (1x10-7 M). 

Concentration-response curves to phenylephrine (alpha-1 adrenergic agonist: 1x10-9 - 1x10-5 

M), and isoprenaline (beta adrenergic agonist: 1x10-9 - 1x10-5 M) were constructed. Our results 

showed that phenylephrine produced a contraction in a concentration-dependent manner both in 

control and toluene groups, and a diminished response was produced in aortic rings with 

endothelium compared with endothelium-denuded rings. On the other hand, in endothelium-

denuded rings toluene evoked a lower response to phenylephrine compared to control group. In 

contrast, there were no significant differences between toluene and control groups when 

isoprenaline stimulation was made. In conclusion, our findings suggest that toluene modifies 

alpha adrenergic responses probably due to an endothelium-dependent mechanism. 
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Abstract: The increase in substance use in the last decade represents a significant major public 

health problem with a mounting need for a precision approach to the treatment and diagnosis of 

substance use disorders. Prediction of potential substance abuse prior to exposure remains an 

avenue of great interest. The identification of novel pathways and biomarkers are necessary to 

explore potential innovative treatments. The gut-brain axis has been implicated in substance use 

disorders, is metabolically active, and interacts with the whole body throughout the life of the 

host. While it has been hypothesized that the microbiome and metabolome may improve 



diagnosis or identify individuals vulnerable to escalation of substance use, the tools are still 

being developed to address this question. The highly dimensional data generated from 

metagenomic sequencing and untargeted metabolomics is a challenge to analyze and integrate. 

To address this issue, we have applied modern machine learning and artificial intelligence 

approaches combined with class balancers and explainer models to reveal actionable features for 

future study.   Shotgun metagenomics and untargeted metabolomics were carried out on fecal 

and plasma samples from the heterogenous stock rats (HS) that undergo self-administration of 

cocaine (n=50) or oxycodone (n=50). The rats were characterized for their addiction-like 

behaviors through a wide range of tests as well as during short/long access drug self-

administration. Following the experiment, organs of interest, feces, and plasma were stored in 

the Cocaine (cocainebiobank.org) and Oxycodone biobanks (oxycodonebiobank.org).   Machine 

learning approaches were implemented to analyze microbiome and metabolomic signatures of 

animals before and after exposure to either oxycodone or cocaine self-administration. Animals 

vulnerable to escalation were found to exhibit unique microbiome and metabolomic profiles 

from those that did not escalate intake during long-access drug self-administration. The HS rats 

exhibit heterogeneity in intake, leading to class imbalance issues (SMOTE) and the need for 

explainer models (SHAP) to identify features of interest. When applied, metabolic pathways 

related to inflammation, gene expression modification, and gut-brain axis signaling were 

identified as potential biomarkers of interest. Upon supplementation of microbial metabolites in 

the oxycodone group, the vulnerable animals decreased their drug intake. These data demonstrate 

that microbial metabolic activity and functional read-outs such as metabolomics are key in 

developing novel diagnostics and therapeutics for substance use disorders.    
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Abstract: Effective pharmacological agents for the treatment of methamphetamine use disorder 

(MUD) have not been developed. The chronic use of methamphetamine (MA) alters dopamine 

(DA) levels, resulting in reward- and drug-seeking behaviors. Polypharmacological agents that 

simultaneously target DA D1, D2 and D3 receptors may be useful to remediate MUD. Ideally, 



for such an agent to be therapeutically useful, it should be blood-brain barrier (BBB) penetrable 

upon oral administration. (-)-Stepholidine (SPD), is a tetrahydroprotoberberine alkaloid which 

acts as a DA D1 receptor partial agonist /D2 antagonist /D3 antagonist with anti-addiction and 

memory enhancing properties. Although the pharmacodynamic profile of SPD is promising as a 

potential MUD therapeutic, it suffers from poor oral bioavailability, limiting its therapeutic 

utility. Therefore, we sought to investigate SPD derivatives (potential prodrugs with predictably 

improved oral bioavailability and ability to deliver SPD to the brain), following voluntary oral 

administration. A mouse model of VOA was used to deliver the drugs – SPD, 

tetrahydropalmatine (THP) and stepholidine diacetate (SPDD). Liquid chromatography-tandem 

mass spectrometry (UPLC- MS/MS) was used to evaluate the permeability and concentration of 

the drugs in C57Bl/6J male mice brain. A single dose of SPD (10 mg/kg) was administered, and 

brains assessed at 15- and 30-min post VOA. For THP, a single 20 mg/kg dose was 

administered, and brains assessed at 15, 30, 60, and 120 min post VOA. We successfully 

detected THP at all time points in brain; however, there was no drug detection for SPD. 

Following a single oral dose of SPDD (20 mg/kg), we detected stepholidine 15 min post VOA in 

brain. These results indicate that SPDD improved the oral bioavailability and BBB permeability 

of SPD and similar investigations of other potential SPD prodrugs are warranted. Further 

evaluation of SPDD as an anti-MA addiction agent using a previously validated model of 

voluntary oral methamphetamine administration (VOMA) as well as characterization of 

underlying changes in DA receptor expression, are planned. 
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Abstract: Alcohol is the most commonly abused drug worldwide; it causes dependence and 

shows withdrawal symptoms upon cessation. Lateral habenula (LHb), rich in glutamatergic 

neurons, plays a significant role in alcohol addiction. Neurotoxicity following ethanol 

withdrawal has been shown to occur via NMDA receptors, which show a binding site for 

magnesium (Mg2+) ions that reversibly block the passage of Ca2+. Mg2+ deficiency is involved in 

alcohol dependence and withdrawal, while Mg2+ treatment decreases alcohol withdrawal 



syndrome. The present study aimed to investigate the neuroprotective effect of magnesium on 

excitotoxic neurodegeneration induced by ethanol withdrawal in LHb. Adult Swiss albino mice 

were stereotaxically implanted with the cannula into LHb and were subjected to intragastric 

chronic binge ethanol administration (4g/kg, 20% w/v) for ten days; post-24 hr withdrawal 

behavioral testing was carried out. We found the systemic and intra-LHb treatment of 

magnesium sulfate (MgSO4) decreased somatic withdrawal signs and reduced hyperlocomotion, 

grooming, rearing, and wall climbing compared to the vehicle-treated group. Further, in the EPM 

and LDB test, MgSO4 treatment increased the number of entries and time spent in the open arm 

and light chamber, respectively, indicating an anti-anxiety effect. Furthermore, systemic and 

intra-LHb MgSO4 treatment increased the NeuN positive cells and significantly decreased 

Caspase-3 positive cells compared to the vehicle-treated group. Thus, the present study suggests 

systemic and intra-LHb administration of MgSO4 reduces ethanol withdrawal symptoms and 

associated excitotoxic degenerative changes in LHb in mice. Therefore, we conclude that MgSO4 

serves as an agent to prevent ethanol withdrawal and associated neurodegeneration in LHb. 
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Abstract: During the initial year of the COVID-19 pandemic, deaths from mind-altering 

substances such as opioids and stimulants have increased substantially. However, deaths from 

Mitragynine received less attention. There is a dearth of research about the characteristics of 

people who died from Mitragynine, and its effect on the neurocognitive functioning. Also, 

research on the safety and efficacy of Mitragynine in its perceived use as a partial opioid agonist 

and its effect on cognitive functioning is limited. In this study, we described the characteristics of 

people with Mitragynine as a cause of death (COD) in Florida in 2020 using de-identified data 

from Florida Department of Law Enforcement in 2020. Mitragynine is the primary alkaloid of 

the plant Mitragyna speciosa, known as kratom, indigenous to Southeast Asian countries, such as 

the Philippines, Thailand, and Malaysia. While the neurobiology of Mitragynine seems unclear, 

particularly on how it affects the brain leading to a person’s death, our study results indicated 

that most of the decedents who died from Mitragynine as a COD were not of Asian descent. 

Mitragynine was determined as a COD by the medical examiners when it played a causal role in 

the death of a person through autopsy, urine, and toxicology results. We use descriptive statistics 

to retrospectively describe these decedents. The co-presence of other mind-altering substances, 



such as opioids (Fentanyl, Morphine, and Oxycodone) and stimulants (methamphetamine and 

amphetamine), cannabinoids, and ethanol was also examined. Results: A total of 166 people died 

from Mitragynine as a COD; age range (21 to 68 years), mean age of 37.28 (SD=8.884). More 

males were affected at 80.1%. 160 of 166 decedents were non-Hispanic whites (96.4%), Asian 

(n=1), Black (n=1), and Hispanic (n=3). Most decedents died in accidents (99.4%), with drug 

intoxications as main reason. The co-presence of mind-altering substances are as follows: 

opioids- fentanyl (n=129), morphine (n=21), and oxycodone (n=14); stimulants- amphetamine 

(n=14) and methamphetamine (n=20), ethanol (n=47), and cannabinoids (n=115). Only three 

decedents had Mitragynine as the sole substance found during autopsy and toxicology results. 

Results of this study informed our efforts to conduct an exploratory study on perceived 

Mitragynine use for pain, and its measured effects on neurocognitive functioning. Mitragynine-

related death is indeed a legitimate health concern. As most people died from accidents while 

under the influence of Mitragynine, the public is warned about the harmful effects of using 

Mitragynine to reduce avoidable deaths. 
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Abstract: Clinical literature indicates that illicit synthetic cannabinoids, known as spice 

compounds, can induce acute respiratory depression requiring emergency medical care in 

humans. These compounds typically target cannabinoid receptor type 1 (CB1) and are used 

recreationally to mimic the psychoactive effects of cannabis, casting doubt on previously held 

conventions that CB1 agonists do not detrimentally affect respiration. The apparent insensitivity 

of these synthetic cannabinoids to traditional first line treatments for drug-induced respiratory 

depression (e.g. Naloxone) calls into question how cannabinoids interact with the respiratory 



system and highlights the need for effective therapeutics. Our lab previously reported that 

LY2828360, a G protein-biased cannabinoid receptor type 2 (CB2) agonist, lacked intrinsic 

effects on respiratory parameters and attenuated fentanyl-induced respiratory depression. Here 

we examined the impact of two synthetic CB1 agonists, AM12059 and AM11250, on the 

respiratory parameters of awake mice. Whole-body plethysmography was used to assess each 

ligand's impact on respiratory minute volume, tidal volume, and frequency. Cannabimimetic 

effects and tolerance were evaluated via tetrad testing after once daily dosing. Both ligands 

induced respiratory depression at strikingly low doses in wild type mice, affecting both 

respiratory frequency and average tidal volume. Respiratory depression elicited by both ligands 

was fully blocked by the CB1 antagonist/inverse agonist AM251 and was entirely absent in CB1 

knockout mice. Repeated dosing significantly attenuated the magnitude of respiratory effects but 

did not eliminate them. Respiratory depression induced by both ligands was unaffected by 

coadministration of the CB2 antagonist AM630, or the peripherally restricted CB1 antagonist 

AM6545. Furthermore, AM11250 and AM12059 differ markedly in efficacies for recruiting 

beta-arrestin, producing suprathreshold and minimal recruitment of beta-arrestin-2 while 

showing similar efficacies and potencies for inhibiting adenylyl cyclase in vitro. AM12059 

elicited more extreme hypothermia, enhanced catalepsy, greater antinociception, and stronger 

respiratory depression than AM11250. These results suggest that CB1 receptors are expressed in 

CNS neurons that are responsible for the regulation of respiratory function. The susceptibility of 

these neurons to exogenous CB1 agonists may explain clinical observations of respiratory 

depression after the administration of synthetic cannabinoid drugs. 
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Abstract: The type-1 cannabinoid receptor (CB1) participates in the regulation of a myriad of 

biological functions to help maintain homeostasis. Because CB1 occupies such a key position in 

the central nervous system, the brain has set up endogenous regulatory mechanisms to prevent an 

imbalance in CB1 activity that may lead to the onset of neuropsychiatric disorders. We have 

shown that pregnenolone (PREG), formerly considered an inactive precursor of steroid 

hormones, is a potent CB1 negative allosteric modulator1 and prevents against excessive CB1 

activation and toxic effects by ∆9-tetrahydrocannabinol (THC) 1, 2, the main psychoactive 

ingredient of the plant Cannabis sativa. No study, however, has so far determined if this 

regulation loop is set up endogenously and participates in the modulation of CB1-mediated 

physiological functions. To investigate this topic, we have developed a novel mutant mouse line 

(CB1-E134G), carrying a missense mutation in the CB1-encoding gene (Cnr1) aimed at 

disrupting the PREG-CB1 allosteric binding site. We investigated the effects of cannabinoids in 

male and female CB1-E134G mice (aged 3 to 4 months) to validate and identify the impact of the 

loss of PREG binding to CB1 in our model. We show that CB1-E134G mice exhibit increased 

behavioral and somatic efficiency of THC compared to wild-type (WT) animals. By addressing 

THC-induced PREG synthesis by gas chromatography-mass spectrometry tandem, we show that 

THC-induced PREG increase is similar between genotypes, indicating that higher efficacy of 

THC in CB1-E134G mice is not related to an alteration in PREG brain levels. In addition, we 

performed ex vivo analyses on mitochondrial extracts to study the effect of the synthetic CB1 

agonist WIN-55,212-2 (WIN) on cellular respiration. A higher response to WIN is observed in 

samples collected from CB1-E134G mice compared to those of WT mice, and this response is 

inhibited by PREG treatment in WT samples only. Our data strongly suggest that PREG cannot 

bind to CB1 in our mouse model, leading to hypersensitivity to cannabinoids. This model 

provides a significant strategic opportunity to elucidate the role of the feedback loop between 

PREG and CB1 in vivo and may point towards new therapeutic potentials for PREG in CB1-

related neuropsychiatric disorders. 

References:1Vallée et al. 2014 ; 2Busquet-Garcia et al. 2017 
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Title: The effects of cannabinoid agonism on auditory discrimination 
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1Alma Col., 2Alma Col., Alma, MI 

Abstract: Cannabis use alters audition in a variety of ways. In humans, there is an increased 

appreciation of musical stimuli, impaired auditory signal detection and filtering of irrelevant 

stimuli during cannabis intoxication. Disruptions in sensorimotor gating are also seen in both 

humans and mice. The mechanisms behind the alterations in both basic auditory processing such 

as sensorimotor gating/processing and more complex processes like musical appreciation are 

currently unknown. The goal of the current study was to examine the effects of a selective 

cannabinoid agonist on the CB1 receptor (WIN 55,212-2) on auditory discrimination. Twenty-

four Sprague Dawley rats were tested in an auditory go/no-go task using two different frequency 

tones. After training, rats were assigned to one of three groups: low dose WIN (1.2 mg/kg), high 

dose WIN (3 mg/kg) or control. Rats were tested for number of errors made and overall 

responding after drug exposure. WIN dose-dependently altered responding in the go/no-go task 

with little to no effect on activity. This study furthered the literature on how the CB1 receptor 

plays a role in basic auditory processes related to auditory learning. This information can then be 

used to further examine the various cannabinoids in cannabis to examine the short- and long-

term impact of cannabis on audition in rodents and humans. 
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Title: Reinforcement enhancing effects of Δ-9 tetrahydrocannabinol (THC) in male and female 

rats. 
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PALMATIER;  
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Abstract: Rationale. Cannabis is widely consumed by humans for pharmacological effects that 

are mediated by THC. However, THC supports low rates of behavior in non-humans. We 

hypothesized that THC may have reinforcement enhancing effects comparable to other drugs 

(e.g., nicotine and caffeine) which are also widely consumed by humans, but difficult to establish 

as primary reinforcers in non-human animals. Objective. We sought to determine whether THC 



is a reinforcement enhancer, in male (M) and female (F) rats in three experiments. Method. In 

Experiment 1, rats were shaped to lever press for a reinforcing saccharin solution (0.2% w/v) in 

standard operant chambers equipped with infrared beams to monitor locomotor activity. In 

Experiment 2, rats were shaped to press a nose-key for 0.2% saccharin - the nose key was used to 

reduce the likelihood that size differences influenced the amount of effort required to earn 

saccharin. In Experiments 1 and 2 rats were tested under a progressive ratio (PR) schedule of 

reinforcement. In Experiment 3 rats were shaped to enter a receptacle for a visual stimulus (VS; 

1 min extinction of houselights). Results. In Experiment 1 there was a significant sex difference 

for active lever responses and reinforcers earned (F<M, p<0.05) but not activity. Pretreatment 

with 1.5 and 3 mg/kg THC significantly reduced active lever presses, reinforcers earned, and 

activity in both M and F rats (p<0.05). Pretreatment with 0.75, 0.5, and 0.35 mg/kg THC 

systematically increased active lever responding (but not activity), and saccharin reinforcers 

earned in M, but not F rats, relative to baseline (0 mg/kg). In Experiment 2 using the nose-key 

operant response eliminated sex differences in responding for saccharin reinforcement, there 

were no differences in active responses or reinforcers earned (p>0.05). Also, 0.5 mg/kg THC 

increased responding for saccharin in both M and F rats (p<0.05). In Experiment 3 there were no 

sex differences in responding for VS, THC pretreatments are currently being tested for their 

effects on responding for the VS. Conclusions. THC enhances the motivation for saccharin in M 

and F rats. The putative sex differences observed in Experiment 1 may be more accurately 

described as size differences, as using a response that was agnostic to rat size eliminated the sex 

difference in Experiment 2. Finally, the reinforcement enhancing effects of THC were observed 

at lower doses than anticipated based on prior research. These findings should also inform the 

range of doses and procedures (e.g., inclusion of visual reinforcers) that may facilitate future 

investigation of THC self-administration. 
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Abstract: Existing human and rodent studies have found some convergent and some 

contradictory findings on the impact of prenatal cannabinoid exposure on offspring. In children 

and adolescents, behavioural effects which have been reported include a variety of cognitive 

changes (reviewed in McLemore and Richardson, 2016). Using a mouse model developed to 

capture pre- and peri-gestational THC and CBD exposure, we examined the effects on a range of 

behaviours in adult offspring. Beginning 7 days prior to mating and throughout gestation until 

E17.5, pregnant mice were subcutaneously injected once daily with either 5mg/kg THC, 

60mg/kg CBD, or vehicle (1:4:15 95% EtOH:Tween80:saline). Starting at 9 weeks of age, male 

and female mice underwent a battery of behavioural tests which included accelerod (motor), 

elevated plus maze (anxiety), and open field (locomotion and anxiety). We found no significant 

differences in the behaviour of THC or CBD-exposed mice in the open field test compared to 

vehicle controls. Conversely, THC-exposed offspring spent more time in the open arms of the 

elevated plus maze compared to controls (p<0.05, ANOVA with Post-Hoc Tukey’s multiple 

comparisons test). We found no differences in performance on the accelerod test between groups 

across all three experimental trials. These data suggest that the exposure of CBD in this model 

had no effect on the behaviours evaluated in adulthood. In the elevated plus maze specifically, 

offspring of THC-treated dams showed behaviour consistent with a reduction in anxiety. 

However, this was not recapitulated in the open field test. To investigate the effect of this 

gestational drug exposure on cognition, a novel object recognition assay is currently underway, 

with final results pending. 
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Abstract: Cannabis use is highly prevalent in people with bipolar disorder (BD), with many 

reporting using cannabis to ameliorate symptoms. These symptoms include deficits in goal-

directed behaviors (i.e., decision-making and hyper-motivation) and cognitive function (i.e., 

attention and learning). However, chronic cannabis use is also associated with cognitive 

impairment, thus it is unclear to what degree cannabis is useful in ameliorating symptoms of BD. 

Here, we determined the effects of chronic cannabis use on goal-directed behavior and cognition 



that are impaired in people with BD. We recruited BD+ and BD- participants that were either 

cannabis users (C+) or non-users (C-). We performed a 2X2 ANOVA on interim data using BD 

and cannabis use as between-subjects factors on the 4 diagnostic groups: BD-/C- (n=25), BD-

/C+(n-21), BD+/C- (n=8) and BD+/C+ (n=12). Participants were tested with a cognitive battery 

measuring risky decision-making (Iowa Gambling Task; IGT), motivation (Progressive Ratio 

Breakpoint Ratio Task; PRBT), reward learning (Probabilistic Learning Task; PLT) and 

sustained attention (5-C CPT). Overall, cannabis users were younger than non-users. Using age 

as a covariate, we observed BD x cannabis interaction effects on the IGT and PRBT. BD+/C+ 

participants showed less risk-prone behaviors on the IGT (F (1,63), p=.015, ES=.09) and 

normalized motivation on the PRBT (F (1,61), p=.045, ES=.065). We observed moderate effects 

of cannabis on punishment sensitivity (F (1,63), p=0.059, ES=0.055) and sustained attention (F 

(1,48), p=0.056, ES=0.074). Chronic cannabis use was associated with a modest improvement in 

some cognitive functions. Cannabis use was also associated with a normalization of risky 

decision making and effortful motivation in people with BD, but not healthy participants. Thus, 

chronic cannabis use may have uniquely beneficial effects in people with BD. Previous studies 

suggest that some people with BD have increased dopaminergic activity due to a reduced 

dopamine transporter expression. Chronic cannabis use has been shown to reduce dopamine 

release, thus chronic cannabis use may result in a return to dopamine homeostasis in people with 

BD and consequently normalizing their deficits in goal directed behaviors. We are engaged in 

additional studies that explore this potential dopaminergic/endocannabinoid mechanism. 
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Title: Chronic adolescent exposure to cannabis in mice leads to sex-specific transcriptional 

changes across different brain regions and links to genetic susceptibility to psychiatric disorders 
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Abstract: During adolescence, frequent and heavy cannabis use can lead to serious adverse 

health effects and have been linked with an increased risk of psychiatric disorders including 

cannabis use disorders (CUD) and schizophrenia (SCZ). However, the underlying molecular 

mechanisms are largely unknown. Here, we used a mouse model of adolescent exposure to the 



main psychoactive component of cannabis, delta-9-tetrahydrocannabinol (THC), which mimics 

the behavioral alterations observed in adolescent users. We treated female and male C57BL6/N 

mice with high doses of THC during early adolescence, assessed their memory and social 

behaviors in late adolescence, and then profiled the transcriptome of five brain regions involved 

in cognition and addiction. We performed analyses on the gene, pathway, and coexpression 

network levels and identified gene coexpression modules that simultaneously correlated with 

THC treatment and memory phenotypes reduced by THC, termed cognitive modules. The 

cognitive modules were related to endocannabinoid signaling in the female dorsal medial 

striatum, inflammation in the female ventral tegmental area, and synaptic transmission in the 

male nucleus accumbens. We further constructed cross-brain region module-module interaction 

networks and uncovered intra- and inter-region molecular circuitries influenced by THC. 

Moreover, we integrated genetic data from human CUD and SCZ with mouse THC-induced 

transcriptional changes and a data-informed, brain-specific Bayesian network to identify gene 

networks and their key driver (KD) genes in each sex and brain region. Among these KDs, two 

genes (Hapln4 and Elavl2) were shared between male and female nucleus accumbens, and 

orchestrated transcriptional networks correlated with THC exposure and genetic susceptibility of 

CUD and SCZ. Hapln4 and Elavl2 regulate transcriptional subnetworks implicated in synaptic 

transmission, addiction processes, brain development, and circadian entrainment. Our study 

reveals sex- and brain region-specific transcriptional responses to chronic adolescent cannabis 

exposure, sheds light on molecular mechanisms of THC-induced cognitive alterations, and 

provides novel insights into shared mechanisms of adolescent exposure to THC and CUD/SCZ 

genetic susceptibility, opening up avenues for further investigation. 
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Abstract: Approximately 9% of first-time cannabis users will become dependent, yet there are 

no FDA-approved pharmacotherapies for managing cannabis use disorder (CUD). This is in part 



due to flawed diagnostic nosology resulting in a lack of understanding of the mechanisms that 

give rise to CUD, as well as a lack of translationally relevant animal models of cannabis use. To 

address these gaps, we have developed and validated a novel model of cannabis self-

administration that delivers vaporized cannabis extracts in a response-contingent manner via the 

pulmonary route of administration. We used this model in this study to identify behavioral 

predictors of high vs. low rates of cannabis-seeking behavior. To accomplish this goal, we 

conducted a battery of behavioral assays in male and female Long Evans rats prior to vapor self-

administration training. Specifically, we characterized the phenotype of rats using preclinical 

assays that match the 5 behavioral dimensions of the NIMH Research Domain Criteria (RDoC) 

(i.e., positive and negative valence, social communication, cognition, and arousal/regulatory 

systems) and then determined whether performance in these tasks was correlated with the 

number of cannabis vapor deliveries earned during a progressive ratio test. Preliminary results 

indicate that the number of trials required to meet criterion in the shift component of the 

attentional set-shifting task was strongly correlated with the number of cannabis vapor deliveries 

earned during a progressive ratio challenge in male and female rats (r=.407, p=.048). 

Additionally, time spent immobile in the forced swim test showed a moderate-sized correlation 

with the number of cannabis vapor deliveries earned (r=.39, p=.058). Notably, when sexes were 

analyzed separately, anogenital sniffing (r=.576, p=.05) and body sniffing (r=.556, p=.06) of a 

novel conspecific during a social play session were highly correlated with the number of 

cannabis vapor deliveries earned in male, but not female, rats. Overall, these data indicate that 

poor cognitive flexibility and more reliance on passive stress coping strategies are the strongest 

predictors of cannabis-seeking behavior. Moreover, measures of social investigation in male (but 

not female) adolescent rats are particularly strong predictors of motivation to self-administer 

cannabis. Given that alterations in endocannabinoid (ECB) degradation have been associated 

with an exaggerated response to cannabis and increased problematic drug use, future studies will 

examine whether cannabis self-administration causes alterations in ECB hydrolysis in brain 

regions involved in cognitive flexibility and stress coping. 
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Abstract: Withdrawal symptoms are observed upon cessation of cannabis use in humans. 

Symptoms include irritability, decreased appetite or weight loss, restlessness, depressed mood 

and hedonics, and more, and are thought to be driven by physiological changes that correspond 

with building tolerance to delta-9-tetrahydrocannabinol (THC) during prolonged cannabis use. 

Spontaneous THC withdrawal symptoms are thought to be difficult to observe in laboratory 

animal, and as such, back-translational studies on the physiological mechanism of cannabis/THC 

withdrawal are lacking. We filled this knowledge gap by implementing mouse behavioral 

paradigms that target specific clinical withdrawal symptoms. THC tolerance was induced via 10 

intraperitoneal injections of 10 mg/kg THC over 6 days. Behavioral measurements from 

pretreatment, and early and late THC abstinence epochs were obtained. Sleep. We observed 

profound alterations in sleep and vigilance-state architecture in male mice during early THC 

withdrawal that normalized in late withdrawal. The metrics mimic clinical observations. 

Conversely, female mice appear resilient to effects of THC withdrawal on sleep. Reward 

seeking. Mice performing an operant-cue discrimination task tended to earn fewer rewards, and 

disrupted response to reward predictive cues were more prominent in male mice, suggesting 

motivation and attention is altered in mice during THC abstinence. Conversely, we found no 

change in sucrose preference, indicating hedonics are not affected by THC withdrawal. 

Irritability. Using the bottle brush test we found specific alterations of irritability-like behaviors 

in male mice only. Consumption and Locomotion. During twenty four-hour home cage food and 

water intake and locomotion monitoring we observed minimal alterations to intake and 

locomotion during THC withdrawal. Plasma corticosterone. Changes in these behavioral indices 

do not appear to be mediated by stress per se, as circulating plasma corticosterone was only 

modestly increased in male but not female mice. Neurochemistry. The neurotransmitter 

dopamine plays a known role in manifestation of withdrawal symptoms, so using ex-vivo fast-

scan cyclic voltammetry we found dopamine levels within the striatum male and female mice 

differed in their spatial and temporal profiles. These data open the door for further pre-clinical 

research efforts to determine the neurobiological bases of, and potentially treat, primary 

withdrawal symptoms of cannabis use disorder. 
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Title: Stress-reactivity and cognition in older adults with cannabis use disorder 
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Abstract: OBJECTIVE: Cannabis use is increasing in prevalence among adults over age 50 but 

little is known about its impact on brain health. This abstract describes an ongoing pilot study 

that investigates the associations between cannabis use and stress, cognition, measures of brain 

health via MRI, and plasma Alzheimer’s disease and related dementia (ADRD) biomarkers. The 

primary hypotheses of the study are that cannabis use will be associated with poorer cognition, 

and that older women will be more likely to demonstrate worse cognitive impairment due to 

peri-/post-menopausal loss of progesterone and greater stress driving cannabis use. METHODS: 

We are conducting a pilot study of participants 50-80 years old with cannabis use disorder 

(CUD). At baseline participants completed a blood draw, brain MRI, an ADRD-focused 

neuropsychological test battery, and the NIH Toolbox Cognition Battery. For the next 7 days, 

participants used a smartphone to complete craving and stress questionnaires before and after 

ecological stress induction. Saliva samples were collected from female participants to quantify 

daily progesterone levels. On Day 8, participants completed the Trier Social Stress Test (TSST), 

during which mood, craving, and salivary progesterone and cortisol were measured. We present 

interim analysis of data from 5 participants (4 males/1 female, ages 54-64), reporting measures 

of experimental stress induction, and demographically-adjusted composite z-scores for memory, 

language, attention, speed/executive function, visuospatial, and global cognitive abilities. 

RESULTS: In 4/5 participants, the TSST induced increased anxiety from low to moderate/high 

anxiety as determined by The State-Trait Anxiety Inventory, along with an increase in overall 

and emotionality craving scores at the first post-task timepoint using the Marijuana Craving 

Questionnaire. All participants had impaired scores on global cognitive ability (z-score median=-

2.11, range=-4.67 to -1.59). Cognitive composite scores were not statistically significantly 

associated with total years of use, but the correlations were in the hypothesized directions and 

highest for the speed/executive function composite (r = 0.78, p=0.12). DISCUSSION: These 

interim results demonstrate successful stress induction and support our hypothesis that CUD in 

aging is associated with normatively worse cognition, which we hope to further test when we 

reach the target recruitment of N=40. We will update these interim results during presentation 

and provide preliminary tests of study hypotheses regarding progesterone and sex differences 

with greater participant accrual. 
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Abstract: Oxycodone is one of the most commonly prescribed analgesics for moderate to severe 

pain disorders. While effective in the short term, long-term use can result in several unwanted 

side-effects including tolerance, physical dependence and the development of opioid use 

disorder. Δ9-Tetrahydrocannabinol (Δ9-THC), is a partial cannabinoid receptor agonist which has 

been reported in to enhance opioid analgesia in various animal models. However, it remains 

unclear if Δ9-THC can modulate other aspects of repeated oxycodone intake such as tolerance 

and dependence. Thus, this study sought to evaluate the impact of Δ9-THC administration on 

measures of oxycodone-induced antinociception, dependence and reward in mice. 

To evaluate for thermal antinociception, dose-response curves were conducted for both 

oxycodone and Δ9-THC using the hotplate test. ED50’s were calculated on day 1 30 min post 

injection. Animals were treated twice daily with vehicle, oxycodone, Δ9-THC or combination of 

oxycodone+ Δ9-THC for 5 days. On the 6th day, naloxone was administered to precipitate 

somatic withdrawal. Animals were video recorded and classic measures of opioid withdrawal 

(e.g. jumps) were evaluated using open-source pose estimation software (Deeplabcut). In 

combinatorial conditions, cages were outfitted with passive infrared sensors to evaluate for 

alterations in circadian activity. Δ9-THC and oxycodone alone and in combination were 

evaluated in the conditioned place preference assay to evaluate reward and/or aversion using 

doses derived from hotplate ED50 calculations. Oxycodone and Δ9-THC produced clear 

antinociceptive effects in the hotplate assay. 

Oxycodone produced a robust conditioned place preference, while Δ9-THC did not produce 

preference or aversion. Oxycodone alone produced alterations in circadian activity while Δ9-THC 

did not. Evaluations of oxycodone and Δ9-THC combination groups are currently ongoing. The 

results of these findings will be informative regarding the potential implementation of Δ9-THC 

with oxycodone in a therapeutic setting. 
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Abstract: The objective of this study was to evaluate the effects of chronic treatment with 

cannabidiol and oxycodone, alone or in combination, on pain- and reward-related behavior in 

male and female rats (N = 9-10/treatment/sex). Using the orofacial pain assessment device 

(OPAD), rats were trained to consume a positive reinforcer consisting of a sweetened condensed 

milk solution under both thermal nociceptive (44.5°C) and non-nociceptive (37°C) conditions. 

Rats were then treated daily for 14 days with oxycodone (0.56 mg/kg, i.p.), cannabidiol (3.2 and 

10 mg/kg, i.p.), cannabidiol + oxycodone combinations, or vehicle, and operant responding for 

the reinforcer at the different temperatures was evaluated. To observe potential development of 

locomotor sensitization over the 14 days of treatment, rearing behavior was also recorded. We 

found that oxycodone increased operant responding under both nociceptive and non-nociceptive 

conditions. Neither dose of cannabidiol alone altered responding but when combined with 

oxycodone, cannabidiol dose-dependently increased responding beyond that produced by 

oxycodone alone. This effect was more efficacious at the higher temperature. During testing at 

44.5°C, but not 37°C, there was a significant interaction between cannabidiol and oxycodone on 

the number of licks on the reward bottle made per nociceptive stimulus contact (F(2,103) = 5.84, p 

< 0.05, two-way ANOVA with Tukey’s post hoc test). Oxycodone also produced locomotor 

sensitization (increased rearing), an effect that was not influenced by cannabidiol. These results 

suggest that while being devoid of any inherent activity at the doses tested, cannabidiol may 

potentiate the analgesic effect of oxycodone in a manner that is specific to nociceptive 

conditions. As such, cannabidiol may be useful as an opioid-sparing approach to treating pain. 

Future work will include analysis of manganese enhanced resonance imaging data to determine 

potential changes in calcium dependent synaptic activity produced by chronic oxycodone and 

cannabidiol treatment. 

Disclosures:  A.C. Brice-Tutt: None. W. Malphurs: None. A. Sharma: None. A.W. 

Bruijnzeel: None. M. Febo: None. B. Setlow: None. R.M. Caudle: None. N.P. Murphy: 

None. J.K. Neubert: None. 
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Abstract: Cannabinoid withdrawal plays a role in maintaining the use of a drug, thus influencing 

a substance use disorder (SUD). The symptoms associated with withdrawal in humans, including 

anxiety and cravings, interfere with efforts to achieve cessation of drug use. We will characterize 

the behavioral profile of cannabinoid withdrawal in rats using models that measure multiple 

endophenotypes of cannabinoid dependence that may contribute to withdrawal and craving. 

Initial studies will be performed using adult male and female Long Evans rats receiving twice 

daily infusions of the synthetic cannabinoid agonist WIN55,212-2 or vehicle via jugular catheter 

starting at 0.2 mg/kg and increasing to 0.8 mg/kg over 4.5 days. In our hands, this model 

produces dependence such that somatic signs of spontaneous withdrawal are observed at 6 hours 

following the final infusion. Here we used marble burying to evaluate repetitive and anxiety-like 

behavior following both precipitated and spontaneous withdrawal. Since precipitated withdrawal 

is induced with the cannabinoid receptor type 1 (CB1R) inverse agonist rimonabant (10mg/kg), 

we have performed pilot experiments for marble burying in cannabinoid naïve male and female 

rats using rimonabant to verify the pharmacological effects in controls. The marble burying test 

was performed using a rectangular box (20in x 16in x 8in) with a 3cm corn bedding covered 

floor. 24 colored glass marbles were spread evenly across the floor. One hour prior to testing the 

animals habituated to the experiment room. During experimentation, the animal was placed in 

the center of the marble box and behavior was measured for 30 minutes. Criteria for buried 

marbles included those that were at least 60% buried under the corn bedding. Behavior observed 

during the 30 minutes included rears, writhes, hind leg scratches, and fecal boli. Adult male 

(n=4) and female (n=2) rats showed a decrease in marbles buried when treated with rimonabant. 

This replicates prior studies that have been performed in mice. Rimonabant also increased fecal 

boli in male and female rats. These data are consistent with rimonabant producing an anxiogenic 

effect in untreated rats which we predict will be exacerbated in our WIN55,212-2 treated rats. 

We are now extending this pilot experiment and examining marble burying following 

rimonabant precipitated withdrawal in our final WIN55,212-2 dependence model. Withdrawal is 

precipitated with 10mg/kg of rimonabant 4 hours after the final WIN55,212-2 infusion. In the 

future, we plan to evaluate behavior following spontaneous withdrawal either 1 week or 2 weeks 

after the final drug infusion and extend these studies to additional behavioral screens. 

Disclosures:  C. Felter: None. A. Brewer: None. S. Spencer: None. 
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Abstract: Cannabinoid withdrawal likely plays an important in role in maintaining use and 

preventing cessation of cannabis use. In humans cannabis withdrawal is often associated with 

anxiety, restlessness, and mood disturbances, while in the rodent it is most common to perform 

quantitative scoring of somatic behaviors associated with withdrawal. While the somatic 

component of cannabinoid withdrawal is important, this behavioral scoring does not completely 

encompass cannabinoid withdrawal. As cannabinoid withdrawal is observed in freely moving 

rats it seemed logical to simultaneously assess the effect of cannabinoid withdrawal on 

locomotor behavior during observation periods in male and female rats as a first pass to 

additionally probe whether withdrawal changed locomotion patterns or exploratory ambulation. 

Adult male and female Long Evans rats received twice daily infusions of WIN55,212-2 or 

vehicle through an indwelling catheter implanted into the jugular vein starting at 0.2 mg/kg and 

increasing to 0.8 mg/kg over 4.5 day. Withdrawal was either precipitated with 10 mg/kg of 

rimonabant 4 hours after the final infusion or observed at regular intervals for 30 min periods at 

6, 14, 24, 48, 72, and 96 hours after the final infusion. A Med Associates open field activity 

chamber with monitoring software was outfitted with a two-chamber preference insert. One side 

of the two chamber insert was used during behavioral observations to collect locomotor data 

from freely moving rats during withdrawal observation periods. Precipitated withdrawal has no 

effect on locomotor activity in female rats. In male rat’s cannabinoid withdrawal increases 

locomotor activity compared to vehicle. Similarly, males undergoing spontaneous withdrawal 

showed increased locomotor activity out to 72 hours after the final infusion. However, females 

undergoing withdrawal engaged in less locomotor activity then vehicle females out to 72 hours 

after the final infusion. Analysis of potential sex differences is ongoing. We are also analyzing 

the data to determine estrous stage effects on withdrawal-related locomotor behavior. These 

results show that cannabinoid withdrawal significantly changed motor behavior in the rat in a sex 

and time dependent manner. Analyzing the subtle changes in motor behaviors across withdrawal 

observations provide important insights into sex differences in cannabinoid withdrawal. 

Disclosures:  A.L. Brewer: None. C.E. Felter: None. S.M. Spencer: None. 
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Abstract: The opioid crisis persists and we need a better understanding of the biological, 

psychological and social underpinnings of opioid use disorder, its remission, and relapse. From a 

biological perspective, rodent models are an important entry point into understanding 

evolutionary conserved circuits that drive motivated behavior and addiction. In particular, self-

administration paradigms closely model components of human drug dependence. Behavioral 

economic analysis of demand as a function of cost provides a rigorous, mathematical framework 

to analyze motivated behaviors. Through the extraction of demand curves from behavioral data, 

one can quantify how much reward a mouse consumes in the absence of cost (Qo) and the 

amount of work the mouse is willing to perform to achieve that reward (ɑ). Combining economic 

demand analysis with advances in mouse genetics could allow for high precision in dissecting 

brain networks, circuits, and cell types underlying drug seeking behavior. As a first step in this 

effort, we established a time-efficient and reliable protocol that combines high-potency opioid IV 

self-administration with behavioral economics demand analysis. This pairing has allowed us to 

mathematically model motivated behavior in drug-seeking laboratory mice. In an escalating 

fixed ratio (FR) learning schedule (FR1-FR3-FR5), 76% of our animals (n=17) learned to press 

an active lever for the fentanyl derivative remifentanil (0.1mg/kg/infusion), taking an average of 

8 days to complete. Once threshold criteria for acquisition were reached, animals transitioned to 

the behavioral economics (BE) task. In BE, animals are trained to press an active lever for drug 



reward during five 10-minute ‘bins’ of varying fixed ratios (FR1, FR5, FR10, FR21, FR46). Six 

out of seven mice met criteria and reached an average stabilized ɑ of 0.00164 (+/- 0.0002) and 

average Qo of XYZ in 4.5 days. During extinction sessions, we removed all drug-associated cues 

and did not allow the mice to obtain the drug. This led to an 84% (+/- 12%) reduction in lever 

presses across an average of 15 days. Reintroducing drug-associated cues in a cue-induced 

reinstatement task then led to a three-fold increase in total lever presses, despite the continued 

absence of the drug. In sum, we have established a task in mice that allows for the analysis of 

economic demand, extinction, and reinstatement. Future directions for this project include 

manipulating and monitoring specific cell populations implicated in opioid reward and 

withdrawal-related aversion. 

Disclosures:  A. Osterman: None. A. Shank: None. J. Tucciarone: None. M.B. Pomrenze: 
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Abstract: The VTA is a brain region necessary for drug reinforcement. Plasticity at GABAergic 

synapses controlling dopamine neuron excitability is a target of drugs of abuse and acute stress. 

We previously reported that nitric oxide-induced potentiation of inhibitory postsynaptic currents 

(LTPGABA) onto VTA dopamine cells is lost after a single acute exposure to cold-water swim 

stress. Stress block of LTPGABA relies on a persistent activation of kappa opioid receptors 

(kORs). NorBNI, a long-lasting kOR inverse agonist, given either in vivo prior to forced-swim 

stress or bath applied after stress during the electrophysiological recordings rescues LTPGABA. 

These experiments indicate that kOR activation is sufficient for stress to block LTPGABA, and 

hence deleting kORs from the relevant cell type should prevent this. Importantly, we have 



previously shown that this stressor also induces reinstatement of cocaine seeking, and that this is 

also dependent on kORs.Here we began to identify the kappa receptor and dynorphin circuit 

elements responsible for the block of LTPGABA to promote relapse behaviors. Using a conditional 

knock-out approach, we found that kORs in the postsynaptic dopamine cells are not required for 

stress-induced loss of LTPGABA (stress: 89.5 ± 18.5 % of baseline IPSC amplitude, n=10 p=0.065 

Wilcoxon test; stress+norBNI: 152.1 ± 35.7 % of baseline IPSC amplitude, n=10 p=0.013 

Wilcoxon test) suggesting that instead the relevant kORs are on presynaptic GABAergic 

terminals. We found that GABAergic afferents from nucleus accumbens (NAc) undergo 

LTPGABA (118.6 ± 7.5 % of baseline IPSC amplitude, n=24 p=0.045 Wilcoxon test), and that 

selectively deleting kORs from these terminals prevents stress-induced block of LTPGABA (in 

progress, 145.6 ± 28.9 % of baseline IPSC amplitude, n=5 p=0.062 Wilcoxon test). 

The VTA receives dynorphin afferents from different brain regions such as the BNST, amygdala, 

NAc and the lateral hypothalamus. Here we will identify specific dynorphin pathways that are 

critical to stress blocking LTP, by optogenetically driving individual sets of dynorphin afferents. 

With this approach in brain slices we will induce dynorphin release optogenetically and test for 

the presence of LTPGABA. Defining the stress-sensitive circuit involved in this form of 

reinstatement will allow selective control of this pathway and suggest specific therapeutic targets 

for treatment of stress-triggered relapse. 

Disclosures:  V. Martinez Damonte: None. J.A. Kauer: None. 
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Abstract: Opioids are indispensable analgesics that can also produce harmful side effects 

including tolerance, addiction, and death through respiratory depression. Understanding the 



organization and function of neural circuits underlying these different effects may reveal 

strategies to disassociate opioid-induced analgesia from unwanted side effects. Opioids elicit 

their effects through the μ, κ, and δ opioid receptors (MOPr, KOPr, and DOPr), which are 

expressed in neurons throughout the nervous system. Opioids act on different regions of the 

cerebral cortex to alter sensorimotor function, motivation, and affect, but the molecular identity, 

connectivity, and functional contributions of the neurons involved are unclear. Specifically, 

although cortical regions such as the infralimbic, prelimbic, anterior cingulate, insular, 

somatosensory, and motor cortices have been studied for their contribution to the sensory, 

affective and cognitive dimensions of pain experience, how opioids modulate cortical activity 

remains poorly understood. Because several of these regions also contain circuits that contribute 

to opioid addiction, delineating analgesia-and addiction-promoting circuits is challenging. To 

address this issue, here we use single-cell RNA-sequencing (scRNA-seq), circuit tracing, 

recording and manipulation of neural activity in freely behaving mice to establish the 

mechanisms of action of opioids in the cerebral cortex. Although scRNA-seq has been used to 

investigate the cellular heterogeneity of the cortex, the distribution and molecular characteristics 

of OPr-expressing neurons across different cortical regions and layers remains unclear. 

Furthermore, the low sequencing depth of droplet-based high-throughput scRNA-seq approaches 

limits reliable detection of lowly expressed transcripts, like the OPr-encoding genes Oprm1, 

Oprk1, and Oprd1. We analyzed scRNA-seq data from cortical samples prepared by SMART-

seq technology, which yields full length transcriptomes with exceptional sensitivity for sparse 

transcripts. We assessed ~80,000 neurons sorted from 15 cortical regions to comprehensively 

characterize the molecular identity of neurons expressing each OPr gene across neocortical areas. 

Using marker genes identified from these data, we applied intersectional genetic approaches to 

determine the spatial distribution of different OPr-expressing subpopulations across cortical 

regions and resolve region- and layer-specific cell types. Together, these experiments resolve the 

molecular and spatial configuration of opioid-sensitive cortical neurons for dissecting their 

contributions to opioid-induced behaviors. 

Disclosures:  N. Ochandarena: None. J. Niehaus: None. R. Picken: None. Z. Yao: None. D. 
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Title: The dynorphin/kappa opioid system drives aspects of negative affect during acute 

abstinence from oxycodone. 

Authors: *K. NEWMAN1, J. A. AVILA2, J. E. FRAGALE3, V. A. STIRITZ3, M. H. JAMES4, 

G. S. ASTON-JONES2;  
1Rutgers Univ. Grad. Program In Neurosci., Piscataway, NJ; 2Brain Hlth. Inst., 4Psychiatry, 
3Rutgers Univ., Piscataway, NJ 

Abstract: The current opioid crisis stems in part from increased abuse of prescription opioids. 

One facet of opioid addiction is the development of negative affect in withdrawal, which may 

drive drug seeking via negative reinforcement. The hypothalamic neuropeptide orexin has been 

implicated in opioid seeking and withdrawal. Recently, our lab found that orexin signaling 

contributes to negative affective behaviors seen in acute abstinence from oxycodone. Notably, 

orexin neurons also release dynorphin, which acts at kappa opioid receptors (KORs) to regulate 

dysphoric responses, and thus might contribute to aspects of opioid-induced negative affect. We 

first characterized changes in the dynorphin/KOR system following chronic oxycodone 

treatment. Adult male Sprague Dawley rats were given 21d of twice-daily injections of saline or 

oxycodone (3 mg/kg; ip) and were tested for signs of negative affect during acute abstinence. 

Orexin and dynorphin expression were assessed with immunohistochemistry 24h following the 

final injection. Compared to saline-treated rats (n=6), oxycodone-treated rats (n=5) showed 

increased numbers of neurons that co-expressed orexin and dynorphin (independent samples t-

test; p<0.05). A separate cohort of rats (n=8) was given the KOR antagonist norbinaltorphimine 

(norBNI; 30mg/kg; ip) or vehicle (n=8) 1 wk prior to 21d of oxycodone treatment, and negative 

affect was assessed in acute abstinence by measuring body weight, Von Frey thresholds 

(hyperalgesia), saccharin preference (anhedonia), elevated plus maze (anxiety-like behavior), and 

forced swim behavior (despair-like behavior). Compared to vehicle controls, norBNI normalized 

body weight gain and Von Frey thresholds (mixed-design ANOVAs; p<0.001 and p<0.05, 

respectively), as well as forced swim mobility (independent samples t-test; p=0.0759), but not 

anhedonic or anxiety-like behaviors. Together, these experiments support the hypothesis that 

increased release of both orexin and dynorphin contributes to aspects of negative affect emerging 

in opioid withdrawal. 
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Title: The orexin (hypocretin) system is necessary for the development and expression of 'food 

addiction' phenotypes in obese female rats 
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Abstract: Introduction: Binge eating has been argued to reflect an ‘addictive-like’ response to 

some foods. In rodents, the orexin (hypocretin) system mediates hedonic consumption of highly 

palatable foods and motivated drug seeking. However, the significance of the orexin system in 

the development and expression of ‘food addiction’ phenotypes has not been examined. 

Methods: Female orexin-Cre Long-Evans rats were maintained on a high fat diet (HFD; 45% 

fat, ad libitum) for 8 weeks and were then split into two groups: Group 1 rats received bilateral 

intra-hypothalamic injections of viruses containing either a Cre-dependent inwardly rectifying 

potassium channel (AAV9-DIO-Kir2.1-mCherry; n=8) or a control construct (AAV9-DIO-

EYFP; n=7); Group 2 rats received bilateral intra-hypothalamic injections of viruses containing 

either a Cre-dependent hM4Di DREADD (AAV9-hSyn-DIO-hM4Di-mCherry; n=7) or a control 

construct (AAV9-DIO-GFP; n=7). To induce a ‘food addiction’ phenotype, rats were given 

restricted access (30 mins, twice/week) to a sweetened fat solution (90% Crisco 10% sucrose), 

which promotes binge-like eating. Rats were then tested for several ‘food addiction’ 

endophenotypes, including responding for sucrose on progressive ratio and behavioral 

economics schedules, punished (foot shock) responding for sucrose reward, and cued 

reinstatement of sucrose seeking. Rats in Group 2 were treated with the DREADD ligand 

JHU37160 (J60) 15 minutes prior to behavioral testing. Results: Restricted access to sweetened 

fat promoted heightened ‘addiction’ behaviors on all tests. The development of these behaviors 

was blocked by chronic inhibition of orexin neurons (Group 1), and their expression was 

suppressed by acute chemogenetic inhibition of orexin neurons (Group 2). Conclusions: These 

data indicate that the development and expression of ‘food addiction’ behaviors following binge-

like eating is dependent on orexin signaling, highlighting this system as a potential target for 

therapeutics designed to manage food overconsumption. 
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Title: A novel highly selective sigma 1 receptor antagonist reduces binge-like eating and 

motivated responding for palatable food in obese female rats 

Authors: *A. J. ARMANIOUS1,3, Y. PENG4, W. J. WELSH4,2, M. H. JAMES1,3;  
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Abstract: Introduction: The sigma-1 receptor (S1R) is a highly promising target in novel 

therapeutics to treat binge eating disorder (BED). However, the development of S1R antagonists 

for clinical uses has remained elusive. X-ray crystallography recently revealed a ligand-binding 

pocket of antagonists of the S1R, which allowed us to design and validate a lead compound 

(PW507) that binds S1R at nanomolar concentrations, has excellent blood-brain permeability, 

and acceptable oral bioavailability. Here, we tested the efficacy of PW507 in reducing binge-like 

eating and motivated responding for palatable food in rats. Methods: Female Long Evans rats 

(n=16) were maintained on a high fat diet (45% fat, ad libitum) for 8 weeks before being given 

intermittent access (30 min, twice/week, 4w) to sweetened fat (vegetable shortening/10% 

sucrose). Rats were then trained to lever press for sucrose pellets on a low (fixed ratio [FR] 1) or 

high effort (FR5) schedule of reinforcement. Rats were treated with PW507 (0, 5, 10, 15, 

20mg/kg; i.p.) 15mins prior to binge and operant test sessions using a within-subjects design. We 

also tested the effects of PW507 on locomotor activity in an open field apparatus. Results: 

PW507 dose-dependently decreased binge-like intake of sweetened fat and high effort (FR5) 

responding for sucrose pellets. At the lowest effective dose (10mg/kg), PW507 had no effect on 

low effort (FR1) responding for sucrose or general locomotor activity. Conclusions: These data 

indicate that PW507 selectively reduces binge-like eating and motivated responding for palatable 

foods, supporting its potential utility as a novel compound for the management of BED and other 

disorders associated with food overconsumption. 

Disclosures:  A.J. Armanious: None. Y. Peng: None. W.J. Welsh: None. M.H. James: None. 

Poster 

563. Opioids: Reward and Reinforcement II 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 563.07 

Topic: G.03. Motivation 

Support: NIDA R00 045765 

Rutgers CEED NEIHS P50 Pilot Grant 

Title: Peri-pubertal bisphenol-A exposure alters orexin expression in early adulthood: 

consequences for binge-like eating and mood outcomes 

Authors: *M. M. BILOTTI1, V. ISSKANDAR2, S. Z. ANTHONY1, T. A. ROEPKE3, N. T. 

BELLO3, M. H. JAMES4;  



1Joint Grad. Program in Toxicology, 2Cell Biol. and Neurosci., 3Animal Sci., 4Psychiatry, 

Rutgers Univ., Piscataway, NJ 

Abstract: Introduction: Bisphenol A (BPA) was a widely used chemical in the manufacturing of 

plastics and has noted estrogenic actions. Although the use of BPA has been limited, the long-

term consequences of BPA exposure are unclear. Specifically, consequences of BPA exposure 

during adolescence, a period of heightened steroid sex hormone involvement and heightened risk 

of psychiatric disorder onset, has not been characterized. Thus, here we examined whether BPA 

exposure during the peri-pubertal period altered the risk for binge-like eating and mood 

dysregulation in early adulthood. Methods: Male (n=8/group) and female (n=12/group) Long-

Evans rats were exposed to BPA (0, 25, 250µg/kg/day) via their drinking water between post-

natal days (PND) 29-56. Female rats were monitored for vaginal opening (VO) and cytology. 

BPA was discontinued on PND 57, after which all rats were given intermittent limited access to 

sweetened fat (vegetable shortening with 10% sucrose; 30mins, twice/week for four weeks). Rats 

were also tested for anxiety-like behavior on the Open Field Test (OFT). On PND 97, brains 

were collected for immunohistochemistry and qPCR analyses. Results: In females, both BPA 

doses were associated with irregular cycling, earlier VO, reduced binge-like intake, and 

enhanced anxiety-like behavior; this was associated with decreased gene expression of orexin 

(Hcrt), and increased expression of orexin receptor 1 (Hcrtr1), in lateral hypothalamus. In males, 

BPA exposure was associated with increased binge-like eating; data on male orexin expression 

are forthcoming. Conclusions: Peri-pubertal BPA exposure has sex-dependent effects on binge-

like eating in adulthood. Reduced binge-like eating in females following peri-pubertal BPA 

exposure is associated with reduced orexin gene expression pointing to the orexin system as a 

potential mechanistic target underlying these effects. 
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Abstract: Binge eating disorder is the most common eating disorder. Animals, like humans, 

selectively binge on highly palatable food suggesting that this behavior is driven by hedonic, 



rather than metabolic signals but the neuronal mechanisms involved in this maladaptive behavior 

are not well known. Behavioral and molecular adaptations induced by eating disorders share 

commonalities with those involved in addiction. Given that orexin/hypocretin signaling is linked 

to both reward processing and food intake, we examined the contribution of this system to binge-

like eating in female rats. Separate groups were given intermittent (12h) or continuous (24h) 

access to 10% sucrose or 0.4% saccharin and food over 28 days. Only the intermittent access to 

sucrose group displayed excessive sucrose intake within an hour (i.e., binge eating). All the 

sucrose and saccharin groups exhibited an increase in the number of orexin-A peptide neurons 

within LH compared to the group with limited access to food only. The orexin 1 receptor 

antagonist, SB334867 (20 or 30mg/kg), reduced binge-like intake in groups with limited access 

to sucrose or saccharin but not in rats with continuous access to sucrose. We are currently 

assessing whether binge-like sucrose or saccharin intake alters expression of prepro-orexin RNA, 

or affects economic demand for cocaine. Altogether, our findings indicate that sucrose or 

saccharin bingeing alters the orexin system in LH. Our results broaden the understanding of 

neural alterations associated with binge-eating, and point towards addictive-like properties of 

palatable food. 
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Abstract: Substance use disorders are frequently associated with sleep disturbances, especially 

during acute withdrawal. Rats with a history of cocaine self-administration display significant 

sleep fragmentation, along with a decreased amount of nonrapid-eye-movement (NREM) and 

rapid-eye-movement (REM) sleep. Further, normalization of sleep during abstinence reduces 

drug craving, indicating a potential causal link between these two processes. The orexin 

(hypocretin) neuropeptide system represents a highly promising therapeutic target to normalize 

cravings associated with sleep dysregulation, as orexins simultaneously mediate the activity of 

brain circuits involved in both reward and arousal. However, direct evidence linking orexin 

signaling with dysregulated sleep and relapse-like behavior is lacking. In Experiment 1, we used 

conditioned place preference (CPP) to establish a contextual association with acute bolus 

injections of cocaine (10mg/kg). Rats then underwent 5d of drug abstinence followed by a place 

preference test. During abstinence, rats were treated daily with the dual orexin receptor 

antagonist suvorexant (0, 30 mg/kg, p.o.) immediately prior to the onset of the inactive period. In 

Experiment 2, rats were trained to self-administer cocaine on an intermittent access schedule 

before undergoing 2w home cage abstinence. During abstinence, rats were treated daily with 

suvorexant (p.o, 0, 30 mg/kg) immediately prior to the onset of the inactive period. On days 1 

and 15 of abstinence, rats were tested for lever responding for drug-associated cues. In both 

experiments, electroencephalogram (EEG) and electromyogram (EMG) activity was monitored 

throughout the experiment in a subset of rats. In Experiment 1, we observed sleep disturbances 

on cocaine conditioning days, characterized by sleep fragmentation (more frequent stage 

transitions). These changes persisted into abstinence but were abrogated by suvorexant 

treatment. In Experiment 2, rats exhibited an incubation of craving across abstinence; data 

relating to the effects of suvorexant on incubation is forthcoming. Together, these data indicate 

that blocking orexin receptor signaling might be an effective strategy for normalizing sleep 

dysregulation and reducing craving during cocaine abstinence. 
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Abstract: Nicotine and opioid use disorder (OUD) are highly comorbid and nicotine increases 

liability for misusing prescription opioids. We have shown previously that former adolescent 

nicotine exposure (ANE) and ongoing acute nicotine administration in adulthood (ANA) 

significantly increase compulsive-like consumption of opioids in rats. Specifically, relative to 

controls, ANA and ANE rats self-administer more total opioids, have higher breakpoints in 

progressive ratio tests, and remain more motivated to consume opioids despite contingent foot-

shock punishment. While it is established that nicotine enhances opioid intake regardless of age 

of initial exposure, it is unknown if ANE and ANA affect the essential value of, and demand for, 

opioids identically. To that end, we employed behavioral economics (BE) analyses to generate 

demand curves for remifentanil (RMF) in intravenous self-administration (IVSA) paradigms. 

These procedures compare various behavioral indices of opioid consumption as a function of 

cost between nicotine-treated and control rats. Briefly, male and female Long-Evans rats 

underwent ANE procedures in which they were treated with nicotine (0.4 mg/kg) or saline twice 

a day for 10 days (PND34-43). Upon reaching PND 75, rats were trained to self-administer RMF 

(3.2 µg/kg/inf) in operant chambers in 2-hr sessions on an FR-1 schedule for 10 days. Following 

training, rats underwent BE demand curve tests in which every 10 min the dose of delivered 

RMF was systematically decreased (3.2, 2.0, 1.0, 0.6, 0.3, 0.2, 0.1, 0.06, 0.03, 0.02, 0.01, 0.006 

µg/kg) across the 2-hr session. Curve-fits generated motivational indices of RMF consumption at 

low price (Q0), normalized elasticity (α), and maximal responding (OMax). Rats in the ANA 

condition were given acute injections of nicotine 15 min prior to behavioral testing. Analyses 

revealed that both ANE and ANA significantly increased RMF consumption (F(1, 38) = 4.18, p 

< 0.05). Preliminary analyses of the BE factors revealed that only demand (Q0) tended to differ 

between ANE and control rats while Q0 and OMax where significantly higher, and elasticity (α) 

significantly lower, in ANA rats relative to controls. Therefore, despite both forms of nicotine 

administration serving to significantly enhance opioid consumption, it appears that ANE and 

ANA differentially affect the motivational properties and essential value of opioids. As such, 

differential neurobehavioral mechanisms may contribute to the augmentation of opioid 

consumption as a function of form of nicotine administration. Future studies are planned to 

increase statistical power and to examine how prior punishment affects the demand for opioids. 
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Abstract: The lateral habenula (LHb) is an epithalamic brain region associated with value-based 

decision making and stress evasion through its modulation of dopamine (DA)-mediated reward 

circuitry. Increased activity of the LHb is associated with drug addiction and stress-related mood 

disorders. Additionally, dynorphin (DYN)/Kappa opioid receptor (KOR) signaling is an 

endogenous mediator of stress response in reward circuitry. Previously, we have shown a novel 

functional role of KOR signaling in LHb of rats which is altered by severe early life stress, 24h 

maternal deprivation in rats. In non-stressed rats, KOR activation has bidirectional effect on LHb 

neuronal excitability, which is altered in maternal deprived rats. Here we used several methods to 

elucidate the neural circuitry and synaptic integration of DYN/KOR signaling in LHb in both rats 

and mice. First, we used an unbiased high-throughput approach of in-vitro GCAMP calcium 

signaling combined with electrophysiology in the LHb of mice to identify effects of KOR 

agonist (U50,488) on LHb spontaneous neuronal activity. Consistent with our previous findings 

from rats, we found a bidirectional modulation of GCaMP signals by KORs within different 

subpopulations of LHb neurons that were reflective of changes in bursting and high frequency 

tonic activity. To identify KOR-expressing or DYN-expressing projections to the LHb we used 

viral retrograde tracing in KOR-Cre and DYN-Cre mice and identified entopenduncular nucleus 

(EP) as a major KOR-expressing input to the LHb. EP has been implicated in stress-induced 

mood disorders and may contribute to aberrant LHb excitability in depressive-like phenotypes. 

KOR activation significantly reduced LHb action potential generation in a subset of LHb 

neurons in response to optical stimulation of EP inputs. This suggests input and cell-type specific 

KOR regulation of LHb neurons. In maternal deprivation model, we have also found a shift in 

excitation to inhibition balance (E/I) towards excitation at EP-LHb inputs. Furthermore, we have 

piloted study using limited bedding and nesting (LBN) model of early life adversity which 

uncovered sex-specific differences in basal LHb activity as well as increased LHb bursting in 

both sexes in LBN mice. In the future we will explore the effects of both early life stress models 

on KOR modulation of LHb activity in projection and input-specific manner. 
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Abstract: Opioid use disorder (OUD) and dependence have become one of the largest public 

health crises in the US, with devastating socio-economic repercussions. To curb this epidemic, 

the identification of new targets and the development of newer and better strategies is necessary 

for OUD prevention and therapy. One potential strategy is represented by circular RNAs 

(circRNAs), a class of long noncoding RNAs (lncRNAs) characterized by the presence of 

covalently linked ends produced in a noncanonical splicing event called back-splicing. CircRNA 

regulatory roles pass through all steps of gene regulation, ranging from mRNA transcription and 

splicing to RNA decoy and translation (Floris et al., 2017). Nevertheless, only few circRNAs 

have been associated with a clear function and while studies on their regulatory roles in 

psychiatric disorders are emerging, studies on OUD are still lacking. We have established in our 

lab an animal model of heroin self-administration in which rats are trained to stably self-

administer heroin. After 10 self-administration sessions, we profile circRNAs in the orbitofrontal 

cortex (OFC) of heroin-exposed rats by RNAseq. The OFC, a brain area previously implicated in 

drug seeking behavior and relapse, is also one of the brain regions with the highest abundance of 

circRNAs. Our circRNA profile has revealed a total of 42 differentially expressed circRNAs in 

males (23 up regulated 19 down regulated) and 34 in females (21 up regulated and 13 down 

regulated). We noted the only two circRNAs were found to be common between males and 

females, but their expression was in opposite direction suggesting sex-specific circRNA 

regulation by heroin. Next, we apply an integrated bioinformatics analysis to sex-specific 

regulated circRNAs to identify microRNAs and associated pathways predicted to bind heroin-

regulated circRNAs. We found a total of 59 and 52 miRNA that were associated with up 

regulated circRNAs in males and females respectively. Strikingly, we found that 24 of these 

circRNA-associated miRNAs were common in both sexes. MiRNA-associated pathway analysis 

of common miRNAs has revealed 16 significantly enriched terms including morphine addiction 

but also cocaine and amphetamine addiction, consistent with a potential role of circRNAs in 

miRNAs regulation following heroin self-administration. It appears that despite sex-specific 

regulation of heroin-associated circRNA, there is convergence on the regulation of common 

miRNAs that can be important for regulating heroin-associated pathways and therefore 

contribute to the cellular adaptations that arise from chronic heroin administration. 
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Abstract: The recent opioid epidemic has resulted in many opioid-dependent pregnant women 

receiving opioid maintenance therapies. Buprenorphine (BUP) or methadone are 

pharmacological treatments used to reduce negative effects of misused opioids on the mother and 

developing fetus. Clinically, BUP produces preferable outcomes for exposed infants as compared 

to methadone or opioid misuse. However, a dearth of knowledge remains for BUP’s effects on 

neural networks that are critical during the transition to motherhood and for maternal caregiving 

behaviors. BUP’s mechanism of action (partial mu-agonist/kappa antagonist) varies significantly 

from morphine’s (MS; full mu-agonist), which may result in a different impact on the maternal 

brain during a critical neuroplasticity period. In the current study, we used a translational rodent 

model to mimic chronic opioid (mis)use (MS exposure, 3-6mg/kg/day, b.i.d.) or opioid 

maintenance drug (BUP exposure, 1mg/kg/day) to investigate the behavioral and neurochemical 

consequences of gestational opioid exposure on dams and their offspring. Opioid or saline 

administration to female rats (N=50) via subcutaneous injections began 7 days prior to mating 

and continued daily throughout pregnancy until postpartum day 2 (PD2) or was discontinued on 

gestational day 19 to allow for drug clearance before parturition. Dams’ maternal behaviors were 

monitored through detailed observations of pup-directed and non-pup directed behaviors. Dams 

were also evaluated with several behavioral tests, including a pup retrieval test, a hunting task, 

and two-chamber pup-odor preference test. Our preliminary findings indicate that continued and 

discontinued BUP exposure resulted in more maternal care deficits, increased postpartum pup 

mortality, and maternal deficiencies in the pup retrieval and pup-odor preference test, but not in 

the hunting task, as compared to our control group. Conversely, MS may have resulted in fewer 

pregnancies (despite obvious sperm in vaginal lavage samples), but care behavior and survival 

rates of the MS groups varied little from controls. Interestingly, each opioid also resulted in a 

unique change in the microbiome profile of the gut. Using high performance liquid 

chromatography, we will further analyze neurotransmitter levels and their metabolites in the 

maternal brain (collected on PD2) to investigate potential neurological effects of these opioids on 

the maternal brain network. More research is critical to elucidate how BUP mechanistically 

interacts with the neural network during the transition to motherhood to help alleviate possible 

negative consequences. 
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Abstract: Opioids are the strongest and most effective analgesics available for acute pain 

management. With no viable alternative for treating chronic or post operative pain, it is not 

surprising that over 10 million people misuse opioids and 75,673 Americans died from opioid 

overdose in 2021. To our knowledge this is the first study to explore the developmental influence 

of the gut microbiota on resistance to addictive behavior and functional connectivity. Germ free 

(GF) mice which are microbiologically sterile, show a significant reduction in conditioned place 

preference (CPP) after oxycodone (OXY) opioid exposure when compared to wild type mice 

(WT). Furthermore, once GF mice are conventionalized i.e., take on the microbiota of WT 

controls, CPP reward behavior mirrors WT mice. There were no significant differences in brain 

volumes between germ-free and wild-type before or after conventionalization using a 3D MRI 

mouse atlas providing site‐specific analysis on over 140 different brain areas. However 

functional connectivity data showed significant differences across several brain regions e.g. 

midbrain, hippocampus, prefrontal ctx between germ free and wild type before and after 

conventionalization. Fecal analysis before conventionalization showed complete absence of 

bacteria with the exception of Corynebacterium psudogenitalium-tuberculostearicum, 

Staphylococcus haemolyticus, Paenibacillus amylolyticus-barcinonesis-oceanisediminis and 

Turicibacter sanguinis. Following conventionalization these opportunistic bacteria disappeared 

and were replaced with a spectrum of bacteria similar across experimental groups. The 

implications of these results suggest the contents of the microbiome have a direct impact on the 

development of reward seeking behavior. With the widespread number of opioid receptors found 

in the gut, studying the interaction between the microbiota and substance use disorder may lead 

to a better understanding of the mechanism that leads to addiction development as well as 

potential treatments. 
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Abstract: Previous research suggests that applied mechanical stimulation in the form of whole-

body vibration (MStim) modulates substrates which activate the mesolimbic dopaminergic (DA) 

pathway between the ventral tegmental area (VTA) and nucleus accumbens (NAc). While this 

treatment has been explored in rats with alcohol dependency, it has not previously been studied 

in the context of opioid withdrawal. We aimed to determine whether MStim applied via vibration 

plate at 80 Hz would ameliorate the effects of morphine withdrawal as manifested behaviorally 

and electrophysiologically in 52 Wistar rats (n=26 with MStim treatment). We utilized an assay 

of behavioral tests, in vivo single unit recordings, and in-vivo measures of DA release. We also 

analyzed physiological alterations via the use of whole-cell patch clamp. Rats in morphine 

withdrawal that underwent MStim treatment spent on average 24% less time (±16%, p < 0.05) in 

closed areas of the Elevated Plus maze as compared to naive rats. In naive rats, an acute dose of 

morphine causes an inhibition of VTA GABA neurons (8%baseline; 1mg/kg). Rats in 

withdrawal from morphine exhibit a tolerance to an acute reinstatement dose (91%baseline; 

1mg/kg). These effects are mitigated with MStim treatment one hour before the reinstatement 

dose (34%baseline; 1mg/kg). Baseline firing rate elevation of VTA GABA neurons, typical in 

withdrawal, was also reduced in MStim treated rats. The behavioral assay and 

electrophysiological measurements indicate a significant anxiolytic effect of MStim treatment on 

opioid withdrawal. Studies are ongoing that will examine the effect of MStim on subsequent 

dopamine release in the NAc as well as the effect of MStim on ultrasonic vocalizations, 

analgesia, and locomotor activity. 
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Abstract: The prescription opioid oxycodone (Oxy) is a widely prescribed and highly effective 

treatment for pain, but its addicting properties and severe withdrawal symptoms have contributed 

significantly to the opioid epidemic. Avoiding relapse to Oxy during abstinence is a major 

challenge for recovering Oxy users because cues associated with previous Oxy intake can elicit 

cravings that often lead to relapse even after prolonged periods of abstinence. Cue-induced 

opioid cravings that persist throughout abstinence can be studied in rats using the incubation of 

drug craving model, in which cue-induced drug seeking progressively increases during 

withdrawal from drug self-administration. 

Studies of incubation of stimulant craving (cocaine, meth) have demonstrated that calcium-

permeable AMPA receptors (CP-AMPAR) upregulate on medium spiny neurons (MSN) in the 

nucleus accumbens (NAc) during incubation and their activation is required for its expression in 

late withdrawal. Recently, work from our lab has shown that CP-AMPAR are also upregulated 

on MSN following incubation of Oxy craving. However, drug seeking behavior is differentially 

regulated by MSN expressing the dopamine D1 receptor (D1R) or the dopamine D2 receptor 

(D2R). The purpose of this study was to determine whether upregulation of CP-AMPAR occurs 

on D1 and/or D2 MSN during incubation of Oxy craving. 

We used adult male and female D1-cre or A2a-Cre rats (A2aR is a marker for the D2R) crossed 

with a TdTomato reporter line so that D1 and A2a MSN could be visualized. Rats underwent 10 

days of extended access Oxy or saline self-administration (SA) (6 h/day for 10 days; 0.1 

mg/kg/infusion). Following SA, rats were tested for cue-induced drug seeking on withdrawal day 

(WD1) and WD15 to assess incubation. Two to twelve days after the WD15 seeking test, whole 

cell recordings of NAc core MSN were performed from optically identified D1 or A2a MSN. 

The contribution of CP-AMPAR to excitatory postsynaptic currents was assessed using the 

rectification index and naspm sensitivity in Oxy and saline groups. 

Compared to cells from saline-treated animals, CP-AMPAR were upregulated on D1 MSN 

similar to what we have observed for stimulants. However, unlike stimulants, CP-AMPAR were 

also detected on A2a MSN. These results suggest that CP-AMPAR upregulation is a form of 

plasticity common to protracted withdrawal from stimulants and the opioid oxycodone, but 

strengthening of excitatory synaptic transmission on A2a MSN may regulate unique aspects of 

opioid withdrawal. 
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Abstract: Nearly 90% of those undergoing treatment for opioid use disorder report comorbid 

nicotine use, as such neurobehavioral effects of nicotine and opioid co-use need further 

investigation. Previous work shows that systemic and intra-insular administration of nicotine 

reduce the strength of a conditioned taste aversion to morphine (5.0-20 mg/kg) and enhance 

conditioned place preference to higher doses of morphine that control rats find less reinforcing 

(10-20 mg/kg). One interpretation is that nicotine specifically reduces the malaise-inducing 

effects of morphine while another is that it generally reduces sensitivity to the interoceptive 

effects of morphine. Here we used an occasion-setting paradigm where the morphine drug state 

serves as a positive feature for establishing a predictive relationship between a discrete cue and 

delivery of a food pellet. Adult male Wistar rats were assigned to continuous pretreatment with 

either nicotine (0.4mg/kg, s.c.) or saline (0.1ml/kg, s.c.) and subsequently treated with either 

morphine (3mg/kg, s.c) or saline on CS+ or CS- days, respectively. Testing order occurred in a 

pseudorandom pattern. On CS+ days, morphine administration was indicative that a stimulus 

light predicted response-independent delivery of banana-flavored sucrose pellets. On CS- days, a 

saline injection was given and cue light illumination was absent of any consequences. Ability to 

discriminate between CS+ and CS- interoceptive states was assessed using discrimination scores, 

calculated as the difference in number of head entries that occurred during the pre-cue period 

from those that occurred during cue illumination. We analyzed both the first head entry 

discrimination score which occurred in the absence of any feedback, as well as the total 

discrimination score for that day. Conditioning lasted for a total of 18 days. Analysis of the First 

Discrimination Score revealed significant main effects of Stimulus and Day (F(1,16): 46.48, 

p<0.05; F(17,242): 3.28, p<0.05 respectively), whereas the Total Discrimination Score had a 

significant Stimulus x Day interaction (F(17,272): 6.99, p<0.05) indicating that rats could 

effectively discriminate between the morphine and saline states as conditioning continued. There 

were no significant effects of nicotine on the First Discrimination Score (ps=0.47-0.98) or Total 

Discrimination Score (ps=0.77-0.84), indicating that nicotine does not affect the ability to 



discriminate the interoceptive effects of morphine from saline in this paradigm. As such, these 

data suggest that nicotine may specifically increase the reinforcing effects of opioids, possibly by 

obfuscating its aversive effects. 
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Abstract: Over the past 15 years opioid-related overdose deaths have quadrupled, but the 

neurobiological mechanisms that are responsible for the escalation of heroin use are poorly 

known. Extensive work has found that the activation of mu-opioid receptors is critical for the 

initial euphoric and acute positive reinforcing effects of opioids. In our recent work we found 

that the dysregulation of another opioid receptor, the nociceptin/orphaninFQ (N/OFQ) receptor, 

may be even more important after chronic exposure to opioids. Here tested a novel N/OFQ 

receptor-selective non peptide agonist (AT-403), on different measures of OUD (motivation to 

seek heroin, withdrawal-induced hyperalgesia and opioid-induced respiratory depression). Male 

and female Wistar rats were trained to self-administer heroin on 12h daily sessions for 3 weeks. 

After establishment of escalation of intake, the rats were tested for the effects of AT403 on their 

motivation for heroin(progressive ratio schedule) and on withdrawal-induced hyperalgesia 

(vonFrey test). The rats then underwent extinction, were treated with AT-403 and tested for its 

effect on cue-induced reinstatement of heroin seeking in a counterbalanced order. Finally, in a 

separate cohort of animals, we tested the effects of AT403 on the heroin-induced respiratory 

depression. Rats were injected IP in a counterbalanced order with AT403 or its vehicle and 2h 

later with 2.5mg/kg IV of heroin. Respiration was measured using a MouseOX® Plus - 

pulseoximeter in freely moving rats using a sensor via a neck collar (obtains vital signs from the 

carotid artery) connected to a monitor. Oxygen saturation (SpO2) and respiratory rate were 

recorded for 5 min before the heroin injection (baseline) and for 10 min after the heroin 

injection.The results showed that AT403treatment significantly reduced the motivation for 

heroin, as reflected by the lower breakpoint reached in the PR session in the treated rats. 

Treatment with AT403 dose-dependently reduced hyperalgesia during withdrawal, as 

demonstrated by the increased paw withdrawal threshold int he treated rats. In the reinstatement 

study, the pretreatment with AT-403 prevented the cue-induced reinstatement in a dose-



dependent manner. Finally, in the respiratory depression study, heroin induced significant SpO2 

drop (from 95% to50%) in all the animals, but the ones treated with AT403 showed a faster 

recovery as demonstrated by the significantly higher SpO2 in the last 2minutes of 

recording.These results suggest that the development and repurposing of small molecules that 

target the N/OFQ system may have therapeutic efficacy in the treatment of opioid use disorder. 
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Abstract: Most people will receive an opioid drug during their lifetime. The rate of addiction 

following prescription opioid use is alarming. Non-human animal research links addiction with 

the powerful relief opioids can offer to animals in distress. In humans, epidemiological and 

clinical studies converge upon stress as a key risk factor for addiction. Despite this, the 

mechanisms through which stress alters opioid abuse liability in humans remain poorly 

understood. Here, we used a pre-drug social stress induction before opioid infusion in healthy 

men and women. The study was preregistered (OSF.io/bcxv8). Healthy volunteers participated in 

a double-blind placebo-controlled pseudo-randomized repeated-measures study; 63 completed all 

four 3-hour sessions (32 women, mean age 30 years, BMI 24). Two potent stress tasks and two 

non-stressful control tasks were performed immediately before dose 1 of oxycodone (i.v. 

3mg/70kg) or saline. The dose was piloted to yield noticeable subjective effects, with few 

adverse effects. 15 minutes later, participants performed an effort-based self-administration task 

in which they could work to obtain 0-125% of the first dose effect. Dose 2 was given ~45 

minutes later. Subjective state ratings, heart rate and blood samples were collected repeatedly. 

Self-administration data were analyzed using hierarchical Bayesian ordinal logistic regression. 

Overall, pre-drug stress increased oxycodone self-administration by 5% (OR = 2.2 [1.03, 4.6]). 



The increase was driven by the men, who on average self-administered 14% more drug after 

stress (OR = 5.15 [1.6, 16.4] per 5%). Men exhibited significantly larger stress-enhanced abuse 

liability than the women (-3%, OR = 0.9 [0.4, 2.2] per 5%), despite lower subjective and 

physiological stress indices. We found no direct stress relief from oxycodone in men or women. 

This study reveals a mechanism through which acute stress can alter opioid abuse liability. We 

find that men may preferentially turn to opioid drugs in response to stress. 

 

Disclosures:  M. Eikemo: None. G.E. Løseth: None. G. Ernst: None. M. Carlyle: None. C. 

Pazmandi: None. M. Thompson: None. C. Vezzani: None. I. Meier: None. M. Trøstheim: 

None. T. Johnstone: None. M.A. Heilig: B. Contracted Research/Research Grant (principal 

investigator for a drug study, collaborator or consultant and pending and current grants). If you 

are a PI for a drug study, report that research relationship even if those funds come to an 

institution.; Janssen, BrainsWay. F. Consulting Fees (e.g., advisory boards); Aelis, Indivior, 

Camurus, Pfizer, Novo Nordisk, Endosane. G. Biele: None. S. Leknes: None. 

Poster 

563. Opioids: Reward and Reinforcement II 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

http://files.abstractsonline.com/CTRL/A0/8/9AD/EED/BEA/4CE/78D/E83/D6D/3DC/428/0E/g8749_3.png


Program #/Poster #: 563.21 

Topic: G.09. Drugs of Abuse and Addiction 

Support: NIDA grant R01DA039100 

Commonwealth Universal Research Enhancement Program 

Title: The effects of dual hypocretin/orexin receptor blockade on oxycodone seeking and 

dopamine neurotransmission in the nucleus accumbens 

Authors: *K. R. SAMSON, R. A. ESPAÑA;  

Neurobio. and Anat., Drexel Univ. Col. of Med., Philadelphia, PA 

Abstract: A major barrier in successful treatment of opioid use disorder is persistent drug 

craving during periods of abstinence, which in turn, greatly influences relapse rates. While 

opioid-based medications have been used for treatment of opioid use disorder for decades, there 

remains a critical need for novel pharmacotherapeutic targets to treat opioid use disorder. The 

hypocretin/orexin (hypocretin) system is an attractive candidate for treating opioid use disorder 

due to substantial evidence that hypocretins influence motivation for drugs of abuse and 

dopamine neurotransmission. In the current studies, we examined the effects of the FDA 

approved dual hypocretin receptor antagonist suvorexant on oxycodone seeking and dopamine 

transmission during abstinence in female and male rats. Rats self-administered oxycodone under 

an intermittent access schedule for 10 days and were then subjected to 14 days of forced 

abstinence in their home cage. Rats were treated with either vehicle or 30 mg/kg suvorexant 24 

hr prior to a cue-induced seeking test on abstinence day 14. On abstinence day 15, we performed 

ex vivo fast-scan cyclic voltammetry in the nucleus accumbens core to measure dopamine release 

and uptake. Preliminary results indicate that treatment with suvorexant reduces drug seeking 

behavior, but these effects may not be associated with changes in dopamine release or uptake 

rate. These data suggests that hypocretin based treatments may be useful in reducing opioid 

craving, although the extent to which these actions involve dopamine in the nucleus accumbens 

remains unclear. 
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Abstract: Infralimbic (IL) cortex exerts top-down inhibitory control over drug seeking in 

preclinical rodent models of substance use disorders. Interneurons in the IL are the predominant 

cell type expressing the mu-opioid receptor (MOR), though they comprise the minority of the IL 

neuronal population (~5%). We used a rodent model of opioid use disorder (OUD) combined 

with in vivo fiber photometry and the fluorescent calcium sensor RCaMP to examine the activity 

of IL interneurons during different phases of heroin self-administration, extinction, and 

reinstatement. A dual virus strategy was employed to restrict RCaMP to IL interneurons by 

injecting a cocktail of DLX-Cre and DIO-RCaMP1b viruses into the IL cortex of male and 

female rats. Heroin self-administration training occurred over a period of 13 daily sessions, 

beginning on an FR1 schedule of reinforcement. Thereafter, the response requirement increased 

to a VR5 and then VR15. Heroin infusions were paired with a tone and light cue that was 

subsequently used to trigger reinstatement, or relapse. After heroin self-administration, heroin 

and heroin cues were withheld during operant extinction training, and drug seeking extinguished 

over 7 daily sessions. On the reinstatement test, the heroin cues were re-introduced (on a VR15), 

but heroin was not. We observed an increase in interneuron calcium activity (ΔF/F (z-score) + 

AUC analysis) in response to rewarded lever presses by the end of FR1 self-administration 

training. This activity was maintained over VR5 and VR15 training, but only for rewarded 

presses. During extinction training, interneuron activity was not associated with heroin seeking. 

During the cued reinstatement test, this pattern of increased IL interneuron activity returned, but 

only in response to lever presses which delivered the heroin cue (e.g. in-ratio presses), 

suggesting that IL interneurons are tracking delivery of heroin cues. Consistent with this, non-

contingent presentations of the heroin cue (but not heroin alone) were associated with a similar 

pattern of IL interneuron activation. After the initial cued reinstatement test, rats continued to 

undergo daily cue tests for an additional 5 days, in order to extinguish heroin seeking in the 

presence of heroin cues. IL interneuron activity extinguished in parallel with behavioral 

extinction. Collectively, these data indicate that IL interneurons encode the incentive salience of 

heroin cues, suggesting that strategies targeting this small neuronal subpopulation may yield 

viable new treatments for OUD. 
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Abstract: Clinical studies indicate that the aversive somatic states experienced during opioid 

withdrawal correlate with drug craving and can increase the risk of relapse. We recently found 

the paraventricular thalamus (PVT) to the Nucleus accumbens (NAc) pathway to be necessary 

for heroin relapse after abstinence, but not after extinction training. Here we used chemogenetics 

to investigate the contribution of the PVT→NAc pathway to heroin withdrawal-induced 

hyperalgesia and aversive somatic states after extinction training or abstinence from heroin self-

administration. A dual virus strategy employing an AAVrg-Cre injection into the NAc and a 

DIO-Gi-DREADD into the PVT was used to chemogenetically inhibit activity in the PVT→NAc 

pathway. After 12 days of heroin self-administration and 14 d of withdrawal (7d of extinction or 

14 d of abstinence), mechanical hyperalgesia and aversive somatic signs were assessed 15 min 

after J60 or vehicle pretreatment. We found that heroin withdrawal-mediated hyperalgesia and 

somatic states were maximal during early (24 h) withdrawal from heroin self-administration. 

Interestingly, the extinction training procedure reduced aversion during protracted (14 d) 

withdrawal compared to acute (24h) withdrawal, and chemogenetic inhibition of the PVT→NAc 

pathway after extinction did not further reduce aversive withdrawal states. In the absence of 

extinction training, aversive states remained high even after protracted abstinence, and 

PVT→NAc pathway inhibition significantly reduced aversion metrics to levels seen after 

extinction training. To emulate the effects of extinction training, in a separate cohort of male and 

female rats, we applied an vivo LTD protocol (1 Hz -15 min) 45 min before a cued relapse test. 

In vivo fiber-photometry validated that this protocol effectively induces LTD, evidenced by 

reduced optogenetically evoked calcium transients in the NAc after induction. However, the data 

set is currently underpowered to detect a decrease in heroin seeking during the relapse test (in 

this same cohort). Finally, using the withdrawal-related aversion metrics to train a regression 

machine learning model, I was able to accurately predict the individual propensity to relapse 

(i.e., active lever presses) during the cued relapse test. Overall, these data suggest that the 

PVT→NAc pathway is necessary for the aversive experience of heroin withdrawal, and that 

extinction training may reduce aversion during withdrawal by diminishing activity in this 

pathway. 
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Abstract: Opioids are mainstays for pain management despite risk of dependence and abuse 

even when used as prescribed. Canonical thinking in the addiction field posits that early drug use 

is controlled and mediated by goal-directed circuits such as the prefrontal cortex (PFC). With 

extended use, due in part to hypofunction of the PFC, drug taking is thought to become more 

reliant on cortico-striatal habit-associated circuits, however, this has not been empirically 

demonstrated with opioids. We recently found that self-administration of the opioid, 

remifentanil, promotes a progressive hypoactive state in the prelimbic cortical region of the PFC 

(PrLC) that underlies impaired decision-making, develops faster in females, and aligns with an 

escalation of drug intake and drug motivation. The present study sought to examine whether 1) 

the PrLC becomes less involved in drug seeking with increased exposure, 2) if this phenomenon 

occurs faster in female mice, and 3) if effects of PrLC inhibition are selective for drug rewards. 

To do so, we virally expressed the inhibitory hM4Di DREADD or an mcherry control in 

pyramidal neurons of the PrLC (AAV8-CaMKII-hM4Di) of male and female C57bl6/j mice 

(PXX-XX). Mice intravenously self-administered (SA) remifentanil (5ug/kg/infusion) or orally 

administer a liquid reward (50% Ensure) for up to 28 days (3h/day/session). Habituating saline 

injections were given (i.p) on day 13 and 27 of SA with clozapine-n-oxide administered to all 

mice (2.0 mg/kg; i.p.) on day 14 and 28, with drug available during all sessions. Data show that 

CNO reduces active lever pressing and remifentanil infusions in both male (n= 14; p<0.001) and 

female (n=11; p<0.01) on day 14 versus the prior saline day. Preliminary findings (n=3) in 

females indicate that unlike early SA, CNO is no longer effective at reducing drug intake on day 

28 of SA. Alternatively, inhibition of the PrLC reduced active lever pressing and consumption of 

Ensure in males (n=10; p<0.001) but not females (n=0.8) on day 14, but no longer alters 

behavior in males on day 28 (n=3; p=0.7). This data highlights a time-dependent and sex-specific 

role for the PrLC in driving opioid and non-drug reward taking. Ongoing studies are further 

examining effects of PrLC inhibition on remifentanil and Ensure SA at the more protracted 28 

day timepoint and using DREADD approaches to target circuits associated with habit, including 

the anterior dorsal striatum. As clinical literature indicate that females tend to transition towards 

out-of-control drug use more rapidly than men, this data indicates that this may be due in part to 

a more rapid hypofunction of PrL-PFC and regulatory control over behavior. 
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Abstract: According to recent CDC data, opioid overdose deaths inthe US have increased 38% 

from 2019 to 2020. Withdrawal symptoms, both physical and psychological, are believed to 

contribute to addictive behaviors in opioid-use disorder patients. Among these psychological 

symptoms, opioid withdrawal has been associated with motivational shifts favoring increased 

drug intake, paralleled by decreased motivation for non-drug reward. The mesolimbic dopamine 

system is believed to be acritical regulator of motivated behavior, including that associated with 

addiction. However, studies of this system have traditionally failed to include periods of 

protracted withdrawal and have failed to compare possible differences indiscrete mesolimbic 

subcircuits. To address the lack of data during protracted withdrawal, we find that morphine 

dependent male and female mice subjected toa14-day period of forced drug abstinence display 

increased morphine intake and motivation for morphine compared to previously non-dependent 

mice (males: Mann-Whitney p=.0029, n=10,14; female: Mann-Whitney p=.0404, n=12,12). A 

sex-dependent motivational shift away from sucrose towards morphine was also exhibited in 

morphine dependent mice (male decrease in sucrose breakpoint values: Wilcox test p=0.0132, 

n=23;male increase inmorphine breakpoint values: Mann-Whitney p=0.0029, n=10,14). Using 

retrograde labeling and whole-cell slice recordings, we find increased rheobase (t-test p=.0167) 

along with increased inhibitory postsynaptic potentials(t-test p=.0199) in lateral ventral 

tegmental area(VTA) dopamine neurons projecting to the lateral nucleus accumbens (NAc) shell 

that is not observed in the medial VTA-NAc shell subcircuit. Further, selective chemogenetic 

inhibition of the lateral VTA-NAc shell subcircuit (2mg/kg CNO) decreases motivation for 

sucrose reward in drug-naive mice (Wilcox test p=.0313,n=6), an effect lacking in medial VTA-

NAc shell subcircuit targeted mice and viral controls (Wilcox test p=.1250, n=6). This data 

suggests that motivational shifts away from non-drug rewards during protracted withdrawal is 

associated with latVTA-NAc hypoactivity that is driven by increased GABAergic inhibition of 

dopamine cells. 

Disclosures:  E. Brettingen: None. M.C. Hearing: None. 

Poster 

563. Opioids: Reward and Reinforcement II 

Location: SDCC Halls B-H 



Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 563.26 

Topic: G.09. Drugs of Abuse and Addiction 

Support: NIH DA050908 

Start up fund from University of Kansas 

Title: Prefrontal cortex to ventral tegmental area projection regulates early social isolation stress-

potentiated heroin seeking 

Authors: *Y. WANG, S. YUE, G. LI, A. SINGH, Z. WANG;  

Pharmacol. and Toxicology, The Univ. of Kansas, Lawrence, KS 

Abstract: Prefrontal cortex to ventral tegmental area projection regulates early social 

isolation stress-potentiated heroin seeking 

Yunwanbin Wang, Shuwen Yue, Guohui Li and Zi-Jun WangDepartment of Pharmacology & 

Toxicology, University of Kansas, Lawrence, Kansas, USA. 

Abstract: Projections from prefrontal cortex (PFC) to ventral tegmental area (VTA) is an 

important pathway in regulating motivational behaviors. Nevertheless, the role of PFC to VTA 

projections in drug addiction-related behaviors is not clear. Our recent study shows that early 

social isolation (ESI) stress enhances heroin addictive-like behaviors and reduces the neuronal 

activity in both PFC and VTA. However, whether this circuit is casually linked to ESI-induced 

addiction vulnerability to heroin is unclear. By integrating chemogenetic tools, translating 

ribosome affinity purification (TRAP), behavioral, electrophysiological, and bioinformatic 

strategies, we evaluated how PFC-VTA projection contributes to the cue-induced heroin seeking 

in control and ESI mice. We found that the frequency of spontaneous action potential (sAP) of 

prefrontal cortical pyramidal neurons projecting to VTA was decreased during heroin relapse. 

Moreover, ESI stress lowered the sAP of prefrontal cortical pyramidal neurons on the projection 

compared to group-housed (GH) mice. We also showed that chemogenetic activation of the PFC-

VTA circuitry with DREADD (designed receptor exclusively activated by designed drugs) tools 

attenuated cue-induced heroin-seeking behavior in ESI mice, whereas inhibition of this 

projection upregulated heroin-seeking behavior in GH mice. In the meantime, the activation of 

the circuitry recovered heroin-reduced sAP frequency caused by ESI stress. We also profiled the 

transcriptional changes that potentially contribute to ESI-potentiated heroin seeking on the PFC-

VTA projecting neurons using the TRAP approach. Our data showed that transcriptional changes 

in PFC-VTA projecting neurons caused by ESI stress and heroin relapse are clustered in 

signaling pathways related to oxidative stress and mitochondrial damage. In summary, these 

results indicate that PFC-VTA projection is involved in the ESI-potentiated heroin-seeking. Our 

work will provide novel insight into the understanding of neurobiology underlying OUD. 
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Abstract: Opioid use disorder affects over two million people in the United States with more 

than 120,000 deaths worldwide annually attributed to opioids. Psychedelic serotonergic agonists, 

such as lysergic acid diethylamide (LSD) and psilocybin, are being increasingly studied for their 

potential therapeutic effects in treatment of a variety of psychiatric conditions, including 

substance use disorders (SUD). Psychedelics produce profound alterations in human perception 

and sensory processing through activation of the serotonin 2A receptor (5-HT2AR), but they do 

not cause dependence, and there is no known risk of lethal overdose. Activation of serotonin 

receptors has modulatory effects on the mesolimbic pathway, which is implicated in the 

neurobiology of addiction. Administration of psychedelics activates 5-HT2ARs in frontal cortex 

pyramidal neurons, which also project to subcortical regions involved in dopaminergic pathways, 

such as the nucleus accumbens. Our recent findings suggest differences across sexes on head-

twitch behavior - a physiological proxy of psychedelic action - in C57BL/6J mice. Here, we 

aimed to assess the effect of psilocybin, a tryptamine psychedelic, on oxycodone-induced 

conditioned place preference (CPP) as a model of drug-craving in male and female C57BL/6J 

mice. Male and female animals displayed oxycodone preference as compared to vehicle. 

Importantly, male mice showed a decrease in expression of oxycodone-induced CPP following 

post-acute psilocybin administration, a phenotype that was not observed in female mice. The 

potential role of 5-HT2AR-dependent signaling mechanisms in these SUD-related phenotypes 

was tested in knockout mice and controls. Our results support the notion that psychedelics alter 

sex-specific behaviors associated with preclinical models of SUDs potentially via 5-HT2AR, and 

suggest that this class of psychoactive drugs may induce long-lasting therapeutic effects relevant 

to addiction. 
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Abstract: The brains of all animals are plastic, a feature critical for forming new memories, 

adapting to new environments, and learning new tasks. However, plasticity, particularly of 

synaptic connections, is energetically expensive and can overwrite or interfere with prior 

knowledge. These costs can be mitigated by limiting the scope of synaptic plasticity within a 

neural network, as in reservoir computing, which employs large, fixed recurrent networks with 

plastic readout synapses. But reservoir approaches struggle to learn and flexibly switch between 

complex tasks. We are thus interested in understanding the tradeoffs between rigidity and 

plasticity in neural networks, and how compartmentalized plasticity can promote context-

dependent learning and behavior. Here, we use biologically-inspired recurrent neural network 

(RNN) models obeying Dale’s principle to show that sparse, localized plasticity-at ~0.5% of a 

network’s synapses-can support rapid multitask learning (~6,000 trials apiece for each of 8 

tasks). This learning requires specific combinations of network properties, such as topology, 

normalization, and reciprocal connection strength: for networks with 2,500 units, 26 of the 

hyperparameter combinations we tested (N=~2x105) reached 85% accuracy across all 8 tasks 

(chance = 12.5%). Analysis of network activity dynamics suggests that this learning occurs 

through a mechanism of error-driven subspace capture. Initially, network activity across all tasks 

occupies a common, overlapping subspace, precluding context-dependent behaviors. As learning 

proceeds, activity during each task is progressively sequestered into its own subspace of network 

activity that emphasizes the information relevant for that task, diminishing interference between 

tasks. Simultaneously, learning aligns readout weights specifically to those dimensions of 

activity that discriminate between decisions for each task, even if these are not the dominant 

variance-carrying dimensions of activity during that task. Together, these mechanisms-

adjustment of top-down weights to drive network activity to task-specific subspaces that enact 

task-appropriate computations, and alignment of readouts to catch decision-related variation 

within these subspaces-facilitate reliable, context-dependent readout of different decisions about 

a single set of stimuli. Importantly, the arrangement of task subspaces with respect to one 

another reflects the similarity between the computations that different tasks require. This work 

demonstrates how rapid learning may be accomplished using localized, highly-constrained 

synaptic plasticity. 
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Abstract: Learning is not only the acquisition of knowledge, but also the ability to express that 

knowledge when needed. We tested the acquisition of task knowledge using non-reinforced 

probe trials while mice were trained to perform a balanced, wheel-based auditory two-alternative 

forced choice (2AFC) task. During probe trials, animals exhibited surprisingly higher accuracy 

and lower directional bias early in learning, as compared to reinforced trials, suggesting that they 

have already acquired unbiased knowledge of stimulus-action contingency, but expressed this 

knowledge much slower under reinforcement. Why do animals exhibit this gap in accuracy and 

directional bias between acquisition and expression, despite already acquiring the stimulus-

action associations? Animals may (1) exhibit motor biases that they slowly learn to suppress, (2) 

continue to explore different choice alternatives, or (3) base decisions on recent trial history, 

including choice and reward, rather than current stimuli. To test between these and other 

potential drivers, we first used a generalized linear model to separate different contributors to 

animals’ choice during learning, including stimulus identity, trial history effects, and a 

continuous but slowly evolving directional preference (not influenced by stimulus or history 

factors), which we term action bias. Action bias, but not trial history, was the most important 

contributor to choice besides stimulus identity, and partially bridged the gap between acquisition 

and expression. We then asked if the structure of this action bias is static, reflecting a motor bias, 

or dynamic, reflecting changing behavioral strategies. Individual animals showed distinct states 

with left or right bias in blocks of tens to hundreds of trials and transitioned between both 

directions and un-biased states throughout learning, suggesting a dynamic bias structure. As 

learning progressed, animals exhibited less extreme bias, but continued to transition in and out of 

low biased states even at expert level performance. Taken together, behavioral expression may 

reflect an action bias driven exploratory process that is uncoupled from acquisition, evolves 

during learning, and persists to a lower degree at expert level to potentially maintain flexibility. 
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Abstract: Survival in non-stationary aversive environments is critically dependent on adapting 

to their inherent uncertainties. Uncertainties appear in different forms: irreducible variability 

(expected uncertainty) and systematic but unpredictable environmental changes (unexpected 

uncertainty). An optimal learner dynamically regulates learning according to both forms by 

weighing prediction errors using a varying learning rate (LR; which should be higher under 

unexpected uncertainty). An inability to adjust the LR flexibly can lead to learning biases, one 

source of which is internalizing disorders like anxiety disorder and depression. An important 

distinction is made in theoretical models in the anxiety literature (the Threat Imminence 

Continuum) between anxiety evoked by distal threats and fear evoked by immediate proximal 

ones. Anxiety and fear might be associated with different degrees of learning. In particular, we 

hypothesize that the often intentional vagaries of the behaviour of proximal threats eliciting fear 

demand a high LR, even when other aspects of the environment are stable. This idea has yet to 

permeate the learning literature, and so we explore adaptive learning under varying levels of 

threat and uncertainty. We designed a new online game-based behavioral experiment in which 

human participants save themselves by placing a flaming torch in the path of an attacking 

predator, but get more points the longer they wait before moving the torch. To succeed, they 

must therefore learn the arrival location of the predator under expected and unexpected 

uncertainty. To manipulate threat imminence, three predators attack at different times, 

corresponding to distal (anxiety), medium, and proximal threat (fear). Data were analyzed using 

regression and a normative computational model. We first investigated whether participants 

responded differently to different predators and found that the alacrity with which they moved 

the torch to protect themselves was modulated by the type of threat encountered. Participants 

consistently reacted faster to proximal threats; this increased their chances of survival, 

suggesting that they adaptively respond to threats (Mann-Whitney U = 0.0, p = 0.0002, two-

sided). In line with the hypothesis sketched above, we found an effect of threat type on the LR, 

with elevated LRs after encountering proximal threats (fear) compared to distal threats (anxiety) 

(U = 26, p = 0.037). To conclude, fear induced by immediate threats might raise the subjective 

unpredictability of threat. Therefore, learning biases might be particularly prominent for 

proximal compared to more distal threats. 

Disclosures:  M. Satti: None. R.M. Cichy: None. N.W. Schuck: None. P. Dayan: None. R. 

Bruckner: None. 



Poster 

564. Biological and Computational Models of Decision Making 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 564.04 

Topic: H.03. Decision Making 

Support: IBS R015-D1 

NRF-2019M3E5D2A01060299 

NRF-2019R1A2C1085566 

Title: Understanding spatial regularity of reward enhances foraging outcome. 

Authors: *J. JEON1,2, S. M. YOO1,3, W. SHIM1,3,2;  
1Ctr. for Neurosci. Imaging Res., Inst. for Basic Sci. (IBS), Suwon, Korea, Republic of; 2Dept. of 

Intelligent Precision Healthcare Convergence, 3Dept. of Biomed. Engin., Sungkyunkwan Univ., 

Suwon, Korea, Republic of 

Abstract: Foraging, a successive action of seeking reward that yields maximum long-term 

benefit, requires cognitive processes with high ethological relevance. Understanding the spatial 

regularity of the environment and transferring it into efficient foraging behavior through 

navigation are fundamental to forming an efficient foraging route. However, classic laboratory 

studies that abstractly imitate foraging behavior, such as patch-leaving, did not consider spatial 

information. Here, using an interactive Minecraft-based platform, we developed a 3D foraging 

task where recognizing spatial regularity is a crucial component of the harvest rate. The task 

consisted of two stages: 1) regularity detection phase and 2) reward collection phase. In the first 

phase, subjects navigated the open field with two types of rewards and decided whether rewards 

of the same type are spatially clustered (structured environment) or different types of rewards are 

randomly distributed (random environment). In the second phase, subjects either accepted or 

rejected affordable offers while continuing to navigate the environment and maximizing the final 

reward based on their previously formed beliefs about spatial regularity. We hypothesized that 1) 

understanding spatial regularity would require a vector spatial representation of reward 

distribution rather than a scalar representation of the environment (e.g., ratio of experienced 

reward type), and 2) once subjects recognize environmental regularity, the frequency of rejecting 

the suboptimal offers would increase and the foraging route would become closer to optimal. 

Using the drift-diffusion model that takes the degree of reward clusterness as a piece of evidence, 

we found that the subjects’ decision about environmental regularity was more accurately 

predicted when reward clusterness incorporates spatial information. We also observed larger 

variance in the harvest rate across subjects under a structured environment compared to a random 

one, indicating that accurate beliefs about environmental regularities may encourage a strategic 

rejection for efficient foraging. To examine whether recognizing spatial regularity increases the 

rejection of a myopic reward that would harm the long-term harvest rate, we develop agent-

based models with different types of constraints. We predict that a systematic rejection pattern 

would emerge when spatial input is allowed and rejection is used as one of the actions, and that 



this adaptive behavior would result in a higher harvest rate than other agents. In sum, this study 

suggests that integrating environmental regularities into foraging behavior is key to optimal 

spatial foraging. 
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Abstract: Objectives and Research Question 

Research in psychophysics has indicated that behavioural improvements arising from training on 

perceptual tasks are attributable to reductions in internal noise. In parallel, mathematical 

modelling studies within the decision-theoretic framework have tended to point to alternative 

accounts including increased drift rates and reduced non-decision times and boundary separation. 

However, these models fix within-trial noise as their scaling parameter, thus preventing it from 

accounting for any learning effects. EEG derived markers of decision making may be useful in 

enabling us to inform and constrain decision models and examine changes in within-trial noise 

over learning. 

Materials and Methods 

Sixteen participants completed an Equivalent Noise Estimation of internal noise and five blocks 

of a two-forced choice random-dot motion task across three sessions while 128-channel EEG 

was recorded. 

Results and Conclusions 

Participants showed significant increases in accuracy by session, but not within a session, while 

reaction time reduced over the course of a session, but did not lower significantly across blocks 

in one day. A significant reduction in psychophysical estimates of internal noise was also seen 

across sessions. Analysis of the contingent negative variation and beta as markers of urgency 

suggested significantly more urgency in earlier sessions. Pre-evidence beta adjustments and 

behavioural estimates of within-trial noise were used to constrain the model. These constraints 

matched unconstrained model predictions. Constrained models gave good fits but did not 



outperform an unconstrained model where noise was allowed to vary by session. Collectively the 

modelling efforts indicate a reduction in internal perceptual noise alongside more consistent 

response styles through adapted urgency dynamics as the drivers of the observed learning effects. 

The methods highlight a novel and potentially impactful approach to the study of perceptual 

decision making. 
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Abstract: Fall-related injuries are a primary health concern, and several risk factors have been 

targeted to reduce fall risk. While clinical measures can be used to identify the presence of some 

physiological and psychological risk factors, these measures do not assess behavioral fall risk. 

Behavioral risk is determined by the decisions that people make when walking in risky 

environments. These decisions can have devastating consequences, particularly if they lead to 

risky behaviors. Here, we apply computational models from behavioral economics to people’s 

walking decisions as they walk under the risk of balance perturbations. We first investigated 

perceptual sensitivity to the direction of perturbations while walking. Participants experienced 

one trip-like perturbation and one slip-like perturbation, and then chose the one that they would 

be willing to repeat. While keeping the magnitude of the trip-like perturbations constant, we used 

an adaptive staircase algorithm to determine the slip-like perturbation that was equally preferred. 

This was repeated for five magnitudes, 0.2-0.6 m/s about the self-selected walking speed. On 

average, participants preferred trip-like perturbations that were 0.14 ± 0.04 m/s faster than a 

given slip-like perturbation. Next, we manipulated the distribution of perturbation magnitudes as 

participants walked with trip-like perturbations. They walked for two bouts while experiencing 

perturbations of varying magnitude and then chose the bout that they would be willing to repeat. 

One bout (“FIXED”) had low uncertainty as all the perturbations in it were of equal magnitude, 

and the other bout (“VARIABLE”) had high variability as the perturbations in it could vary in 

magnitude. We compared three models of decision making in their ability to predict these 

choices. The Mean-Variance model, which assumes that the subjective value of each walking 

bout is computed as the mean of the perturbations discounted by the variance in amplitude, 



predicted the highest proportion of choices accurately (0.83 + 0.08). This was followed by 

Prospect Theory (0.81 + 0.07), according to which the value of each perturbation is weighted by 

its perceived probability, and the recency heuristic (0.78 + 0.08), which proposes that 

perturbations experienced closer in time to the decision are weighted more heavily than those 

occurring earlier. Together, these studies will provide insight into how people evaluate and 

decide between risky walking options. Examining this decision making process and 

understanding how it is affected by age-related factors will allow us to quantify and potentially 

mitigate behavioral risk factors in individuals who are at risk of falls. 
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Abstract: Efficient and effective decision-making during threatening situations is crucial for 

navigating environmental challenges, such as a new pandemic. Threatening events trigger 

autonomic responses that change how we perceive and respond to our environment to prepare us 

for defensive behavior. However, since autonomic states are often not considered in models of 

decision making, it’s unclear how the mobilization of the systems evolved for navigating threats 

spill over to influence the computations of decisions in everyday life. Here, we use behavioral 

experiments and computational modeling to unveil the cognitive computations employed when 

deciding during real-world environmental threats. At a time when wildfires and hurricanes were 

at large, we recruited 890 participants to complete a value-based decision-making task and a 

perceptual decision-making task. Self-report questionnaires measured participants’ level of 

anxiety about being harmed by wildfires and hurricanes and were used to compute a threat-

induced anxiety index. Across both tasks, we found that individuals with heightened threat-

induced anxiety exhibited more stochastic choices and were significantly faster to make 

decisions that were especially ambiguous. Crucially, threat-induced anxiety did not impact the 

efficiency of decisions, suggesting that choice accuracy was not sacrificed by choice speed, as 

additional time is unlikely to improve accuracy for highly ambiguous decisions. To decompose 

the cognitive processes that unfold during decision making, we modeled participants’ choice and 

response time distributions using a multi-attribute extension of the drift-diffusion model (DDM). 



The model revealed that individuals with heightened anxiety were slower to accumulate evidence 

about the choice options when decisions were easy, indicating they require more evidence to 

make unambiguous decisions. Additionally, threat-induced anxiety was associated with lower 

caution in decision-making as indicated by a lower threshold to reach a decision. Results were 

consistent across value-based and perceptual decisions and provide initial evidence that the effect 

of autonomic states on decision making may not be restricted to computations of value. The 

model and data provide insights into how threat-induced arousal enables efficient decision-

making by adapting the rate at which information is integrated and amount of caution exerted 

depending on choice ambiguity. These mechanisms may have evolved to preserve cognitive 

resources for threat-related defense behavior, and their breakdown may play a role in the 

development of maladaptive responses observed in pathological anxieties. 
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Abstract: Human and animal often faces problem of exploration and exploitation trade-off 

(EETO) for decision making in non-stationary environment. Modeling subjects' strategies for 

EETO has been widely studied. However, simple metric to measure optimal EETO is scarce. The 

aim of study is to propose a metric to measure EETO and to validate with behavioral data. For 

this, we trained a rhesus monkey (male, 7.2 kg) with two-alternative forced choice (2AFC) task 

using joystick in reward foraging environment. One session was composed of five blocks (100 

trials per each block) during which reward contingency to given stimuli (red versus blue circular 

target) was fixed. The reward probability of each target in a given block was pseudo randomly 

chosen from 0 to 1 in 0.25 steps. The sum of reward probability of each target was one. We 

collected the behavioral data of 27 sessions. The overall success rate of capturing the target was 

88%. Average value of matching slope was 0.793 with linear regression between reward fraction 



and choice fraction of the monkey’s choices. A slope closer to 1 means that the animal 

exploitatively chooses stimulus based on past experience. So, we considered the matching slope 

as an indication of exploitation. Next, as a proxy to exploration degree, we calculated the fraction 

of win-shift-lose-stay trials to target capture trials. The average fraction was 0.333. The matching 

slope and the fraction were negatively correlated (r2 = 0.614, p <0.01). This implies that the 

animal showed EETO. For the further analysis, we defined the multiplication of these two values 

as a EETO metric. Then, we fitted the animal’s behavior with Rescorla-Wagner (RW) model 

combined with logistic function. The value of each stimulus was estimated in RW model, and the 

choice of the animal was predicted with a logistic function based on the value. The likelihood of 

model for the animal’s choice was maximized. Three free parameters were used, which were 

learning rates for positively and negatively reinforcement in RW and the inverse temperature (β) 

in the logistic function. The average value of β was 5.237. We further investigated relationship 

between β with the EETO metric by simulation. We simulated animal’s choices with the model 

by changing β from 0 to 100 step 0.1 with 100 repetitions at each β points. We calculated inverse 

temperature (βmax) values that maximized the EETO metric. The βmax ranged from 1.8 to 9 in 

different session. However, there was positive relationship between the βmax and β from the 

animal’s actual choices (r2 = 0.396, p <0.01). This result shows that the animal’s exploration-

exploitation trade-off behavior can be modeled by an environment-specific choice stochasticity. 
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Abstract: Reinforcement learning (RL) models have become an increasingly popular tool to 

characterise learning during decision-making tasks. Crucially such models allow researchers to 

quantify behaviourally relevant parameters, (for example cue value) on a trial-by-trial basis, and 

examine how these values change in response to feedback. Here we use RL models to 

characterise the behaviour of macaque monkeys whilst they performed a Wisconsin Card Sorting 

Task Analogue (WCST). On each trial of this task the animals were required to match either the 

colour or shape of a cue stimuli with one of three subsequently presented targets. The correct 



abstract rule changed on a block-by-block basis, and the animals received no cue as to the correct 

rule. Therefore on each block animals learnt the correct rule by exploring both before 

determining which to exploit.We compared the behavioural choices predicted by three RL 

models (RL chosen, RL +random noise, RL chosen + other) with the animals actual choices and show that 

patterns of explorative errors made by a sub-population of animals are best captured by 

modelling the value of the chosen and unchosen abstract rule simultaneously. However, these 

errors were not captured by models in which values decayed during the block or were influenced 

by the addition of random noise during the block. Finally, we show that the RL model derived 

learning rate predicted some, but not all of the explorative and perseverative errors made by 

animals. Our findings confirm the importance of using RL models to compute values on a trial-

by-trial basis, and suggest two different behavioural approaches used by sub-populations of 

animals to perform the WCST. The first group performed the task in an ideal fashion: on each 

block exploring until determining the correct rule, then exploiting the rule until making an error, 

at which point they repeated the process. By contrast, a second group appeared to use an 

alternative strategy in which they used the value of both rules to make behavioural choices. 
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Abstract: The perception of sensory stimuli is frequently variable. Previous studies have shown 

that observers account for uncertainty arising from internal variability when they combine 

sensory cues, integrate sensory input with prior expectation, or select actions under externally 

imposed cost functions. But how does the distribution of internal uncertainty shape free 

perceptual report, and are these mechanisms consistent across sensory modalities and statistics? 

Behavioural models have assumed that unitary percepts may reflect means, modes or samples of 

internal belief distributions. Here, we show that observers’ reconstructions of the remembered 

orientation of a visual grating correspond to means of the variability-induced likelihood, not the 

mode or a random sample of their distributional belief. This behaviour remains robust as either 



the distribution of stimuli, or the degree of internal variability, change. Furthermore, responses in 

two similar working memory reconstruction tasks in the auditory domain follow the same 

pattern, again corresponding to the means of internal belief distributions. However, in the case of 

sounds, these beliefs are more strongly shaped by the distributions of stimuli used during the 

experiment.These results suggest that the general rules of decision making under uncertainty are 

consistent across modalities, but that patterns of adaptation to sensory statistics may differ. 
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Abstract: A theory that excessive habits serve as a building block of compulsions has drawn 

attention to identifying a brain model underlying habit-bias in obsessive-compulsive disorder 

(OCD) to bridge the cognitive model and neurotherapeutics. To extend the current understanding 

that an imbalance in goal-directed versus habitual neural systems underlies habit-bias,1 it needs 

to clarify how the imbalance occurs during an arbitration process between the two strategies. 

When goal-directed learning is deemed to be dominant, the ventrolateral prefrontal cortex 

(vlPFC) tracking reliability (i.e., probability of successful outcome predictions) of the two 

strategies downregulates the putamen engaged in habitual learning.2 We aimed to determine 

whether this neurocircuit is aberrantly attenuated in OCD during the arbitration. In this study, 

thirty patients with OCD (age 26.9 ± 6.2 years, 12 females) and thirty healthy controls (age 25.0 

± 4.7 years, 17 females) underwent fMRI scans while simultaneously performing the sequential 

two-step decision task, designed to observe model-based (goal-directed) and model-free 

(habitual) learning.2 We employed a computational model devised to account for the arbitration 

process, which makes inferences about the reliability of each learning based on the history of its 

prediction errors and determines that the control is given to a more reliable strategy. We 



estimated brain activity encoding variables of the computational model (reliability and action 

value of each learning) and analyzed psychophysiological interaction effects of the model-choice 

preference on the vlPFC-putamen coupling. Compared to healthy controls, patients with OCD 

exhibited a stronger habit-bias (P = .006), attributed to less reliable predictions in goal-directed 

than habitual learning. When behaviors should be model-based, patients exhibited a weaker 

strength of the fronto-striatal negative coupling than healthy controls (t = 4.43, PFWER = 0.001). 

This hypoconnectivity was correlated with more severe compulsivity (r = -0.56, P = 0.001). We 

suggest that the attenuated top-down control of the habit controller by the prefrontal arbitrator 

underlies habit-bias in OCD. Enhancing the fronto-striatal connectivity may be a potential 

neurotherapeutics for compulsivity. References [1] Voon V, Derbyshire K, Ruck C, et al. 

Disorders of compulsivity: a common bias towards learning habits. Mol Psychiatry 

2015;20(3):345-352. [2] Lee SW, Shimojo S, O'Doherty JP. Neural computations underlying 

arbitration between model-based and model-free learning. Neuron 2014;81(3):687-699. 
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Abstract: Declines in cognitive function are one of the most debilitating facets of growing old, 

and cognitive processing speed (the time it takes to perform a cognitive task) has been shown to 

decline with age even in healthy older adults. It has been suggested that the information 

manipulation and decision-making components are the most specific measures of cognitive 

processing speed. The drift diffusion model has proved useful in distinguishing between different 

processes involved in task performance, since it allows for the statistical separation of different 

components of binary decisions, such as decision thresholds to reach a response (boundary 

separation), sensory encoding and motor execution (non-decision time) and evidence 

accumulation and decision-making (drift rate). Whereas boundary separation and non-decision 

time have been consistently shown to increase with age, results regarding age effects on drift rate 

are inconsistent. We fit this model to the outcomes of three tasks that tap different cognitive 



abilities and evaluate the effects of age on these three parameters of the model in each task, 

focusing on the drift rate parameter. Given the hypothesis that processing speed slowing with 

age is associated with the age-related loss of white matter integrity, we will also explore the 

relation between age, white matter integrity and drift rate. Neurologically healthy older adults 

(age range 54-95yo, mean = 77yo) were recruited from a cohort that includes in-person 

behavioral and neuroimaging measurements, and completed different online instruments, 

including a delay discounting (n = 167), an emotion recognition (n = 195), and a word memory 

task (n = 173). We will compute the bivariate correlations with age for the diffusion model 

parameters, separately for each task and establish mediation models with age as the primary 

predictor variable, drift rate as the outcome variable and white matter integrity as the mediator. 

Our preliminary results suggest that time needed to perform these tasks increases across 

adulthood. Reaction times in all three tasks were positively associated with age (r(165) = .32; 

r(193)= .47; r(171) = .38; all p <0.001). Understanding how different components of cognitive 

processing speed evolve and interact and if they decline generally or specifically in certain 

domains, will contribute to our understanding of age-related cognitive decline, and might have 

an impact on possible environmental changes benefiting an optimal performance of everyday 

tasks by older adults, helping them maintaining their independence and higher quality of life. 
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Abstract: The moods that we experience in everyday life have an impact on our behavior, even 

when we are doing tasks that should not depend on our affective state. Moods build up over time 

such that their valence may spill over to proximal decisions we are making. For example, 

incidental joyful moods may enhance risk-taking, as observed with people buying more lottery 

tickets when the weather is nicer than expected (Otto, Fleming, & Glimcher 2016). Here, we 

report a systematic and replicated investigation in 2 lab studies (total n = 121 human 

participants) of mood effects on economic decisions that involve tradeoffs between a monetary 

reward and one of 4 kinds of costs: a delay, risk, physical effort, or mental effort. Using an 

established mood induction paradigm where participants play a quiz game, affective states were 



successfully manipulated, as shown by subjective ratings, between episodes providing high rates 

of positive and negative feedbacks about the responses to the quiz questions (Vinckier et al. 

2018). Accordingly, preferences differentially shifted throughout these episodes, such that costly 

but more rewarding options were more often chosen in the positive condition, and less often 

chosen in the negative condition. When comparing computational models of choice behavior, 

this effect was best explained as the consequence of an additive decision bias proportional to 

mood rating, favoring the pursuit of larger rewards, irrespective of the cost. We then used 

simulations of foraging behavior to identify the environments in which this mood bias would be 

adaptive. In these simulations, mood is construed as a global estimate of the current cost/benefit 

tradeoff that the foraging agent learns through a delta update rule. Thus, a high-reward / low-cost 

action would improve mood, which in turn would favor foraging in the next decision process. 

We found that, in environments where costs and benefits are auto-correlated, it is optimal to have 

decisions biased by mood to a certain extent. In real life, the impact of mood on decisions may 

therefore be particularly adaptive in environments that vary a lot across seasons, with foraging 

costs being high during winter, and various sources of rewards being abundant during summer 

(Eldar et al. 2015). 
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Abstract: When making choices, humans consider both reward and visual properties of the 

available options. For example, imagine picking a restaurant, which could be governed by the 

experienced quality of the dishes (reward-guided choice) and the décor of the restaurant 

(visually-guided choice). Here we investigate what drives this integration of visual and reward 

information during economic decision making and learning. We hypothesize that uncertainty is 



one pivotal factor that determines the extent to which reward and visual properties drive adaptive 

behavior. In particular, (H1) under low reward uncertainty conditions (i.e., low uncertainty about 

which option yields the most reward, such as picking a restaurant in a familiar neighborhood), 

choices might primarily be driven by the options’ expected reward values. However, under high 

reward uncertainty conditions (i.e., uncertainty about which option leads to better outcomes, such 

as picking a restaurant in a new city), the visual features of an option (like salience) may 

influence one’s choice. Furthermore, (H2) when learning from reward feedback, the speed of 

learning might be driven by uncertainty about the options’ perceptual features. If options are 

perceptually distinct, learning might be faster than under higher perceptual uncertainty when 

choice options cannot reliably be distinguished. To test these hypotheses, we combined 

computational modeling and a perceptual uncertainty-augmented bandit task in which human 

participants make economic choices and learn the reward values of the available choice options. 

Across two behavioral experiments (total N &=199) and in line with our hypotheses, we show 

that (regarding H1) choice behavior is particularly biased towards visually salient options when 

reward uncertainty is high, as compared to choices under lower reward uncertainty. This bias 

might be ecologically beneficial when visual salience acts as a proxy for an option’s expected 

reward, thus aiding decision-making under reward uncertainty. Moreover, (regarding H2), we 

show that higher perceptual uncertainty attenuates reward learning. This could help avoid 

incorrect assignment of received rewards to options that cannot be clearly identified due to 

perceptual uncertainty. Taken together, our study provides new insights into how humans 

dynamically combine perceptual and reward information. Our results suggest that humans 

adaptively utilize visual salience in the service of economic decision making and learning and 

highlight the potential ecological and normative role of using visual salience in conjunction with 

reward values for adaptive behavior. 
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Abstract: Across the auditory pathway neural responses are significantly attenuated if the same 

stimulus was presented less than a few seconds ago. The time constant at which firing rates in 



primary auditory cortex (PAC) recover back to baseline is approximately two seconds. This 

response attenuation has often been linked to short-term synaptic depression. However, synaptic 

time constants are typically well below 1 second. It is thus unclear if and how the synaptic time-

constants could give rise to the much longer time-constants of firing rates. To address this 

question, we combine recordings from monkey primary auditory cortex with a theoretical 

approach to investigate under which circumstances the firing rates of a neural network can 

recover with different time-constants than the underlying synapses. We first explored this idea by 

fitting a mechanistic Wilson-Cowan model with short-term synaptic plasticity to artificial data 

from a descriptive model that allowed us directly specify firing rate time-constants and the 

dependence of firing rate r on stimulus intensity I (r=Ia). For feedforward synaptic depression, 

we found that the rate recovery time constant can be longer (equal or shorter) than the synaptic 

time constant if the r-I relation is supralinear (linear or sublinear). For recurrent synaptic 

depression, rate recovery time constants are longer than synaptic time constants, except when the 

r-I relation is supralinear. We then defined a metric that quantified the convexity/concavity of the 

relationship between firing rate and the depression variable x (r-x relation) as the area between 

the unity line and r-x curve. This metric is positively correlated with the rate-to-synapse time 

constant ratio. Based on these theoretical results, we fit the Wilson-Cowan model to the multi-

unit activity data of monkey. We found that the rate-to-synapse time constant ratio is constrained 

within a narrow distribution peak at 1.4, indicating that the firing rates in auditory cortex recover 

more slowly than synapses. Our findings show that at least some of the discrepancy between rate 

recovery and synaptic time-constants can be explained by the non-linear relation between firing 

rate and the depression variable x. 
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Abstract: How is the knowledge of consequence incorporated into decision-making? Despite the 

vast literature on reward driven decision-making, the neural computations underlying the 

assessment of option complexity and their potential consequence on decision-making processes 

remains to be well understood and properly formalized. 

To study the role of consequence in a decision-making framework, we developed a novel task, in 

which consequence could be quantified and its effect measured on the decision-making policy. 

This task targets not only the notion of consequence between consecutive trials but allows the 

study of how consequence is learned over time. This task was performed by thirty-four human 

participants, instructed to perform sequences of binary decisions aiming at maximizing 

cumulative reward. In brief, at each trial the participants had to select between two visual stimuli 

each associated with a specific reward. The size of the stimuli depended on the participants’ 

previous decisions (the consequence). 

In a more theoretical framework, we investigated how the knowledge of consequence is 

incorporated into reward-driven decision-making model This model is based on an 

approximation of the neural dynamics of two populations and is capable of learning sequences of 

binary decisions adaptively to maximize cumulative reward. It incorporates complexity, visual 

stimuli discrimination and predicted consequence into its dynamics in a parsimonious fashion. 

Furthermore, it also implements an internal oversight mechanism of consequence, and of 

learning by reinforcement. 

We fitted this model to the experimental data as part of a global validation process, and carefully 

investigated the role of each model parameter. We found that specific parameters needed to be fit 

with specific metrics from the data, such as reaction times and accuracies. Remarkably, our 

model was capable of faithfully predicting both the non-trivial inhibitory patterns of decision-

making, as well as the sequences of decisions of each individual, regardless of their level of 

accuracy throughout the experimental session. 

In conclusion, we offer a novel approach that explains how consequence could be incorporated 

into the neural dynamics of decision-making, and how adaptation may occur to this end. 

Furthermore, our theoretical characterization of this process was able to properly describe vastly 

different decision-making policies by varying a few parameters. 
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Abstract: Most computational modelling studies on perceptual decision-making identify 

computational model parameters based on fitting choice behavioural data, and to a lesser extent, 

fitting neural dynamics. However, no study has made use of data-driven approaches to elucidate 

the underlying dynamical mathematical equations generating the observed neural dynamics, 

which can be nonlinear in nature. In this work, we make use of a data-driven algorithm called 

sparse identification of nonlinear dynamics (SINDy), originally developed to discover governing 

physical equations from measurement data, to discover the dynamical equations of various 

stochastic two-choice decision-making models based on simulated data. In particular, we 

collated simulated data from the standard drift-diffusion model (DDM), the linear leaky 

competing accumulator (LCA) model and its DDM-approximated version, and a nonlinear 

dynamical model endowed with working memory. Model parameters were estimated by applying 

the SINDy algorithm to the neural dynamics. To reduce noise effects, we proposed an averaging 

method in which model parameters were estimated across trials. After model parameters were 

estimated, neural dynamics and choice behaviour (accuracy and decision time) of the deduced 

model were simulated and compared with that of the original model. We found that SINDy could 

readily identify the linear LCA model parameters for across-trial and single-trial conditions, 

especially for higher signal-to-noise ratio. This was expected as SINDy was originally developed 

for deterministic dynamical systems. In contrast, for the rest of the models, as signal-to-noise 

ratio increased, the SINDy-derived models’ behaviour became more dissimilar to that of the 

original respective models. To understand this, we determined the root-mean-square error for 

these models’ parameters and found strong positive correlation with the model’s choice 

behaviour discrepancy for the DDM and nonlinear model. However, this was not the case for the 

DDM-approximated LCA model; as signal-to-noise ratio increased within the reaction time task 

(a first-passage time framework), the dynamics generated by the original models ramp up too 

fast towards decision thresholds, thus revealing less data and SINDy becoming less accurate in 

elucidating the underlying governing dynamics. Taken together, we showed for the first time, the 

potential and limitation of SINDy applied to stochastic first-passage time problem for decision-

making. Further investigations include applying to fuller neural dynamics with different decision 

task paradigm and exploring other averaging approaches. 
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Abstract: Most laboratory studies on temporal expectation focus on how people can prioritize 

attention across time to prepare for specific future events. In such situations, the decision process 

that links temporal expectation to the final action is usually considered trivial. In real life, 

however, temporal expectation can involve more complicated decisions, where people must plan 

their actions based on the consequences of their past actions as well as the expectations of future 

events. Here we developed a real-time gambling task to simulate such decision situations and 

compared human performance to those of three computational models to understand the 

underlying decision process. 

Methods: On each trial of the experiment, human participants (N = 31) were asked to press keys 

to make real-time predictions on the time of target onset. The closer their last key press was to 

the time of target onset, the higher the reward. Participants could press keys for multiple times, 

but every press incurred one unit of cost. Their net gain would be the reward minus the total cost. 

We manipulated the temporal distribution of target onsets in 4 different blocks. Apparently, 

participants should increase their key presses when the target is expected to be more likely to 

occur. Meanwhile, according to the rewarding rule, the marginal gain of a second press would be 

small or even negative when it is close to the first press. In other words, to maximize expected 

gain, participants should make decisions based on their own action history as well as their 

expectations of near future. To understand participants’ decision process, we constructed a gain-

maximizing ideal observer whose response probability at each moment takes into account both 

temporal expectation and action history. As alternative hypotheses, we also considered two 

heuristic models, whose response probability is simply determined by instantaneous temporal 

probability. We fit the three computational models to the timing of participants’ key responses 

and compared the goodness-of-fit of models. 

Results: (1) The timing pattern of participants’ key responses varied with the temporal 

distribution of target onsets, implying the influence of temporal expectation. (2) The ideal 

observer model outperformed the two heuristic models in predicting the response patterns (the 

summed ΔAICc between the ideal observer model and the second-best model was -3925.8; 

according to the group-level Bayesian model selection, the protected exceedance probability > 

99.9%). It suggests that participants were not just responding proportionally to the temporal 

probability at the moment, but integrated their past actions and future prospects to make 

decisions. 
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Abstract: Transitive inference (TI) is a form of deductive reasoning that allows to infer 

unknown relations among premises. It is believed that the task is cognitively solved resorting to a 

mental linear workspace, namely the mental line, in which the stimuli are mapped according to 

their arbitrary assigned rank. This means that, if one experiences that A>B and B>C, the 

relationship A>C can be transitively inferred as after learning the items A, B and C are properly 

located on adjacent positions along such linear workspace. An open question is whether this 

mental line is encoded somewhere in the brain and, if so, where and how. Here, we investigated 

the possible role of the dorsal premotor cortex (PMd) in representing the hypothesized mental 

line during the acquisition of the relations between items, eventually leading to successfully 

perform a TI task. Two rhesus monkeys were tested requiring selecting the higher ranked item, 

presented alternatively on the left or right position of a computer monitor while the neural 

activity of the PMd was recorded simultaneously by 96 probes. We analyzed the multi-unit 

neural activity (MUA) by relying to a mathematical framework in which it is possible to carry 

out the needed mental line as a linear combination of the representations of the stimuli/items in 

the neural state space. The applicability of this theoretical model relies on the hypothesis that 

both the identity and the spatial position of the stimuli are encoded in the probed network. As a 

first result, we found that PMd represents such information in its neural activity together with a 

correlate of the difficulty in motor decision. According to the model, we found that the PMd 

representations of the stimuli, once projected on the theoretical mental line (a linear neural 

subspace), are predictive of the motor decision.Finally, we found striking evidence that 

representations of both the stimuli and the motor plan are plastic, as they change in time 

according to the behavioral output. A realignment of the mental line thus results leading to an 

increasing overlap with the axis decoding the motor responses. Our results then provide evidence 

that a TI task can be solved as a linear transformation of the neural representations of arbitrarily 

ranked stimuli. PMd appears to have a leading role in manipulating such representations, 

efficiently transforming the ordinal knowledge of the stimuli relations into the motor output 

decision. 
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Title: Representational geometry correlates with behavioral differences across two monkeys 
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Abstract: Our ability to perform cognitive tasks critically depends on the geometry of the neural 

representations. High dimensional representations allow downstream neurons to implement a 

large number of input-output functions. In contrast, low dimensional representations, which 

typically require a process of abstraction, allow for better generalization. An interesting 

compromise between these two types of geometries would be to dynamically adjust the geometry 

depending on task demands. Using analytical tools recently developed to study abstraction, we 

observed that the geometry of the recorded neural representations correlates with behavior and 

changes rapidly during a trial. 

We studied the correlation between representational geometry and monkeys' behavior in the 

dorsolateral prefrontal cortex(PFdl) of two monkeys performing a visually cued strategy task. 

Two different pairs of visual stimuli cued the repetition of the previous response (stay strategy) 

and the shift to the alternative response (shift strategy). The representational geometry of the 

relevant task variables differed between monkeys. Indeed, during the cue presentation, the visual 

cue was represented in abstract format in the first monkey, and the strategy in the second 

monkey. Interestingly, these different geometries correlated with different reaction times of the 

two monkeys. To better investigate the difference in behavior, we built a model to predict the 

reaction times on a single trial basis. We found that the visual cue has a stronger weight in 

predicting the reaction time of the monkey with the visual cue in abstract format than the other 

one. On the opposite, the strategy has a stronger weight in predicting the reaction time of the 

monkey with the strategy in abstract format that the other one. To investigate the underlying 

computations that could explain the differences in the neural representation, we trained an 

artificial neural network to perform the task. We observed a change of the representational 

geometry of the task variables along the training epochs, that matched the different neural 

representations across monkeys in two different ranges of training epochs. Our analysis reveals 

important computational properties and interesting differences in neuronal representations 

between two monkeys performing the same task with high performance. This difference is 

mirrored by the different geometry of the neural representation of two task variables: the visual 

cue and the strategy. Moreover, the geometry can modulate the reaction time of the monkeys and 

it can be highly dynamic to reflect cognitive demands. 
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Abstract: Animals rely on their experience to guide their next choice. In foraging-type tasks 

guided by history-dependent value, these experiences are integrated such that the weights of past 

events initially decay quickly over time but show a longer tail than expected by exponential 

decay, which is better described by a hyperbolic function. Hyperbolic integration affords 

sensitivity to both recent environmental dynamics and long-term trends, however the mechanism 

by which the brain implements this hyperbolic integration is unknown. We trained mice on a 

history-dependent, value-based decision task and found that the mice indeed showed hyperbolic 

decay on their weighting of past experience. However, the activity of history-encoding cortical 

neurons showed weighting with exponential decay. In resolving this apparent mismatch, we 

observed that cortical neurons encode history information heterogeneously across a wide variety 

of time-constants, with the retrosplenial cortex (RSC) overrepresenting longer time-constants 

than other areas. A model that combines these diverse timescales can recreate the heavy-tailed, 

hyperbolic-like behavior. In particular, time-constants of RSC neurons best matched the 

behavior, and optogenetic inactivation of RSC uniquely reduced the use of history information. 

These results indicate that behavior-relevant history information is maintained in neurons across 

multiple timescales in parallel, and suggest RSC is a critical reservoir of this information guiding 

decision-making. 
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Title: Selective attention via reinforcement learning, optimal decision making, and dopamine? 
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Abstract: Traditionally, selective attention has been considered under the principal that limits in 

information processing bandwidth and related energetic constraints motivates the determination 

of environmental features saliency. While these and related “bottleneck” concerns are important, 

evolutionary processes may have discovered ways to efficiently allocate resources via optimal 

learning advantages. Dayan and colleagues (2000) proposed such an approach whereby 

considerations from optimal learning theory underlie efficient selective attention behavior. Their 

algorithm requires a priori knowledge about the statistical structure of reinforcers in the 

environment. In particular, an estimate of the variance of reinforcement must be known, which is 

used to augment ‘reward prediction error’ based updating of feature values. In contrast, more 

recent work has suggested that extracellular dopamine may encode the ‘precision’ of stimulis’ 

ability to engender action, which the authors operationally define as ‘salience’ (Friston et al., 

2015). This latter work considers dopamine’s role from a descriptive Bayes-optimal behavioral 

framework, and in so doing proposes a theory apparently intended to contrast to the longstanding 

reinforcement learning and optimal decision-making theories that frame dopamine as a 

reinforcement prediction error signal.We propose a middle ground where dopamine’s established 

role as a reward prediction error signal (in reinforcement learning and optimal decision-making 

theories) can be used by an organism as an estimate of the variance, which would be equivalent 

to the inverse precision in the Bayes-optimal behavioral framework. Our approach largely 

follows Dayan and colleagues’ framework but uses a ‘temporal difference reinforcement 

learning framework to estimate of the standard deviation (σ) of the expected value of stimuli that 

lead to reward. This error term is then used to provide an estimate of the precision (1/σ2) which 

adjusts the learning rate and differentially weights stimuli that may anticipate reward.To 

investigate the efficay of our approach, we ran simulations of feature-based Pavlovian 



conditioning comparing traditional TDRL versus our selective attention augmented TDRL (SA-

TDRL). In SA-TDRL, value estimates and learning rates are dynamically augmented using 

feature-level precision estimates, which results in larger relative value weights for features more 

certain to lead to reward and changes in learning rate as a function of stimulus reliability. Future 

work will compare this algorithm to human data to test the hypotheses that human dopamine 

levels augment behavior in a manner consistent with SA-TDRL. 
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Abstract: It has been reported that social stress can have contradictory effects on social 

behavior, increasing prosocial or antisocial behaviors. Such findings may be attributed to the 

modulatory role of stress in context-dependent value computation because cortisol hormone 

affects a wide range of neural regions including the medial prefrontal cortex (MPFC). In this 

study, by incorporating stress treatment with a modified social discounting task, we investigated 

the neural mechanism underlying the association between the physiological responses to social 

stressors and inter-subject variability in money-sharing behavior. 41 male participants performed 

the Montreal imaging stress task (MIST), in which they were asked to solve arithmetic problems 

under time pressure and received negative social feedbacks. About 20 minutes after stress onset, 

samples of their saliva were collected to measure changes in cortisol concentration from the 

baseline. Then, participants performed a modified social discounting task, which was designed to 

measures money sharing with targets of varying social distance when money sharing results in 

inequal (i.e., disadvantageous inequal condition) or equal (i.e., equal condition) consequence. We 

used computational modeling and hierarchical Bayesian analysis to identify the three distinctive 

dimensions of motivation: 1) the sensitivity to target’s social distance, 2) the sensitivity to 

reward for self, and 3) the degree of disadvantageous inequality aversion as measured by the 

tendency of avoiding an option that gives more money to a target than to self. Behavioral results 

showed a negative correlation between the degree of increase in cortisol concentration and the 

degree of disadvantageous inequality aversion. The degree of increase in cortisol concentration 



was negatively correlated with the degree of the dorsomedial prefrontal cortex (DMPFC) activity 

in tracking the value of reward for self in the disadvantageous inequal condition. In turn, those 

with higher degree of disadvantageous inequality aversion exhibited higher degree of DMPFC 

activity and lower degree of VMPFC activity in tracking the value of reward for target in the 

disadvantageous inequal condition. Finally, a mediation analysis confirmed that the association 

between the degree of increase in cortisol level and the degree of disadvantageous inequality 

aversion was indirectly mediated by the DMPFC activity. These findings suggest that the 

DMPFC plays a key role in promoting disadvantageous inequality aversion, which can be 

interrupted by socially induced stress, resulting in self-protective prosocial motivation. 
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Abstract: Rapid fluctuations in neural dynamics correlate with measures of pupil size, facial 

(e.g. whisker) movements, and locomotion in mice. These measures also broadly correlate with 

task performance, but their relationships vary by study. Recent modeling work finds that mice 

employ distinct performance strategies within a training session, and spontaneously alternate 

between them across minutes. Based on these findings, we hypothesized that arousal related 

measures may form predictable relationships with task performance states, and covary with their 

transitions. 

To investigate these questions we implemented head-fixed two alternative choice tasks requiring 

either auditory or visual stimulus categorization to receive a water reward. We fit hidden Markov 

models with states characterized by generalized linear models to task data. Using cross validated 

test sets we determined an ideal number of states and fit a model for each subject. Six stereotypic 

states emerged across models, with each model including an optimal (choices guided by 

stimulus) and disengaged (no response to any stimulus) state, and a variable number of left or 

right biased states. During task performance we measured pupil diameter, whisker pad motion 

energy, and locomotion speed. We found a clear relation between the probability of being in the 

optimal task performance state and each of these measures for both sensory modalities. Task 

performance had a consistent inverted-U relationship with pupil diameter across subjects, with 



optimal performance state more likely at intermediate pupil diameters. The ideal pupil diameter 

was lower for subjects performing the auditory compared to the visual task. Movement measures 

had more influence on optimal occupancy for visual task subjects than those performing the 

auditory task. Next, we quantified changes in behavioral measures at transitions into and out of 

the optimal state. While no consistent changes were apparent in the raw behavioral measures, 

there was a marked decrease in trial to trial variability of measures upon entering the optimal 

state, and an increase in variability upon exiting it. Using a cross-validated classification 

analysis, we found that occurrence of optimal and suboptimal task performance states can be 

predicted by changes in pupil diameter and movements with high accuracy. 

Based on these results we conclude that pupil size, facial movement, and locomotion measures 

can reliably indicate transitions in task engagement states. Decreased variability of these 

measures during optimal engagement states may further suggest active control of arousal to 

maintain optimal brain states for task performance. 
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Abstract: A principle of modern decision theories is reference dependence, in which the 

subjective value of a reward is computed relative to an internal reference point that is thought to 

reflect expectations of future rewards. Reinforcement learning describes how agents can estimate 

reference points through experience and can be generally divided into two classes: “model-free” 

algorithms which repeat previously rewarded actions, and “model-based” algorithms which learn 

a world model and use it to select actions. Distinct neural circuits implement these algorithms, 

and a central question is how an agent can perform “meta-control” - how to decide which system 

to use and when. We used high-throughput training to collect well-powered datasets from 

hundreds of rats (n=211) performing a temporal wagering task with semi-observable states 



(blocks of large or small rewards) distinguishable only by their latent reward statistics. Rats 

normatively adjust how quickly they initiated trials (motivation) and how long they waited for 

rewards (deliberation) in response to varying reward statistics. However, motivation and 

deliberation displayed distinct dynamics around block transitions, suggesting that these systems 

have distinct reference points that differentially respond to change in the environment. Statistical 

modeling revealed that motivation reflects a model-free algorithm, while deliberation reflects a 

model-based algorithm. These results provide a finer timescale resolution of meta-control and 

makes testable hypotheses about interactions among model-free and model-based neural circuits 

during complex behavior. 
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Abstract: The ability of animals to select alternative responses to the same stimulus depending 

on context is a hallmark of cognitive flexibility. A plausible mechanism for selection of the 

relevant stimuli relies on inhibition of the irrelevant sensory responses, as hypothesized in neural 

circuit models. This mechanism, however, is difficult to reconcile with neural responses 

observed in higher cortical areas during flexible behavior, where representations of the irrelevant 

stimuli are still present, posing an apparent contradiction with the inhibitory mechanism. Studies 

using recurrent neural networks (RNNs) suggested that heterogeneous neural responses reflect a 

nonlinear dynamical process unfolding at the population level, such that, within a given context, 

only the inputs aligned with a specific “selection vector” drive the activity along the line 

attractor. The selection via population dynamics yields a fundamentally distinct perspective on 

representations of irrelevant stimuli than neural circuit models based on inhibition. Yet, it is 

unknown what circuit structure gives rise to the dynamical selection mechanism at the 

population level. Therefore, it remains unclear whether the dynamical selection-vector 

mechanism is qualitatively different from the inhibitory circuit mechanism. In this work, we 

show that the inhibitory circuit mechanism can give rise to the selection of relevant stimuli via 



population dynamics. We explicitly construct an interpretable neural circuit, which flexibly 

selects alternative stimulus-response associations by inhibiting the irrelevant stimuli. First, we 

show that the line attractors in the state space—the key components of the dynamical selection 

mechanism—are present in the engineered interpretable circuit. Second, we find that the circuit 

also relies on a dynamical selection vector mechanism. The selection vector has a concrete 

realization as an excitatory connection between two nodes in the circuit. Finally, we illustrate 

that the same picture is preserved if the small circuit is embedded in a higher dimensional RNN. 

The activity of the circuit nodes corresponds to the distributed activity patterns in the RNN. 

These results demonstrate that the population-level dynamical mechanism for context-dependent 

behavior is not fundamentally distinct from previously hypothesized circuit mechanisms based 

on inhibition. This work links the dynamical-systems approach to cognition with the underlying 

circuit structure, opening new possibilities for causal manipulations of the neural networks to 

validate these mechanisms in experiments. 
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Abstract: Our perceptual and motor systems are smart planners for the future, allocating 

resources adaptively across time according to how likely an event will occur at different 

moments. However, it is largely unknown how the relevant temporal uncertainty is represented, 

whether it is an integrative representation reflecting the probabilities over different temporal 

possibilities (the integration hypothesis) or alternates from trial to trial with each trial focusing 

only on one temporal possibility (the alternation hypothesis). To differentiate between these two 

hypotheses, here we introduced a new behavioral task to manipulate human temporal beliefs and 

investigated its effects on simple response times (RTs). In two experiments (N = 20 and N = 16), 

human participants made speeded key response to the onset of a visual target. The duration 

before target onset (SOA) varied from trial to trial, which could be 2 s or 6 s for Experiment 1 

and 1 s, 1.5 s, 2 s, 2.5 s, 3 s, 3.5 s, or 4s for Experiment 2. In half of the trials, before the start of 

the speeded response task, participants were also required to predict whether the SOA of the 

incoming target would be relatively short or long. Each participant completed multiple blocks 



that differed in the odds of short- to long-SOA trials (1:3, 1:1, or 3:1 for Experiment 1 and 1:3 or 

3:1 for Experiment 2). Participants were not instructed the temporal structures of the experiments 

but received feedbacks about their predictions as well as speeded responses. We examined how 

participants’ prediction on a trial might influence the RT on the same trial and constructed four 

integration- or alternation-based computational models to explain these effects. Results: (1) 

Participants’ probabilities to predict short and long in each block matched the corresponding true 

probabilities. (2) These cue-free, self-initiated predictions influenced the subsequent RTs in a 

way mimicking traditional cue-based temporal expectations, which provides evidence that 

people can spontaneously alternate between different temporal beliefs. (3) An alternation-based 

model with post-decision bias best fit participants’ RT patterns (mean, variance, and skewness), 

which suggests that not only prediction-elicited beliefs but also the prior beliefs before 

predictions may alternate between the early and late temporal categories, further supporting the 

alternation hypothesis. 
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Abstract: Our daily environment is inherently noisy, and we rarely have full certainty about the 

auditory percept we just heard. Perceptual decisions, such as whether I hear a human scream or 

wind (type I decision), come with an inherent metacognitive evaluation of the accuracy of this 

decision, which can be reported as confidence (type II decision). Both decisions are believed to 

be based on the accumulation of sensory evidence towards a decision boundary. This process 

may also result in frequent misperceptions, such as confidently reporting a human voice when no 

voice was present. Such hallucinations are a hallmark of schizophrenia and do also occur among 

the normal population. However, the underlying cognitive and neurobiological processes that 

affect our confidence in healthy and psychiatric populations remain elusive. We used a large-

sample behavioural online experiment (N=216), a concordant laboratory study including 

recordings of EEG and pupillometry data (N=30), and multi-layered convolutional neural 

networks (CNNs) with different architectures. Both humans and machines were presented with 

sounds at low vs. high levels of noise and reported if and with how much confidence they 



perceived a voice. In the online study, we found that trials presenting more sensory evidence 

resulted in higher false alarm rate, type I sensitivity (d’), confidence ratings, and metacognitive 

efficiency (meta-d’/d’). For all voice trials, while type I accuracy was lower, confidence was 

higher. Lastly, higher individual hallucination proneness was linked to faster confidence 

response times. What are the computational underpinnings explaining this behavioural bias 

towards more incorrect perceptual decisions of high confidence when presented with a voice? An 

initial CNN analysis showed that separately accumulating evidence for type I and II decisions 

benefits metacognitive efficiency, while shared evidence accumulation benefits perceptual 

sensitivity. This trade-off between perceptual and confidence decision-making serves as a basis 

for modelling observed behavioural effects more precisely by additionally introducing 

connections between type I and II routes at different hierarchical processing stages akin to 

human cortical architecture. In sum, our results demonstrate a conservative decision strategy in 

difficult environments, with fewer decisions towards perceiving a human voice. However, 

confidence appears decoupled from this auditory decision strategy, suggesting separate evidence 

accumulation routes. 
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Abstract: Perceptual decisions are typically accompanied by metacognitive evaluation. These 

confidence judgements usually covary with decisional accuracy, but sometimes this 

correspondence breaks down, e.g. in atypical environments or clinical populations. This 

observation raises an important question: what are the neural computations of perceptual 

metacognition if their output can diverge from perceptual decisions themselves? In a recent 

paper, we argued that tuned inhibition—i.e., the degree to which a neuron is inhibited by 

neighboring neurons with opposing tuning preferences, which differs from neuron to neuron—is 

a crucial part of the underlying mechanism¹. Using fMRI in humans, here we sought to validate 

this model of tuned inhibition within decision-making areas at the voxel level. Participants 

completed a visual perception task, viewing random dot kinematograms with varying levels of 

dot motion energy and conflict (motion in opposing directions). We characterized the inhibition 



tuning level of voxels within target areas based on BOLD responses to these stimuli, then 

compared voxels’ inhibition levels to their predictive power for subjects’ motion-direction 

choices and confidence ratings. Importantly, we compared these findings to simulated BOLD 

responses from an extended version of the previously-published computational model¹. Results 

demonstrate that our paradigm provides a viable mechanism for identifying inhibition tuning in 

decision-making regions at the voxel level, and—critically—that inhibition tuning levels can 

explain the degree to which a voxel contributes to confidence precisely in accordance with model 

predictions. Our findings support our tuned inhibition model describing the neural computations 

underlying perceptual metacognition. 

1. Maniscalco et al. (2021). PLoS Computational Biology. 
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Abstract: When choosing between two actions, sensory evidence is accumulated toward one of 

the choices until a threshold is reached. Sensory neuron spike rate has been shown to track 

evidence accumulation. However, subjects will occasionally change their mind (switching from 

one action to the other), which is accompanied by a reversal in sensory neuron activity. It is 

unknown what neurons activate during a change-of-mind (CoM) potentially driving it. One 

candidate is anterior cingulate cortex (ACC), which has been shown in human EEG studies to 

respond around a CoM. Here, we for the first time directly report CoM in a rodent model. Head-

fixed rats (N=43) were trained to discriminate stimuli by running on a treadmill past a distance 

threshold (Go) or remaining immobile (NoGo). On some NoGo stimulus trials, rats began 

running shortly after NoGo stimulus onset but made a CoM and chose to return to immobility 

before crossing the threshold. The time of CoM was defined by peak velocity of the treadmill, 



when the rat stopped running and began slowing down toward immobility. We tested the 

hypothesis that reversal from a higher velocity Go response to the NoGo response (immobility) 

would be associated with a larger ACC single unit response during the CoM. We recorded 574 

ACC single units. On CoM trials, we found that stimulus-evoked responses of units tuned to the 

Go stimulus instead responded to the NoGo stimulus, suggesting engagement of the incorrect 

stimulus-response mapping in ACC. During the subsequent CoM, 20% of units scaled their 

activity with movement reversal size; moreover, a demixed PCA analysis showed that movement 

reversal size explained a large amount of variance in the population activity. Separately, 13% of 

units responded similarly but at the end of the trial and apparently quantified the magnitude of 

conflict between competing actions occurring earlier in the trial. In addition, whole-cortex 32-

electrode EEG translationally linked rat and human CoM by identifying a frontal response during 

CoM. Our results support current theories that the ACC monitors past conflict between 

competing actions and significantly broaden the role for ACC by showing that ACC neurons 

may drive CoM. 
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Abstract: The prefrontal cortex (PFC) plays a crucial role in flexible control of behavior. Of 

various types of neurons in the PFC, VIP-expressing neurons are thought to exert powerful 

influences on PFC circuit operations by disinhibitory control of other inhibitory interneurons. 

Here, to obtain insights on the role of VIP-expressing neurons in flexible control of behavior, we 

investigated modulation effects and activity dynamics of VIP-expressing neurons in the medial 

PFC (mPFC) in adult male mice performing reversal learning under a probabilistic classical 

conditioning paradigm. Chemogenetic (n = 7) and optogenetic modulation (n = 5) of VIP-

expressing neurons in the mPFC significantly impaired reversal learning. Calcium imaging (n = 

10) revealed diverse patterns of activity dynamics of mPFC VIP-expressing neurons during 



reversal. As a population, VIP-expressing neurons conveyed strong signals related to reward 

prediction error (RPE) during, but not before or after, reversal learning. These results suggest 

that VIP-expressing neurons may modulate mPFC neural activity in an RPE-dependent manner, 

thereby contributing to flexible control of behavior. 
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Abstract: Effort-based decision making requires weighing predicted gains against effort costs 

and is disrupted in depression, schizophrenia, addiction and Parkinson’s disease. The anterior 

cingulate cortex (ACC) is postulated to control effort-based action selection, but its precise 

functional role is poorly understood. In rodent studies, lesions of the ACC and ventral striatum 

(VS) produce characteristic deficits in spatial effort-based decision making tasks. However, 

temporally precise and cell-type specific methods of manipulating neural activity have rarely 

been applied to study effort-based decision making. To address this deficit, our lab developed 

and validated a mouse version of the barrier T-maze task, in which mice must choose between 

climbing a barrier for a large reward or taking a direct path to a small reward. We then used 

optogenetics to silence ACC excitatory neurons at specific times during this task. Bilateral 

inhibition of ACC, immediately prior to a choice, rapidly and reversibly impaired preference to 

exert greater effort for a larger reward when a less rewarded, low effort alternative was available. 

Silencing ACC-to-VS projection neurons also impaired the selectionof high effort choices, but 

only transiently when effort-reward tradeoffs had recently changed. These results establish a 

causal relationship between ACC activity and effortful action selection, and suggest the 

existence of functionally distinct ACC projection neuron subpopulations. 
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Abstract: Humans and animals have to balance the need for exploring new options with 

exploiting known options that yield good outcomes. This tradeoff is known as the explore-

exploit dilemma. One key factor in explore-exploit decisions is the time horizon, i.e., the number 

of known future choices remaining which can be influenced by the current decision. Horizon 

adaptation is thought to be a hallmark of effective exploration. Recent studies showed that 

humans were able to adapt the extent of their directed and random exploration with the time 

horizon. Yet apart from one early study in birds, very little work has investigated how animals 

explore under different time horizons. 

To better understand the neural mechanisms underlying how humans and animals address the 

explore-exploit dilemma, a good animal behavioral model is critical. Most previous rodent 

explore-exploit studies used ethologically unrealistic operant boxes and reversal learning 

paradigms in which the decision to abandon a bad option is confounded by the need for 

exploring a novel option for information collection, making it difficult to separate different 

drives and heuristics for exploration. In this study, we investigated how rodents make explore-

exploit decisions using a spatial navigation Horizon Task adapted to rats to address the above 

limitations. In this task, rats were asked to choose between two options that gave out different 

number of drops of sugar water. The reward size from one of the two options is known to the rat, 

whereas the reward size of the other option is unknown. We assess how rats “explore” the 

unknown option as a function of time horizon, i.e., the number of choices they have in a game. 

We compared the rats’ performance to that of humans using identical measures. We used 

hierarchical Bayesian analysis to quantify directed exploration and random exploration for both 

humans and rats. We showed that like humans, rats use prior information to effectively guide 

exploration. In addition, like humans, rats use information-driven directed exploration, but the 

extent to which they explore has the opposite dependence on time horizon than humans. 

Moreover, we found that free choices and guided choices have fundamentally different 

influences on future exploration in rodents, a finding that has not yet been tested in humans. This 

study reveals that the explore-exploit spatial behavior of rats is more complex than previously 

thought. 
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Abstract: Fronto-striatal circuits have been extensively implicated in the cognitive control of 

behavioral output for both social and appetitive rewards. The functional diversity of prefrontal 

cortical populations is strongly dependent on their synaptic targets, with control of motor output 

in part mediated by connectivity to dorsal striatum. Despite evidence for functional diversity 

along the anterior-posterior axis of the dorsomedial striatum (DMS), it is unclear how distinct 

fronto-striatal sub-circuits support neural computations essential for value-based choice. Here we 

identify prefrontal populations targeting distinct DMS subregions and characterize their 

functional roles. We first performed neural circuit tracing to reveal segregated prefrontal 

populations defined by anterior/posterior dorsomedial striatal target. The parallel nature of these 

pathways was evident both from afferent input biases and unique local synaptic connectivity 

within striatum. We probed the functional relevance of these parallel circuits via in vivo calcium 

imaging and temporally precise causal manipulations during a feedback-based 2-alternative 

choice task. Single-photon imaging revealed circuit-specific representations of task-relevant 

information with prelimbic neurons targeting anterior DMS (PL::A-DMS) robustly modulated 

during choices and in response to negative outcomes, while prelimbic neurons targeting posterior 

DMS (PL::P-DMS) encoded internal representations of value and positive outcomes contingent 

on prior choice. Consistent with this distributed coding, optogenetic inhibition of PL::A-DMS 

circuits strongly impacted choice monitoring and responses to negative outcomes while 

perturbation of PL::P-DMS signals impaired task engagement and strategies following positive 

outcomes. Together our data uncover novel PL populations engaged in distributed processing for 

value-based choice. 
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Abstract: The infra-slow brain activity influences behavior in conditions of uncertainty 

Rhythmic neuronal activity at frequencies <0.1 Hz, referred to as infra-slow activity, has been 

observed across wide brain areas in humans and rodents. It has been suggested in humans that 

infra-slow activity can modulate neuronal activity to an extent that can affect behavior. The 

mouse prefrontal cortex plays an important role in functions associated with goal-directed 

behavior and cognition. We investigated in mice the relationship between infra-slow activity and 

behavior. For that purpose, we developed an imaging-behavioral system that could assess this 

relationship in mice performing the continuous performance test (CPT), where adult male mice 

learned to press a touchscreen during correct stimulus presentation (hits), followed by reward 

delivery. Then, a calcium indicator (GCaMP6f) was adenovirally expressed in either pyramidal 

neurons or interneurons from the medial prefrontal cortex (MPFC). We performed imaging 

recordings by fiber-optics, using confocal laser endomicroscopy, synchronized with CPT events. 

The interaction between the phase of the infra-slow activity and the amplitude of faster event-

related activity at the time of these events, which depicted infra-slow activity modulation, was 

quantified. We compared the changes of this interaction in the MPFC during hits versus when 

touchscreen pressing occurred during distracter stimuli presentation (mistakes). To stimulate 

uncertainty in responses, reward contingencies were altered by inducing anosmia and/or 

introducing unrewarded hits in sequence or randomly. We found that infra-slow activity 

influenced event-related neuronal activity in the MPFC during the CPT. During baseline 

recordings, the infra-slow activity modulation was larger at the time of mistakes. Following 

conditions of uncertainty, the susceptibility to infra-slow activity modulation changed, being 

higher at the time of hits and lower at the time of mistakes. We suggested a model that could 

explain these complementary changes in infra-slow activity modulation under conditions of 

uncertainty. Our study proposed that infra-slow activity acts as a source of noise at the MPFC 

level, to an extent that can influence behavior in conditions of uncertainty. 



Disclosures:  A. De Diego Ajenjo: None. J. Kaur: None. R. Berg: None. M. Moldovan: 

None. U. Gether: None. A. Sørensen: None. D. Woldbye: None. 

Poster 

565. Cortical Control of Decision Making in Rodents 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 565.07 

Topic: H.03. Decision Making 

Support: NIH R01NS119813 

R21MH125107 

Title: Noradrenergic dynamics in the sensory and prefrontal cortices during a perceptual 

decision making task 

Authors: *C. SLATER1,2, K. YU1, B. YUAN1, M. KANN1, T. LANTIN1, Y. LIU1, J. S. KIM1, 

R. SALDANHA1, J. FENG3,4, G. LI3,4, Y. LI3,4, Q. WANG1;  
1Biomed. Engin., 2Vagelos Col. of Physicians and Surgeons, Columbia Univ., New York, NY; 
3Sch. of Life Sci., Peking Univ., Beijing, China; 4PKU-IDG/McGovern Inst. for Brain Res., 

Beijing, China 

Abstract: In a perceptual decision making task, sensory information is accumulated over time in 

the central nervous system, eventually leading to a decision to choose between alternatives and 

the subsequent generation of motor commands that indicate the choice made. The perceptual 

decision making process involves both sensory and prefrontal cortices and is heavily influenced 

by neuromodulatory systems, such as the noradrenergic system. However, noradrenergic 

dynamics in the sensory and prefrontal cortices and their association with behavioral outcomes 

remain poorly understood. Using a genetically encoded norepinephrine (NE) fluorescent 

biosensor, we simultaneously measured NE dynamics in the primary somatosensory cortex (S1) 

and the prefrontal cortex (PFC) in mice performing a tactile decision making task. Pupil 

dynamics were also measured throughout the behavioral sessions. In the task, head-fixed mice 

were trained to make decisions within a window of opportunity to respond to whisker deflections 

resulting from a brief air puff with various pressures. In idle mice, we found that NE dynamics 

were tightly correlated with pupil fluctuations. Despite the relative synchronization between NE 

levels in the PFC and S1, there were slight differences in the ability of pupil size to index 

regional NE activity. The response probability of our behaving mice increased monotonically 

with the intensity of air puffs. Consistent with our previous findings, whisker stimulation 

induced pupil dilation, and pupil baseline differed across different behavioral outcomes. Relative 

changes in NE following stimulus presentation were larger and possessed a higher rate of 

increase between baseline and peak states in the PFC as compared with S1. Interestingly, NE 

dynamics differed little between stimuli of different strengths in both brain regions, though NE 

dynamics differed dramatically between trials with different behavioral outcomes. Taken 

together, our results suggest that the NE dynamics encode an animals’ decision to action and to a 



lesser extent the sensory stimuli, and this encoding is different between S1 and PFC. 
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Abstract: Autism spectrum disorder (ASD) is a developmental disability characterized by social 

deficit and repetitive behavior. In addition, intellectual disability, common comorbidity to ASD 

core symptoms, aggravates the caregivers’ burden by hampering cognitive therapies. To devise a 

neuromodulation procedure that can rescue learning deficits in the ASD, we first addressed the 

learning deficits in the ASD mouse model using a go/no-go based pure tone-discrimination task. 

Cntnap2 knockout mice, a mouse model of ASD, exhibited significant retardation in learning 

with a similar plateau learning curve to wildtype controls. The prefrontal cortex is known to be 

important in attention and decision making during the discrimination task while the sensory 

cortex also shows distinct activity during sensory discrimination learning. Fiber photometry 

analysis of top-down attention control mediated by the anterior cingulate cortex (ACC) to the 

primary auditory cortex (Au1) revealed that population calcium transient in the ASD model is 

abnormally regulated during tone discrimination. In wildtype, the manipulation of ACC to Au1 

neurons by optogenetic stimulation bidirectionally enhances or decreases discrimination 

performance in wildtype mice. This observation inspired us to optogenetically stimulate the 

ACC-Au1 circuit of ASD during the learning. The optogenetic activation of ACC-Au1 

projecting neurons indeed enhances learning efficiency to a level similar to non-stimulated 



wildtype. In summary, we report that the manipulation of ACC-Au1 neurons bidirectionally 

modulates discrimination performance. Also found regulation of ACC-Au1 neurons decreases 

the learning deficit of ASD and possibly suggests its therapeutic potential for intellectual 

disabilities of ASD. 
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Abstract: Prelimbic Cortex (PL) plays an important role in decision-making strategies and PL 

disruption causes errors in decision-making. We examined the effects of PL disruption using 

h4MDi DREADDs under a CAMKIIa promoter in both male and female rats running a spatial 

decision-making task (active, n = 6; control, n = 6). Rats ran through a central path and made a 

decision at a choice point (CP) to go left (L) or right (R) for food reward. Reward contingency (L 

rewarded; R rewarded; rewarded for alternating) changed twice through each 45 minute daily 

session. The central maze pattern was changed parametrically to modulate the topological 

complexity of the maze. Rats encountered the same environment for two consecutive days, 

receiving either agonist (DCZ), or vehicle (saline) on day 1 and saline on day 2. 

Control rats performed better than active animals throughout the experiment, and improved their 

performance on day 2 of encountering the same environment. On day 1, under PL disruption, rats 

explored less of their environment (p=0.01), had more stereotypical paths, and showed less 

vicarious trial and error (VTE) behavior (p=0.0002). On day 2, recovering from PL disruption, 

active virus rats showed increased VTE behavior (p=0.001) and increased exploration (p=0.07), 

suggesting reduced learning from the previous day. After contingency changes, rats showed a 

decrease in task performance (p<0.001), increased exploration (p<0.001) and increased VTE 

behaviors (p<0.0001), suggesting a switch to deliberative strategies when reward contingency 

changed. In more complex environments, which likely require an increased cognitive load, 

animals explored more (p=0.0001) and had less stereotypical paths. Exploratory behavior 

progressively decreased (p<0.0001) through the maze. Average velocity was low at the start of 

the maze and the choice point, but increased (p<0.0001) as animals traversed the maze. 

These results suggest that PL is crucial for determining decision-making strategies in complex 



and changing environments and that complex environments promote deliberative behaviors 

while slowing the development of procedural behaviors. 
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Abstract: To maximize chances of survival in natural environments, an animal must be able to 

readily switch between different strategies to obtain food or water when contexts change. This 

type of reward-based strategy selection is heavily dependent on the medial prefrontal cortex 

(mPFC), which constantly monitors reward prediction error information, and implements a 

different strategy when the desired reward does not meet expectations. The circuit mechanisms 

by which mPFC incorporates contextual and reward information to choose the appropriate 

strategy are largely unknown, but one potential candidate mechanism involves vasoactive 

intestinal peptide interneurons (VIP-INs) in the mPFC. These inhibitory interneurons target both 

pyramidal cells and other interneuron subtypes, which may put them in a good position to 

suppress existing rule representations and allow for new ones to emerge. Furthermore, these 

VIP-INs are highly active around positive and negative reward outcomes, suggesting that they 

can interact with the canonical reward circuitry in some way. Therefore, we set out to study the 

contribution of VIP-INs in a reward-switching task. Selective optogenetic inhibition of VIP-INs 

within mPFC resulted in abnormal switching behavior when the reward switches locations. This 

abnormal behavior correlated with reduced synchrony between the mPFC and ventral tegmental 

area (VTA), along with aberrant mPFC single unit activity in response to reward outcomes. 

These results indicate that VIP-INs are involved in helping the mPFC select the appropriate 

strategy to maximize rewards in dynamic and uncertain environments. 
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Abstract: Reversal learning (RL), impacted in various neuropsychiatric disorders, measures 

subjects’ ability to form flexible associations between cues/stimuli and reward. The contribution 

of orbitofrontal cortex (OFC), basolateral amygdala (BLA), and anterior cingulate cortex (ACC) 

to RL and its dependence on the nature of association (i.e., stimulus-based), the modality (i.e., 

visual), and uncertainty associated with the reward contingencies (i.e., deterministic vs. 

probabilistic) has not been extensively studied in rats. Here we examined the roles of 

ventrolateral OFC (a subregion not as often probed as MO and LO), BLA, and ACC in the 

flexible learning of stimulus-based associations using chemogenetic manipulation. Male and 

female Long-Evans rats (N=39, 20 females) were prepared with bilateral inhibitory hM4Di 

DREADDs or eGFP on a CaMKIIa promoter targeting the major output neurons of each region. 

Rats first met a discrimination criterion, before being tested on both fully predictive deterministic 

(100/0) and probabilistic (90/10) reversals, during which they selected a visual stimulus 

associated with a sucrose reward by nosepoking a touchscreen. Thirty minutes prior to each 

reversal session rats were administered clozapine-N-oxide (CNO) or vehicle (VEH) solution 

(3mg/kg, i.p.), using a within-subject, counterbalanced design. Specifically, if a rat received 

CNO on the 1st reversal, it was administered VEH on the 2nd reversal (CNO1-VEH2), or vice 

versa (VEH1-CNO2). Only animals with confirmed bilateral targeting were included in the 

behavioral analyses, and efficacy of CNO to reduce activity in these regions was confirmed by 

ex vivo calcium imaging in slice. Rats learned the initial stimulus discrimination in 8.4 ± 1.5 

sessions to 75% for hM4Di and 8.7 ± 0.6 sessions for eGFP. Generalized Linear Models were 

conducted for each brain region and included all factors (reversal number, virus, drug, drug 

order, sex) for every measure. Preliminary analyses revealed significant reversal number and/or 

drug order interactions for learning measures (i.e., probability of choosing the better option, 

rewards collected), attentional (i.e., initiation latencies), and motivational (i.e., reward latencies) 

measures for all brain regions. Although post-hoc analyses are ongoing, we found that CNO1-



VEH2 animals exhibit poorer learning and less adaptive strategies compared to VEH1-CNO1 

animals following vlOFC and ACC inhibition, but not BLA inhibition. Engagement of vlOFC 

and ACC during the first experience of a reversal was crucial as it set how future adjustments 

occurred, consistent with the theorized roles for frontocortical regions in expected uncertainty. 
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Abstract: Goal-directed action refers to behaviors that are dynamic, sensitive to unexpected 

events, and require the dorsomedial striatum (DMS). Molecular factors underlying an organism’s 

ability to flexibly shift between goal-directed and habitual behavior are incompletely understood. 

We recently discovered that dorsal striatal melanocortin-4 receptor (Mc4r) expression correlates 

with this behavioral flexibility in adult male and female mice, leading to the hypothesis that the 

activity of Mc4r+ DMS neurons regulates goal-directed action. Stimulation of Mc4r+ DMS 

neurons via Gq-coupled Designer Receptors Exclusively Activated by Designer Drugs 

(DREADDs) facilitated animals’ ability to select actions based on reward likelihood. Meanwhile, 

inhibition via Gi-DREADDs rendered animals insensitive to changes in reward likelihood, 

promoting habits. MC4R controls GluA2 AMPA receptor subunit availability at the membrane 

such that increasing MC4R activity should decrease glutamatergic excitability of MSNs and 

mimic the behavioral effects of Gi-DREADDs in Mc4r+ neurons. Indeed, administration of 

MC4R agonist setmelanotide facilitated habit formation, while viral-mediated Mc4r knockdown 

in the DMS enhanced the ability of mice to select actions based on reward likelihood. The DMS 

receives dense glutamatergic projections from the orbitofrontal cortex (OFC), a region necessary 

for goal-directed action. Initial trans-synaptic retrograde tracing indicates that DMS Mc4r+ 

neurons receive monosynaptic projections from the OFC, and chemogenetic experimentation 



revealed that the OFC is necessary for MC4R-related changes in behavioral flexibility. These 

results reveal that striatal MC4R may be a key factor in sustaining versus “breaking” habits, and 

thus could serve as a target for treating maladaptive habits that contribute to neuropsychiatric 

disease. 
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Abstract: Aberrant approach-avoidance decision-making is a defining feature of several 

common psychiatric and neurological illnesses (e.g., anxiety). A key aspect of such decision-

making - approach-avoidance conflict (AAC) resolution - occurs when an organism must choose 

between approaching or avoiding stimuli that signal both rewarding and aversive outcomes 

simultaneously. Mounting evidence in human and rodent literature demonstrates that the ventral 

hippocampus (vHPC) is critical in regulating AAC decision-making. Moreover, the infralimbic 

(IL) and medial orbitofrontal cortices (mOFC) - two regions which regulate goal-directed 

behaviour and encode reward outcomes - are innervated by the vHPC. However, it is currently 

unclear how vHPC-prefrontal efferents might moderate AAC resolution. This exploratory 

investigation aims to determine the role of vHPC-prefrontal circuitry in AAC resolution using a 

novel, two-alternative forced-choice operant task. Adult, male Long-Evans rats were trained to 

choose between a small reward (sucrose pellet, i.e., reward-only option) versus a larger reward 

(two sucrose pellets) paired with varying foot-shock intensities (i.e., conflict option). Efferents 

from the vHPC to the IL or mOFC were inhibited in two separate cohorts (n = 7) using a dual-

viral, projection-specific chemogenetic approach (via modified human muscarinic receptor, 

hM4Di, expression); a third cohort (n = 8) expressed GFP/mCherry as a control. Preliminary 

results, analyzed using a linear mixed model, suggest that chemogenetic vHPC-IL inhibition via 

clozapine-N-oxide (CNO) administration increases preference for the conflict option, whereas 

vHPC-mOFC inhibition does not. The additional use of anxiety assays (e.g., elevated plus maze), 

which incorporate elements of AAC, finds no effect of CNO administration. Further analysis of 

choice preference as well as response-times were performed using computational drift-diffusion 

modeling. This analysis suggests that increasing shock intensity associated with the conflict 



option increases the amount of evidence required to formulate AAC decisions; CNO 

administration, conversely, has no impact on evidence criterion. Taken together, these findings 

imply differential roles of vHPC projections to the prefrontal cortex in mediating approach-

avoidance conflict behaviour, while the use of drift-diffusion modeling increases translatability 

to human literature. 
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Abstract: The proper decision-making with contingency predictions of behaviors is an essential 

ability for maximizing benefits of individuals and societies. However, the neural basis of such 

proper decision-making underlying behavioral selections under conflicting predictions of reward 

and punishment remains unknown. To investigate the neuronal underpinnings of the adaptive 

behavioral selections, we trained male Long-Evans rats with an operant discrimination task that 

includes decision-making for reward only or reward followed by footshock punishment while 

local field potentials in multiple brain regions were recorded. Rats were subjected to discriminate 

9 kHz and 4 kHz pure tones in Go or NoGo trials for reward only or reward followed by 

footshock (0.2 - 0.5 mA for 1 s), respectively. A semi-supervised machine-learning technology 

called discriminative cross-spectral factor analysis successfully extracted an oscillatory brain 

activity pattern that decreases several seconds before the reward-taking behaviors in the NoGo 



trials happened; we named the oscillatory brain activity pattern as the careful decision-making 

pattern. The careful decision-making pattern included beta and gamma oscillations in the 

prefrontal cortices and beta coherence between the medial prefrontal cortex and the amygdala. 

Chemomgenetic inhibition of the beta and gamma oscillations in the prefrontal cortices and the 

beta coherence between the medial prefrontal cortex and the amygdala reversibly impaired the 

proper behavioral selections between Go and NoGo trials. These results suggest a top-down 

control of impulsive decision-making by the prefrontal cortices on the subcortical limbic 

structures including the amygdala. 
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Abstract: Decision making during reward-motivated behaviour may be characterized as a cost-

benefit trade-off, where costs, including time and effort, are weighed against the amount of 

reward that could be obtained. Animals foraging in an ecological context may encounter rewards 

in “patches” of finite, local concentrations of reward that are distributed throughout an 

environment. In patch-foraging tasks for food, animals may make choices about when to leave a 

food patch that is being depleted as reward is consumed (exploit), in search of a new patch that 

may have better reward (explore). How animals manage this explore-exploit dilemma may 

involve sequential evaluation of “foreground” reward (how much reward is currently being 

received from exploiting a patch) against the “background” environmental context (for example 

the overall richness of the environment an animal is occupying). Given growing interest in 

applying ethologically inspired tasks to evaluate complex relationships between effort, reward, 

and decision-making that are disrupted in obesity and numerous psychiatric conditions, we have 

developed a touchscreen-based task for visually guided foraging-like behaviour in mice. 



C57BL/6J adult male mice (n=10) were trained to demonstrate their choices by making touch 

responses to visual cues representing either a “patch”, indicating the possibility to harvest food 

rewards that deplete over subsequent harvests, or a “travel” cue, indicating the possibility to open 

a new, replenished food patch. Our preliminary findings demonstrate mice are capable of 

learning a touchscreen-based task for foraging-like behaviour, with discrimination of touch 

responding to the active patch above 85%, patch-leaving behaviour that is sensitive to declining 

foreground reward, and sensitivity to foreground reward across patches with different initial 

amounts of reward. Ongoing experiments will evaluate extensions of this paradigm to examine 

more complex food environments in which manipulations of patch richness (foreground reward) 

are combined with independent manipulations of travel time (background reward) and effort 

conditions, to study behavioural sensitivity to cost in the context of dynamically varying 

foreground and background rates of reward.  

Disclosures:  D. Lau: None. D. Palmer: None. S.E. Fulton: None. 

Poster 

565. Cortical Control of Decision Making in Rodents 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 565.16 

Topic: H.03. Decision Making 

Support: NIH Grant R15DA046375 

Cosmos Scholars Grant Program 

Title: Neurons in the rat medial frontal cortex are sensitive to deliberation and noise during 

decision making 

Authors: *S. R. WHITE1, C. B. DARDEN1, M. MITCHELL1, M. W. PRESTON, Jr.3, M. 

LAUBACH2;  
2Neurosci., 1American Univ., Washington, DC; 3Neurosciences Grad. Program, Univ. of 

California San Diego, La Jolla, CA 

Abstract: Neural correlates of decision making were examined using a behavioral design in 

which rats selected lateralized visual stimuli following entries into a central response port. 

Luminance of the stimuli was associated with reward magnitude. After training with single offer 

stimuli, rats were tested with dual offers on one-third of trials, with one stimulus predictive of a 

large value reward and the other predictive of a low value reward. Rats show increased response 

latencies for dual-offer trials compared to single offers. This deliberation was apparent in the 

first testing session, and persisted over the period of testing. ExGauss modeling of response 

latencies revealed that the exponential component, but not the Gaussian component, was 

sensitive to deliberation and suggests that decisions on dual-offer trials are “noisy”. Neural 

correlates of decisions were measured in the medial frontal cortex (rostral part of the prelimbic 

area). Arrays of microwire electrodes were chronically implanted and recordings of single units 



and field potentials were analyzed for effects of response location and latency, reward value, and 

trial type (single or dual offer). Many neurons were modulated during the period between entries 

into the central and lateralized response ports. Field potentials showed major fluctuations in low 

frequency rhythms at this time (delta and theta frequencies). Decoding methods (random forest) 

found that spike activity could be used to predict the location of a response, but surprisingly not 

reward value. Some neurons discriminated between trials with single and dual offers and/or were 

predictive of response latencies, especially on dual offer trials. To evaluate effects of “decision 

noise”, suggested by exGauss modeling, we trained classifiers to discriminate between trials with 

left and right responses using single-offer trials and tested the classifiers with data from other 

single-offer trials and dual-offer trials. Predictions of side responding for dual-offer trials were 

less accurate than for single-offer trials for many neurons, suggesting that decision noise is 

represented in the medial frontal cortex. 
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Abstract: We investigated the role of the rostral medial frontal cortex (MFC) in a value-based 

decision making task. This part of the rodent MFC has not been studied extensively to date. Rats 

detected lateralized visual stimuli following entries into a central response port. Luminance was 

associated with reward magnitude. After training with single offer stimuli, rats were tested with 

dual offers on one-third of trials, with one stimulus predictive of a large value reward (30 ul of 

16% sucrose) and the other predictive of a low value reward (30 ul of 4% sucrose). After training 

was complete, rats were implanted with chronic guide cannula, targeting the rostral prelimbic 

area, and tested with reversible inactivation (0.01-1ug/ul of the GABA-A agonist muscimol), the 

selective mu-opioid agonist DAMGO (1 ug/ul), and an infusion of the HIV-1 tat peptide (15 



ug/ul), which is well established to produce inflammation and neurodegeneration resulting 

cognitive deficits through unknown neuronal mechanisms. Infusions of muscimol into the dorsal, 

but not the ventral, prelimbic area decreased response latency and choice accuracy. The greatest 

effects were observed with infusions in more lateral portions of the rostral prelimbic area, 

adjacent to the medial agranular cortex (“M2”). By contrast, infusions of DAMGO at the same 

sites increased response latency and choice accuracy. These findings suggest that acute mu 

opioid receptor activation slows down processing to optimize decisions. Following recovery 

from the infusions of DAMGO, rats received an infusion of HIV-1 tat. Rats with dorsal infusions 

showed progressive decreases in response latency over days, indicating that as degeneration 

occurred in dorsal regions of the rostral prelimbic area, rats increased the speed in which they 

responded. The rats with ventral infusions in the prelimbic area, just above the medial orbital 

cortex, showed less obvious effects and consistent response latencies over test sessions. Overall, 

our findings suggest that the dorsal part of the rostral prelimbic area controls the speed and 

accuracy of decision making and justifies future studies using neuronal recording methods to 

understand how opioids and HIV toxins influence cognitive processing in preclinical rodent 

model systems. 
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Abstract: In an ever-changing world, the ability to adapt to environmental changes is essential 

for all organisms. The process of acquiring new associations between sensory stimuli, own 

actions and desired outcomes and flexibly re-learning when necessary is crucial. These functions 

are known to rely on the prefrontal cortex (PFC), the brain's hub for cognitive control and 

behavioral flexibility. However, the neuronal mechanisms underlying these cognitive processes 



have not been fully understood. Here, we investigated changes in the neuronal representations 

during association learning and flexible behavior on a single-neuron level in the mouse medial 

PFC. We trained head-fixed mice (n=6) in an auditory decision-making task with rule switches 

and measured calcium signals in pyramidal PFC neurons (GCaMP6f expressed under the 

CamKII promotor) with head-mounted miniature microscopes at beginner, intermediate and 

expert levels of performance. Animals were first trained to follow the location of an auditory 

cue, then cue frequency, and finally to respond to cue frequency with reversed actions. We 

measured a total of 6612 single neurons in 56 sessions. Summed across all sessions, 2013 

neurons (30 %) were selective for either cue location or frequency during cue presentation, 3116 

neurons (47 %) early after the animals' response and 3006 neurons (46 %) late after the animals' 

response. Interestingly, as the animals progressed through training and followed the different 

task rules, the changes in proportion of neurons with selectivity for one of the two cue 

dimensions allowed for inference of the currently relevant cue dimension only in the epoch 

following the animals' response, but not during cue presentation. In this epoch, selectivity for 

both dimensions increased almost monotonically across training sessions and independently of 

the task rule, possibly reflecting a more general effect of learning. In the response epoch, 

changes in selectivity for the task-relevant cue dimension associated with rule switches were 

abrupt, occurring within a single session, and lead to an increase in the number of selective 

neurons of up to 4-fold compared to the preceding session. In summary, our results support 

previous findings that PFC neurons adapt to changing behavioral demands and represent task-

relevant information. Our chronic recordings from populations of well-identified single neurons 

will allow us to track the fate of the large proportion of neurons with changing selectivity and 

help to elucidate the prefrontal mechanisms underlying the ability to flexibly learn and re-learn 

instrumental associations. 
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Abstract: The medial prefrontal cortex has been implicated in diverse cognitive processes such 

as attention, goal-related navigation, action-planning, social information processing, learning and 

strategy-switching. Previous work has shown that sensory, motor and cognitive correlates in the 

mPFC tend to be mixed at the single cell level, necessitating methods to explore higher-

dimensional spaces to uncover meaningful behavioral- or task-related correlates in the data. In an 

effort to better understand the apparent flexibility of this brain area, we implemented a multi-task 

approach where animals repeatedly experience an open field foraging task and a bait-chasing 

task in the same arena, as well as a social paradigm in which conspecifics interact on a linear 

track, while we record from hundreds of neurons simultaneously using Neuropixels probes. 

Additionally, we employed precise 3D tracking to investigate potential low-dimensional features 

like pose and movement in addition to higher level features in each context. Single neuron and 

population responses have so far shown sparse and unstable tuning to posture and movement 

covariates, whereas allocentric head direction tuning is expressed stably at the single cell level 

across tasks. In parallel, we identified a separate group of neurons in the social task encoding the 

direction of the other animal on the linear track. Similarly complex coding properties were 

elicited in an orthogonal population of neurons in the chasing task, which robustly represent the 

dynamically changing location of the bait relative to the rat. Spiking responses in each task drove 

stable correlation structures at the ensemble level. Leveraging the multi-task approach to 

disentangle behavioral selectivity from task or context, we are a step closer to identifying which 

types of selectivity are unique and which are common across these seemingly distinct behavioral 

contexts. 
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Abstract: The appropriate control of sustained attention and impulsivity is essential for 

successful goal-directed behaviour and is impaired in a variety of neuropsychiatric disorders. 

Both executive functions can be measured by the 5-choice serial reaction time task (5-CSRTT) in 

humans and rodents. This task requires subjects to temporarily withhold responding and detect 

briefly presented cues to which they need to respond for gaining rewards. Using this task in 

mice, we and others have recently identified subsets of excitatory cells in the anterior cingulate 

cortex (ACC) that modulate forms of attention and impulsivity. However, what these cells 

encode during conditions that demand executive control, and which aspects of behavioural 

choices they reflect is currently unknown. We have addressed these questions by using open-

source miniaturized endoscopic microscopes (UCLA miniscope) to monitor calcium transients of 

hundreds of neurons (expressing the genetically encoded calcium indicator GCamp6m) during 

the 5-CSRTT. To this end, we developed an open-source operant box system that is optimized 

for mice carrying miniscopes allowing them to perform the task with fast response times and 

high trial numbers per session. Implanted and pre-trained male adult C57BL/6J mice (n = 16) 

were exposed to different task conditions evoking impulsivity or inattentiveness, as indicated by 

an increase in premature or incorrect responses, respectively, and a concomitant decrease of 

correct responses. Applying supervised machine-learning, a wide range of classifiers were tested 

in their performance to decode the response type (i.e. correct, incorrect, premature or omitted 

response) from the neural activity of excitatory ACC neurons, on a trial-by-trial basis. We found 

that cross-validated prediction of the response type using a linear support vector machine (SVM) 

classifier reached an average accuracy of up to 90% (vs. 50% chance level). This indicates that 

each response type chosen on a given trial in the 5-CSRTT is encoded in the ACC. Temporal 

analysis of decoding performance showed that accuracy peaks approximately 500 ms after the 

choice, suggesting that ACC neurons encode primarily (but not exclusively) choice outcome. A 

temporal cluster-analysis of response patterns of individual neurons revealed that the ACC 

comprises distinct populations of neurons that are selectively active before, during or after a 

specific choice or its outcome. These data demonstrate that the ACC encodes distinct types and 

temporal phases of response options that reflect different levels of attentional and impulse 

control. 
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Abstract: The ability to alter behavior in response to changes in consequences is necessary for 

navigating an ever-changing environment. Substance use disorders (SUDs) are characterized by 

a continuation of maladaptive behavior despite negative consequences. Thus, characterizing the 

underlying processes that modulate the ability to change or stop behavior in response to updated 

expected outcomes is critical for understanding the neurobiological alterations in SUDs. We 

investigated how cocaine withdrawal leads to aberrant, differential patterns of neural activity in 

subregions of the rat frontal cortex (infralimbic, IL) and striatum (dorsal lateral striatum, DLS) to 

reward predictive cues following a decrease in expected outcome value. Mildly water deprived 

Long-Evans rats were split into two groups. Cocaine rats underwent self-administration for 

cocaine (i.v., 1 mg/kg/press) and control rats underwent self-administration for saline (i.v.) and 

water (0.2 ml into a receptacle). for daily 2-hour sessions for 14 days. After 3 weeks of 

abstinence, rats underwent Pavlovian conditioning for 10 days. They were presented with two 

distinct cue light patterns as conditioned stimuli (CS+), each predicting a different reward. One 

CS+ predicted a sugar pellet and the other CS+ predicted a food pellet (10 trials each). Two other 

light patterns did not predict a reward (CS-). After 10 days of conditioning, rats underwent a 

devaluation procedure for the sugar pellets to induce a conditioned taste aversion (LiCl, i.p., 

0.3M; 7.5 ml/kg). After devaluation, rats were tested on the same Pavlovian task to evaluate their 

ability to avoid the devalued CS+ in the absence of the rewards (under extinction). IL and DLS 

electrophysiological recordings showed neuronal populations that were phasic to the CS+ 

[excited, EXC; or inhibited, INH] or nonphasic (no response to the CS+). Rats in the cocaine 

group showed higher % of excited phasic neurons compared the control group in the DLS in 

response to the devalued CS+ (control: 14% of total DLS neurons; cocaine: 37% of total DLS 

neurons) and nondevalued CS+ (control: 14% of total DLS neurons; cocaine: 26% of total DLS 

neurons). We also observed a similar pattern in the IL in that the cocaine group showed higher % 

of excited phasic neurons compared to the control group in response to the devalued CS+ 

(control: 3% of total IL neurons; cocaine: 18% of total IL neurons) and nondevalued CS+ 

(control: 7% of total IL neurons; cocaine: 18% of total IL neurons). Thus, we show elevated 

neural activity in the IL and DLS after a history cocaine to reward predictive cues which may 

contribute to the deficits observed in the ability of rats to shift behavior. 
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Abstract: Alzheimer’s disease (AD) is characterized by the accumulation of neuropathological 

markers and profound memory loss. AD rats (TgF344-AD) expressing mutant amyloid precursor 

protein and presenilin-1 exhibit age-dependent progressive AD pathology (plaques, tau 

pathology, oligomeric Aβ and neuronal loss) and show hypofunction within the prelimbic cortex 

(PrL) at 6 months. We have shown that PrL neural activity during learning predicts, and is 

necessary for, rats’ ability to suppress behavior following outcome devaluation. We investigated 

if AD rats would show aberrant neural activity and/or behavioral responding to reward predictive 

cues following outcome devaluation. AD rats (n=6) and wild-type littermate controls (n=6) were 

presented with two distinct cues as conditioned stimuli (CS+; predicting a sugar or food pellet) 

and two cues that did not predict a reward (CS-); 10 trials each. After 10 sessions, rats underwent 

a devaluation procedure to induce a conditioned taste aversion (LiCl, i.p., 0.3 M; 7.5 ml/kg) to 

one reward. Rats were then tested on the same Pavlovian task (under extinction) to evaluate their 

ability to avoid the CS+ associated with the devalued outcome. WT rats spent less time in the 

food cup during the devalued CS+ (13.6%) compared to the non-devalued CS+ (21.0%). AD rats 

did not differ in the time spent in the food cup during the devalued CS+ compared to the non-

devalued CS+ (10.9% vs. 14.3%). PrL electrophysiological recordings revealed distinct neuronal 

populations that were “phasic” to the CS+ [excited, EXC; or inhibited, INH]. In WTs, there was 

a lower % of PrL neurons that were classified as phasic to the devalued CS+ (26.5% of total) 

compared to the non-devalued CS+ (44% of total), while, in AD rats, the % of PrL neurons that 

were phasic were the same to both devalued CS+ (26% of total) and non-devalued CS+ (29% of 

total). Phasic neurons in AD rats were primarily excited to both the devalued (3% INH, 23% 

EXC) and non-devalued CS+ (9% INH, 20% EXC), whereas the phasic neurons in WT rats were 

primarily inhibited to both the devalued (20.5% INH, 6% EXC) and non-devalued CS+ (32% 

INH, 12% EXC). Neuronal population responses in the form of local field potentials were 

recorded and analyzed. In the 75-85 Hz range, WT rats showed decreased power to the devalued 

CS+ compared to the nondevalued CS+ while AD rats did not show any difference in power in 

response to either CS+. AD rats’ aberrant behavioral responding may be a result of atypical 

mPFC encoding. 
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Abstract: Nucleus reuniens to prelimbic cortex circuit is critical for performance on a delayed 

nonmatch to position task Ciacciarelli, E.J., Dunn, S.D, Sloand, T.J., Adrian, L.A., Gohar, T., 

Niedringhaus, M., West, E.A. Working memory is the ability to hold information online to guide 

behavior and is critical for navigating the environment. The rat prelimbic cortex (PrL) and 

nucleus reuniens (Re) of the thalamus are two anatomically interconnected structures that are 

directly involved in working memory. We are interested in the directionality of this involvement 

and aimed to determine this by utilizing inhibitory DREADDs. Specifically, we aimed to 

determine if PrL-Re connection and/or the Re-PrL connection were required for performance on 

a delayed nonmatch to position (DNMTP) task. Fischer 344 rats were injected with a Gi-coupled 

hM4D DREADD (hM4Di) or control virus into either the PrL (n=8 control, n=12 hM4Di) or Re 

(n=5 control, n=5 hM4Di). Rats were implanted with cannulae aimed at either the Re (PrL virus) 

or PrL (Re virus). The task consists of 1) sample phase (one lever extended, e.g., right), 2) time 

delay (2-32s), and 3) a choice phase, initiated by nosepoke, where the opposite lever (i.e., 

nonmatch) from the sample phase must be pressed (e.g., left) in order to receive a reward. Failure 

to press the sample lever, nosepoke, or press the choice lever, resulted in a trial omission. Once 

criterion (80% correct, 50 trials, 4s delay) was met, rats underwent stereotaxic surgery for 

bilateral implantation of infusion guide cannulae. Rats were then trained in the task with a 6s 

delay then were trained in the task with 4 distinct delays (last session 4, 8, 16, 32s). Rats then 

received bilateral intracerebral infusions of clozapine N-oxide (CNO) or equal volume saline 

with the order of drug treatment counterbalanced across rats. We found that rats the received 

CNO in the Re-PrL group (but not in the PrL-Re group) showed worse performance in the 

DNTMP compared to when those rats received saline. Specifically, we found a significant virus 

(hm4Di vs control) by drug (CNO vs saline) interaction in our Re-PrL group (F(1, 8) = 13.26, 

p<0.05), but not in our PrL-Re (F(1,18) = 2.236, p > 0.1). These findings suggest a 

thalamocortical (Re-PrL), but not corticothalamic control (PrL-Re), control of working memory 

as measured by the delayed nonmatch to position task. 
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Abstract: Cognitive impulsivity is the propensity to accept a smaller immediate reward in lieu of 

a larger delayed reward. It can adversely affect decision making. We studied how information 

coding in the anterior cingulate cortex (ACC) changed when rats acted impulsively. A variable 

payout delayed-discounting task was employed that required rats to chose between pressing one 

lever (delayed lever press, ‘dLP’) to receive 6 pellets at a delay or pressing another lever 

(immediate lever press, ‘iLP’) to receive a variable number of pellets immediately. Since each 

dLP increased the payout on iLP trials whereas each iLP decreased it, the optimal strategy was to 

favor dLPs in spite of the associated delays. The sessions were grouped as either ‘impulsive’ or 

‘non-impulsive’ based on the rat’s propensity for choosing iLPs over dLPs at a given delay. It 

was possible to accurately simulate the choice behavior on non-impulsive sessions using a 

Reinforcement Learning model in which the agent relied only on information about past 

outcomes to guide choice, whereas choice behavior on impulsive sessions was captured by an 

agent that was prevented from learning about past outcomes or an agent that learned from past 

outcomes but devalued this information at the time of choice. Regression-based Principle 

Components Analysis (PCA) revealed that ensembles of neurons exhibited remarkably robust 

tracking of outcomes across multiple task epochs, yet the strength of this tracking did not vary 

between groups. When Neural Networks were trained to use ensemble activity from prior 

outcomes to predict forthcoming lever presses, accuracy was much higher for non-impulsive 

sessions than impulsive sessions. We therefore conclude that impulsivity does not interfere with 

the ability of ACC neurons to keep track of prior outcomes but rather the ability to use this 

knowledge guide choice behavior. 
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Abstract: Emotion is a critical aspect of Anterior Cingulate Cortex (ACC) function; However, 

ACC neurons encode many variables related to many modalities within a combined, multiplexed 

signal and this makes it extremely challenging to segregate and disambiguate signals specifically 

related to emotion. We approached the issue by recording from groups of individual neurons in 

the ACC while rats were engaged in a 3-valence task designed to evoke specific emotional 

responses. In this task, a unique tone preceded a footshock in one context, a food pellet in a 

second context and null outcome in a third context. We previously reported that ACC ensembles 

exhibited highly specific activity patterns in each context, presumably because they were 

tracking the unique emotional reactions they evoked. Yet the contexts also evoked different 

behavioral responses that were also tracked by ACC neurons. For this and future studies, it was 

imperative that we are able to dissociate behavioral signals from other signals of interest. 

Characterizing the neural correlates of behaviour requires consistent and accurate classification 

of behaviour. To this end, we developed a pipeline of machine learning techniques built on top of 

existing state-of-art methods to categorize or classify unique sequences of individual limb 

movements through time from video input. Specifically, the movements of individual limbs were 

fit using a series of Morlet wavelets spanning various temporal scales. Clustering techniques 

were then used to find the patterns across limbs that consistently co-occurred (i.e. behaviors) 

throughout a given session. We then compared automatically discovered behaviours with 

manually selected behaviours in a shared behavioural space. Much like limb positions (Lindsay 

et al 2018), behaviours were in general weakly represented at the single neuron level, but were 

robustly represented across ensembles. Via machine-learning based predictive decoding, we 

demonstrate accurate prediction of behaviours and emotional contexts, and in addition show by 

signal regression that disambiguating behaviour from emotional context improves the 

characterization and predictive strength of emotional signals. 
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Abstract: Mixed selectivity in neural codes is well documented in multiple brain regions, with 

individual neurons exhibiting tuning to several variables that are explicit or implicit in behavior. 

While this mixed selectivity has been observed in multiple brain regions, the scope of such 

selectivity, and the variables selected for, have never been documented on the scale of the entire 

brain itself.We examine single neuron firing using neural activity recorded by the international 

brain lab (IBL) in its brain-wide map: 583 neuropixel penetrations covering 361 brain regions 

defined by the Allen atlas. The recordings were made in mice performing a task in which mice 

maximize rewards by exploiting a blockwise stimulus probability governing the appearance of 

stimuli. The task features auditory inputs, visual inputs, and a variety of behavioral signals which 

we can examine in the context of single-unit activity.We fit generalized linear models to express 

single-unit firing as a function of task and behavioral regressors. For each neuron, a model is fit 

which describes spike counts in bins as a function of stimulus, feedback, wheel speed (absolute 

value of velocity), block stimulus probability, and first movement onset. The resulting weights 

governing the predicted response of the model are compared against a statistical null distribution, 

and the per-region proportions of significantly modulated neurons are reported.Preliminary 

results show brain-wide sensitivity to wheel speed and reward, and to a lesser extent, the block 

probability of trial stimulus side. Notably there is very little sensitivity to directional wheel 

velocity (i.e., signed speed). Global sensitivity to reward delivery is more unexpected, and to our 

knowledge not previously observed in the literature.The broad sensitivity to block probability 

within the trial after stimulus is also a surprising result. Because we have overlapping regressors 

during the within-trial period for both stimulus side and movement direction, it seems unlikely 

that this result is simply attributable to correlations with those variables. In future work we aim 

to further investigate the effect of expectation and the prior on neural activity using behaviorally-

informed estimates of the animal’s internal prior. We also aim to investigate the basis of 



widespread responses to reward, and whether those responses can be explained by motor activity 

like licking not included as model regressors. 
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Abstract: The International Brain Laboratory (IBL) is a collaboration of more than 20 

experimental and theoretical labs studying decision-making in the mouse. Using a visually-

guided decision task, IBL has demonstrated robust, replicable, behavioral and 

electrophysiological data, along with a growing complement of tailored and richly validated 

computational models. This provides an unparalleled opportunity to study the activity, and 

ultimately the function, of neuromodulators, which play a special and important role in theories 

of learning and decision-making. Dopamine (DA) has been suggested to report a reinforcement 

prediction error, at least under some circumstances and to some target nuclei. Equally, there is 

evidence that serotonin (5-HT) modulates learning based on confidence or uncertainty, and in 

reporting an unsigned or state prediction error. To understand the differential activation of these 

neuromodulators in the IBL task, we are using fiber-photometry to record bulk Ca2+ activity 

using GCaMP6 sensors expressed in genetically-defined neural populations in key nuclei. We 

will compare the activity of the neuromodulators to theoretical predictions and to the IBL 

behavior and brain wide electrophysiology data sets. As a validation of the approach, we tested 



the hypothesis that ventral tegmental area DA neurons report a signed prediction error and dorsal 

raphe nucleus 5-HT neurons an unsigned prediction error. We used, respectively, 5 and 4 adult 

mice to target DA and 5-HT, using the isosbestic signal to control the GCaMP6 signal. During 

the first training stage, habituation, the mouse is being acclimatized to the rig and head-fixation, 

passively observing a visual stimulus that moves from the side to the center of the screen 

followed by a water reward delivery. Both DA and 5-HT neurons respond to the unexpected 

water. Next the mouse must learn to move the stimulus to the center by using a wheel. We 

observe a divergence in the DA signal associated with the outcome of the choice. DA activity 

increases upon water reward and decreases when the mouse makes the wrong decision and 

receives a noise burst. 5HT, in contrast, increases to both reward and noise burst, with a stronger 

response associated with incorrect trials, consistent with an unsigned prediction error signal. 

Currently, we are acquiring preliminary data for norepinephrine and acetylcholine, also proposed 

to play key roles in decision-making, with the goal of recording the activity of the four primary 

neuromodulators in the same task. In combination with the current IBL data sets, this study 

provides an unprecedented opportunity to investigate the role of neuromodulators in learning and 

decision-making. 
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Abstract: Euclidean distances between mean responses have been used as a metric for 

quantifying how task-relevant variables are represented in neural populations. Here we apply this 

metric to the brain-wide-map of the international brain laboratory (IBL), which comprises 

hundreds of neuropixel recordings from uniformly sampled regions across the left hemisphere of 

mice during a biased binary decision making task (the IBL task). Head-fixed mice are trained via 

water reward to turn a wheel to the left (or right) if a gabor patch appears on a screen before 

them either on the left (or right). The stimulus side probability is distributed in consecutive 

blocks that alternate in probability for the left side between 0.2 and 0.8. 

We compute the standardized euclidean distance between population responses for different trial 

conditions with data concatenated across all recording sessions. For each region and trial 

condition, we consider the temporal evolution of this distance within the trial, such as activity 

during the first 100 ms after stimulus onset for the stimulus being on the right versus on the left 

side of the screen. Other trial conditions we consider are windows aligned to post-feedback, pre-

stimulus, pre-motion onset and post-motion onset. 

Preliminarily, we find a graded response in neural activity across brain regions for each trial 

condition. For trials sorted by stimulus side and aligned to stimulus onset we see a transient 

response peaking at 50 ms in visual areas VISl and VISpm, in line with previous studies. For 

trials sorted by feedback type and aligned to feedback we see peak responses at 25 ms in 

hindbrain and midbrain regions, including VCO, ICc, CUN, likely reflecting the auditory cue. 

For trials sorted by choice type (100 ms pre motion onset), we find strong effects in secondary 

motor and upper limb area of the somatosensory cortex, as well as several subcortical regions, 

showing a ramping response in time, peaking at motion onset. For trials sorted by action (100 ms 

window after motion onset), the same areas are found, suggesting that there is a clear overlap of 

areas planning motion and those executing motion. These preliminary results are consistent with 

the picture of a decision-making process which is widely distributed across cortical and 

subcortical regions of the mouse brain. 
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Abstract: Serotonin (5-HT) is a central neuromodulator which is implicated in the regulation of 

cognitive flexibility. 5-HT is released from the dorsal raphe nucleus (DRN), projecting 

throughout the entire brain. How serotonin is involved in the rapid reconfiguration of neural 

circuits which may underlie the expression of flexible behavior remains a topic of debate. 

Therefore, we present an extensive study investigating the modulatory effect of serotonin on 

neural spiking activity across the mouse brain. We performed acute Neuropixel recordings in 

eight target locations, recorded in pairs, while serotonin neurons in the DRN were 

optogenetically stimulated. Targeted cortical areas included frontal, barrel, retrosplenial, 

piriform, and posterior parietal cortex. Recorded subcortical regions included the hippocampus, 

thalamus, amygdala, superior colliculus, and tail of the striatum. A total of 4818 neurons were 

recorded in 64 brain regions across 7 mice. We found that stimulating 5-HT release resulted in a 

substantial suppression of spiking activity in the hippocampus. The medial prefrontal (mPFC), 

orbitofrontal (OFC) and secondary motor cortex (M2) showed balanced serotonergic 

enhancement and suppression of neuronal activity. Serotonin stimulation also changed how brain 

regions communicated with one another. Communication subspace analysis revealed that the 

mPFC decreased its communication with neighboring M2 while the OFC showed increased 

information exchange with M2. Furthermore, we observed an increase in information exchange 

between thalamus and cortex but a decrease between the thalamus and the hippocampus. These 

findings shed light on the functional dynamics of the serotonergic projection system, and have 

important implications for the computational role of serotonin in large-scale neural dynamics 

across the brain. 
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Abstract: Decoding is a popular approach for assessing the information the activity of a neural 

population contains about externally accessible variables. Decoding analyses are typically 

limited to examining a small fraction of the brain at high temporal resolution (e.g. using 

electrophysiology), or a large fraction of the brain at low temporal resolution (e.g. fMRI). Here 

we use data from hundreds of neuropixel penetrations covering hundreds of brain regions in the 

Allen atlas to decode task and behavioral variables at unprecedented spatial and temporal 

resolutions in mice performing a perceptual decision-making task. 

In the International Brain Lab (IBL) task, mice are presented with a visual grating stimulus on 

one side of a screen, and report whether this was left or right by turning a steering wheel; this 

results in a reward if the chosen side matches the stimulus side. Mice maximize rewards by 

exploiting a blockwise prior probability governing stimulus side. We decode task variables 

(blockwise prior probability; stimulus identity; reward) and behavioral variables (choice; wheel 

speed; whisker movements) from neural activity using maximum likelihood linear and logistic 

regression. We report decoding measures (R2 or accuracy) on held-out test trials using multi-fold 

cross validation, assessing statistical significance by comparison with bespoke null distributions. 

Preliminary results indicate substantial variability in decoding performance of all variables 

across sessions and brain regions. Despite this, we find several broad trends in the data. The 

reward signal, motion energy of the whisker pad, and wheel movements are represented across 

many brain regions. Notably, wheel speed is better decoded than wheel velocity across all brain 

regions considered. This result indicates that much of the movement-related information in 

brainwide neural activity is not specific to the exact kinematics of the movement. 

We can also decode blockwise prior probability, stimulus, and choice across a number of cortical 

and subcortical regions. Decoding of pre-stimulus blockwise prior probability, however, is more 

modest than for stimulus and choice decoding. We find, for example, strong stimulus decoding 

in VISp, VISpm, and ZI and strong choice decoding in MOp, MOs, CP, and MRN. 

In future work, we aim to compare our results with encoding and dimensionality reduction 



analyses. We also hope to build on our decoding of the blockwise prior probability to better 

understand how prior probabilities are represented across brain regions. 
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Abstract: During a decision-making task, neurons correlate not only with behavioral task 

variables such as vision, action selection, and prior expectation, but also overall task 

responsiveness and various types of body movement. Neural activity correlated with these 

behavioral task variables and movement may be distributed across brain regions. Here we use 

non-parametric statistical tests to delineate the spatial distribution of single-neuron activity 

relevant for these processes across nearly the whole brain. To achieve this, we introduce a 

dataset of brain-wide Neuropixels recordings from mice performing a visual discrimination task 

in which they turn a wheel left or right to indicate the location of a presumed visual stimulus. In 

each recording session, the probability of stimuli appearing on the left vs. right is 80% (or 20%) 

in blocks of consecutive trials. As of June 2022, the recordings consist of 49292 neurons 

recorded from 258 brain regions, combining recordings from 12 laboratories. 

To quantify the sensitivity of single neurons to the visual stimulus (left vs. right side of visual 

stimulus), action selection (left vs. right direction of turning), action initiation (pre-movement vs. 

baseline) and prior expectation (left vs. right block-side), we computed the sensitivity metric of 

given condition based on the combined-conditions Mann-Whitney U statistic. We then computed 

the fraction of neurons in each brain region significant for the behavioral task, visual stimulus, 

action selection and prior expectation, and identified brain regions that are most relevant for 

these conditions. We found that about 29% of the brain regions are significant for coding of prior 

expectation. About 30-50% of brain regions are significant for side of visual stimulus/action 

selection. 

To quantify the responsiveness of neural activity in task epoch, we used Wilcoxon rank-sum test 

to compare firing rates in baseline (pre-stimulus) and different task periods aligned with stimulus 

onset, first-movement onset or reward. To measure the behavioral movement correlates of single 

neurons in the entire recording sessions, we applied a time-shift test to compute the significance 

of Pearson correlation coefficient between binned spiking activity and time-series of behavior 

variables. We found that in most brain regions more than half of the neurons have significant 

task responsiveness and correlations to behavioral movement variables. 

Overall, we observed widespread coding of movement and task responsiveness but more 

restricted representations of task-variable coding. These results suggest that neurons across many 

brain regions are modulated by performance of a behavioral task. 
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Abstract: Despite numerous studies, the neural basis of approximate Bayesian inference, and, in 

particular, how prior information impacts decisions, remains unclear. A dominant hypothesis is 

that prior information is incorporated in decision-making at a late stage of processing, in high-

order areas such as OFC, ACC or LIP, right before motor commands are issued. Alternatively, 

information may be broadcast throughout the brain with top-down influences all the way to 

sensory areas. 

To address this question, we examined brainwide neuropixel recordings collected by the 

International Brain Lab (IBL). In the IBL task, mice are trained to indicate the location of a 

visual grating stimulus (left or right). Crucially, the prior probability that the stimulus appears on 

the left flips between 20% and 80% between blocks of variable length. 

We found that mice leverage the prior probability over the block to improve their decision 

accuracy. In particular, they perform better than chance (using this prior) when the grating 

contrast is set to zero. As a crude approximation to their computation, we therefore designed a 

Bayes optimal algorithm for estimating the block probability on a trial by trial basis given the 

specific set of trials experienced by each animal in each session. We then decoded this Bayes 

optimal estimate from 361 brain regions in the Allen atlas, using carefully quality-controlled 

recordings of the activity of over 200 000 putative single neurons. 

For each brain region, we used cross-validated Lasso linear decoders. Statistical significance was 

assessed by comparing our result to a null distribution designed to account for potential spurious 

correlations between blocks and neural drift or other slow changes. 

In both inter-trial and within-trial periods, we observed that the prior is widely represented 

throughout the mouse brain. Consistent with previous work, it is present in particular in high 

level cortical areas such as ACC or OFC. However, it is also seen throughout substantial portions 

of the rest of the brain, including early sensory cortical and subcortical regions, such as primary 



visual cortex or superior colliculus. Overall, we find that around 24% of regions reflect the prior, 

both in cortical and subcortical regions. 

This widespread representation of the prior argues for a neural model of Bayesian inference 

involving loops between areas, as opposed to a model in which the prior is incorporated only in 

decision making areas. This study offers the first brain-wide perspective on prior encoding, 

underscoring the importance of using large scale recordings on a single standardized task. 
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Abstract: Decision-making involves careful consideration of all potential positive and negative 

outcomes. Importantly, negative outcomes often occur later in time, leading to underestimation, 

or “discounting,” of these consequences. The Delayed Punishment Decision-making Task 

(DPDT) was developed to study sensitivity to delayed vs immediate punishment during 

cost/benefit decision-making in rats. Rats choose between two levers, one resulting in a small, 

single-pellet reward with no foot shock punishment, and the other resulting in a larger, three-

pellet reward followed by a mild foot shock punishment. This punishment is preceded by a 

systematically increasing delay as the blocks progress (0, 4, 8, 12, 16 s). DPDT revealed that rats 

choose the punished option more as the delay in punishment increases, indicative of discounting 

of delayed punishment. Here, we examined the effects of systemic administration of 

catecholaminergic drugs on sensitivity to delayed punishment discounting in male and female 

adult rats. We found that acute cocaine did not affect choice of rewards with immediate 

punishment, but caused a dose-dependent reduction in choice of delayed punishment. 



Interestingly, this effect was more prominent in females than males. Neither activation nor 

blockade of the D1 dopamine receptor affected decision-making, whereas activation but not 

blockade of the D2 dopamine receptor abolished the discounting of delayed punishment. We 

next found that D2 receptor blockade did not alter the acute effects of cocaine during DPDT, 

suggesting that cocaine’s affects on decision-making are not regulated by the D2 receptor. 

Finally, we observed that atomoxetine, a norepinephrine reuptake inhibitor, decreased choice of 

the punished reward regardless of punishment delay. Overall, these data demonstrate that 

dopamine and norepinephrine transmission differently modulate sensitivity to delayed vs. 

immediate punishment. 
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Abstract: One characteristic of many psychiatric illnesses, such as substance use disorder and 

attention deficit hyperactivity disorder, is the undervaluation of future negative outcomes. 

However, there is currently a paucity of knowledge on the neuronal mechanisms governing 

sensitivity to delayed punishment. To evaluate this maladaptive behavior in a rodent model, we 

developed the Delayed Punishment Decision-making Task (DPDT). During the task, rats are 

given the choice between an immediate large reward succeeded by a foot shock or an immediate 

small reward that is safe. As the task progresses, an incrementally increasing delay is added 

preceding the foot shock. Rats avoid large rewards associated with punishments that occur 

immediately, but increasingly favor large rewards succeeded by delayed punishments, indicative 

of the underestimation, or discounting, of delayed punishment. 

Previous findings from our lab using bilateral pharmacological inactivation suggest that the 

lateral orbitofrontal cortex (lOFC) influences cost-benefit decision-making with delayed 

punishment. However, it is unclear how OFC activity encodes information during this form of 

decision-making. Here, we investigated time-specific neuronal encoding of information during 

DPDT using single-unit electrophysiological recording with drivable microwire electrode arrays 

unilaterally implanted into left or right lOFC (counterbalanced across subjects). As previously, 



we observed that rats shifted preference toward the punished reward when punishment was 

delayed. We recorded 150 units from 2 Long Evans male rats. It was observed that different 

subsets of units were sensitive to different task events, with a large percentage of neurons either 

activated or suppressed prior to a decision. Interestingly, there was a significant attenuation of 

suppressed units prior to choice of delayed compared to immediate punishment, which may 

reflect discounting of the impending punishment. Additionally, a subset of neurons demonstrated 

either a sustained inhibition or activation during the delay preceding punishment, suggesting that 

these neurons may be bridging the gap between action and delayed punishment. This research 

represents the first neurophysiological investigation of delayed vs immediate punishment, which 

may have implications for developing biological interventions to improve decision-making in 

psychopathology. 
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Abstract: Early life isolation and separation from one’s mother, termed maternal separation 

(MSEP), is an increasingly common occurrence in society, particularly in individuals with low 

socio-economic status. This form of early life adversity has enduring effects on brain 

development and causes a myriad of neurobiological and behavioral deficits. To develop 

treatments to mitigate the effects of MSEP, it is critical to determine which aspects of cognition 

are vulnerable and when these disturbances manifest across the lifespan. To this end, we tested 

the effects of an established MSEP protocol on risky decision-making in both adolescence in 

adulthood. During MSEP, pups were separated from their mother for four hours a day for two 

weeks (PD11-PD21). Then, rats trained in the Risky Decision-Making Task (RDT), in which 

subjects chose between a small, safe reward and a larger reward accompanied by dynamic risk of 

a mild foot shock (0%, 25%, 50%, 75%, 100%). We observed that rats that underwent MSEP 

were significantly riskier than controls during adolescence. Interestingly, females exposed to 

MSEP were substantially riskier during adolescence than adulthood, whereas males displayed 

comparable risk-taking during these periods. Collectively, these data confirm that MSEP can 



engender increased risk-taking in adolescence. In addition, we observed that the development of 

risk-taking across the lifespan differs based on sex, which has important implications for the 

development of both behavioral and biological treatments to improve decision-making in 

psychopathology. 
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Abstract: Effective decision-making requires rapid evaluation of outcomes expected from 

available choices. Desirable outcomes commonly involve an element of risk, and excessive risk-

taking can result in persistent reward seeking despite likely consequences. The rat risky decision-

making task (RDT) measures punishment-based risky behavior, and reveals that rats typically 

shift preference away from risky rewards as probability of punishment increases. While neural 

substrates of risky behavior have been identified, the functional neuronal activity underlying 

punishment guided risky decision-making is largely unknown. We recorded neuronal activity in 

the rat lateral orbitofrontal cortex (lOFC), a brain region implicated in decision-making and 

sensitivity to punishment. Activity of 554 individual units within lOFC was recorded from six 

male rats behaving in RDT. Analyses focused on neuronal activity during three discrete decision-

making stages: deliberation, choice, and outcome anticipation. As observed previously, choice 

shifted away from large rewards when risk of punishment was introduced. Deliberation before 

choice of large nonrisky rewards evoked selective responses (phasic inhibition/activation) from 

distinct neuronal subpopulations in lOFC. Introducing risk of punishment attenuated net 

inhibition and increased selective activations, suggesting that lOFC activity encodes the presence 

of risk prior to choice. A similar alteration in selectivity was evident during outcome 

anticipation, wherein anticipation of risky outcomes evoked a net attenuation of selective 

inhibition. Interestingly, reduced selective inhibition was evident regardless of whether the 

subject had chosen the risky or safe outcome. Regardless of risk level, distinct neuronal sub-

populations activated during choice of large vs small rewards, suggesting separate units encode 



differences in reward magnitude. Finally, Random Forest classifiers used neural features to 

predict risk presence or choice. The presence of risk was most accurately classified by neuronal 

activity during pre-choice deliberation, while activity during deliberation, choice, and outcome 

anticipation all classified choice equally. Collectively, these data suggest lOFC flexibly encodes 

multiple features of risky decision-making, most prominently signaling risk of punishment prior 

to choice. This signal may inform downstream regions involved with action selection to guide 

decision-making. These data suggest manipulation of phasic lOFC activity during deliberation 

before risky choice may serve as a therapeutic strategy for disorders associated with maladaptive 

risky behavior. 
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Abstract: A major challenge in understanding cortical mechanisms of decision-making is 

disentangling the confounding contribution of multiple microcircuits across different time scales 

of the decision process. During evidence accumulation, sequential sampling of noisy information 

is a fundamental strategy for optimal decision making that requires integrating sensory evidence 

over time. Previous studies have investigated the contribution of different brain regions during 

evidence accumulation, however there is a lack of a mechanistic view that amasses the different 

findings together. Most studies are limited by technique used, e.g only one brain region can be 

recorded at a time, or the requirements imposed by advanced neural acquisition techniques, e.g 

head-fixation. Furthermore, a considerable body of work in human and non-human primates 

have utilized the random-dots kinematics (RDK/RDM) task. While in rodents a variety of stimuli 

have been used, RDK has not been investigated. Such variations yield a conservative transfer of 

findings across species. 

In this study, we aim to disentangle the spatio-temporal contribution of different cortical areas 



during evidence accumulation in the RDK task. We developed a novel nose-poking head-fixation 

system that enables advanced neural acquisition while retaining classical nose-poking behavioral 

structure. Psychophysical report of the head-fixed mice shows that they can optimally 

accumulate evidence across time. Our analysis of wide-field imaging in mice expressing calcium 

fluorescence in L2/3 and L5 pyramidal cells reveals a distinct fronto-parietal activity pattern 

during evidence accumulation. We accordingly optogenetically inhibited the implicated regions. 

Our findings identified distinct temporal profiles for different fronto-pareital cortical areas. The 

results bridge the gap between studies in primates and rodents, proposing a refined model for the 

flow of information through the neocortex during evidence accumulation. 
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Abstract: Serotonergic psychedelics have shown remarkable potential to treat a variety of 

mental health disorders, and they reliably lead to profound changes in acute human subjective 

experience. Incredibly, these psychological and therapeutic effects are widely thought to be 

mediated via a single, specific biological substrate - agonism of the 5-hydroxytryptamine 

receptor subtype 2a (5HT2AR). These receptors are broadly expressed across the brain and next 

to nothing is known about whether a specific subset of those neural circuits mediate the effects of 

psychedelic drugs. Here, we began by designing a cellular-resolution brain-wide c-fos screen to 

comprehensively identify candidate brain regions and cell types activated by acute psychedelic 

agonism of 5HT2AR. To accomplish this, we screened for cfos expression after administration 

of the psychedelic 2,5-Dimethoxy-4-iodoamphetamine (DOI), and in two control conditions. 1. 

After administration of the selective 5HT2AR antagonist MDL100907, and 2. After 

administration of the non-psychedelic partial 5HT2AR agonist Lisuride Maleate. As expected, 

specific frontal cortical regions like the lOFC and anterior insular cortex traditionally associated 

with psychedelic action were particularly modulated by DOI, along with key regions in the 

mesolimbic dopamine system. Next, we sought to develop a behavioral paradigm for study of 



psychedelics that was amenable to cross-species comparison. Previous studies have shown 

changes in human behavior on reinforcement learning tasks after psychedelic administration, and 

our lab developed a dynamic foraging behavior that is dependent on a network of frontal and 

mesolimbic circuits that overlaps substantially with our cfos-identified regions. Thus we 

hypothesized that DOI might acutely alter behavior in this dynamic foraging task. We found that 

after psychedelic administration, mouse reinforcement-learning strategy was significantly and 

specifically altered. Taken together, these results provide 1. a resource of candidate regions for 

follow-up in future work, and 2. a novel behavioral paradigm with a specific behavioral 

phenotype induced by psychedelic administration. 
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Abstract: We are continually confronted with decisions about whether to stay engaged with the 

current option or to switch to a new one. For instance, when to give up looking for the last berry 

on a raspberry bush and move on or when to settle down with a partner for life all involve “one 

choice” decisions about staying or switching. These decisions have been extensively studied as 

foraging decisions under diminishing returns, but little is known about what neuronal algorithms 

might support these.Here, we studied foraging decisions in mice facing the choice when to leave 

a depleting reward source. To identify the choice strategy, we devised several reward 

manipulations and observed, unexpectedly, that mice tend to leave a depleting source earlier 

after a higher than expected reward. Critically, this observation allowed us to distinguish 

between different classes of models because only one that implemented a decision rule 

comparing the next expected reward to the average of the previous rewards predicted this result. 

We show that this decision rule may be learned via a reinforcement learning method called R-



learning, but is not consistent with classical V-, or Q-learning models. Critically, the R-learning 

method explaining choice behavior optimizes average rate reward. To understand the neural 

underpinnings of choice behavior we performed optical recordings of dopamine neuron activity 

in the Ventral Tegmental Area (VTA). We observed that phasic VTA responses are best 

accounted for by a reward prediction error (RPE) based on R-learning, pointing to a potential 

learning mechanism that optimizes stay-or-leave choices.Our work offers an algorithmic 

decision rule and neuronal implementation for an ethologically relevant, understudied form of 

decisions, - foraging under diminishing returns. 
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Abstract: The serotonergic psychedelic psilocybin has received considerable attention for its 

therapeutic potential in treating symptoms of psychiatric disorders when used in conjunction 

with psychotherapy. The biological mechanisms underlying this effect are not understood, but a 

potential hypothesis is that psilocybin enhances cognitive flexibility. The evidence for this 

hypothesis, however, is scant. 

We addressed this question using a behavioral task designed to assess cognitive flexibility, in 

which animals are required to perform an instrumental choice according to one of two rules that 

involve different perceptual dimensions. Several extradimensional shifts occur during the task, 

requiring rats to detect the change in environmental contingencies and switch behavior 

accordingly to match the new rule. This task has been previously characterized and performance 

in it is sensitive to manipulations that are known to modulate cognitive flexibility. We evaluated 

the behavior of male and female rats in the task during baseline sessions after stable performance 

had been reached and compared it to sessions during which rats received treatment with 

psilocybin (1 mg/kg i.p.) and a series of other pharmacological manipulations. 

Our results show a robust effect of psilocybin in improving performance in this task, that was not 

observed in saline-treated control animals. Interestingly, treatment with the serotonin 2A 

receptor (5HT2AR) agonist 2,5-Dimethoxy-4-iodoamphetamine (DOI) had no beneficial effect 

on cognitive flexibility, suggesting psilocybin’s pharmacological profile has unique and selective 



effects. Since the major receptor targets of psilocybin are the 2A and 2C serotonin receptors, we 

repeated the experiment while blocking these receptors to determine psilocybin’s mechanism of 

action. Pre-treatment with the 5HT2CR antagonist SB242084 did not impact psilocybin’s effect 

on behavioral flexibility. Conversely, the 5HT2AR antagonist ketanserin blocked psilocybin’s 

ability to improve performance in the task. 

These data support the hypothesis that psilocybin positively impacts cognitive flexibility and 

further demonstrate that this effect is likely mediated by 5HT2A but not 5HT2C receptors. 
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Title: How do cortical areas interact during evidence-based decision making? 
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Abstract: Complex behaviors require the involvement of distributed neural populations across 

the cortex (Pinto et al. 2019), with diverse areas often found to exhibit similar neural dynamics 

(Koay et al. 2022). Indeed, during a navigation-based decision-making task requiring evidence 

accumulation and post-stimulus memory, cortical areas form broad functional modules that are 

recruited throughout the decision-making process. Is this broad recruitment and the seemingly 

indistinguishable neural dynamics across the dorsal cortex the result of strong interactions 

between areas? And what is the nature and directionality of these interactions? We recorded 

simultaneously from 3 areas along the cortical hierarchy, visual area AM, retrosplenial cortex 

and premotor area M2 during an evidence accumulation task and used a switching non-linear 

dynamics model to estimate interareal communication signals. Recordings were performed using 

a random-access two-photon mesoscope (Sofroniew et al. 2016) to simultaneously image 

excitatory neurons across the three areas in 9 transgenic mice expressing the Calcium indicator 

GCaMP6s. Mice navigated a T-maze in virtual reality to receive water rewards from one out of 

two end arms (Pinto et al. 2018). In the first 200 cm of the maze’s central stem, the ‘cue region’, 



mice sampled salient visual cues presented on the side walls. The cue region was then followed 

by a 100 cm long ‘delay region’, after which mice had to make a turn to indicate the side with 

the highest total number of cues. Consistent with previous findings (Koay et al. 2022), activity 

across the population in each of the three areas formed sequences that spanned the whole trial. 

Support vector machines produced significant decoding of choice and evidence from the 

population activity of each area at each time point in the trial. Notably, we found only minor 

differences in decoding performance between areas. We then turned to the model to infer 

communication profiles between areas. Despite the apparent similarity in neural activity and 

decoding performance across areas, communication profiles differed. For instance, we found 

strong communication from M2 to AM but not vice versa. We are currently investigating these 

communication profiles, how do they evolve during the trial and how they vary with the animal’s 

behavioral state. Answering these questions will provide new insight into how diverse cortical 

areas work together to inform complex behaviors. 
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Abstract: Our brains can maintain information over timescales of a few seconds to guide future 

actions. Such 'short-term memory' (STM) serves as the brain's post-it note and is essential for 



cognition, such as motor planning, decision-making, and foraging. The neural correlates of STM 

have been studied mostly one brain region at a time. For instance, neurons in the frontal cortex 

and related brain regions show persistent and slowly varying changes in spike rate that correlate 

with the maintenance of STM. Yet, how coordinated neuronal activity across inter-connected 

brain regions collectively maintains STM remains poorly understood. Anterior lateral motor 

cortex (ALM; part of M2) is an essential hub for the planning and execution of memory-guided 

directional licking. Taking an anatomy-guided approach, we targeted regions that form a brain-

wide multi-regional network with ALM, including nuclei in the thalamus, basal ganglia, 

midbrain, medulla and others. We used up to 5 Neuropixels probes to simultaneously record the 

activity of hundreds of neurons across ALM connected brain regions during a memory-guided 

movement task. Neurons encoding sensory stimulus, choice, movement, and outcome, were 

widely distributed across the brain. Choice-selective neurons were more prevalent in the ALM 

connected network. Movements were encoded more strongly in premotor regions including 

brainstem and midbrain as compared to frontal cortex and thalamus. At the level of population 

activity, and on a trial-by-trial basis, functional interactions between brain areas with different 

task-related activities were recruited dynamically and changed over behavioral epochs. Inter-area 

correlation along a choice dimension ramped up during the motor planning phase and collapsed 

when the animal initiated movement, suggesting dynamical gating of functional coupling 

between brain areas according to cognitive and behavioral needs. Our data provide a foundation 

for understanding how STM and other neural computations are produced by multi-regional 

interactions across the brain. 
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Abstract: Midbrain dopamine (DA) neurons are thought to play a crucial role in economic 

decision-making. These neurons are activated when the outcome of choice is better than 

expected, and their activation reinforces choices leading to better-than-expected outcomes. 

Notably, this type of DA neuron activation occurs after decisions are made. On the other hand, 

DA neurons are activated or suppressed when choice options are offered (i.e., before decisions 

are made). It remains unclear whether and how DA signals evoked by options affect upcoming 

choice behavior. In the present study, we focused on the DA pathway from the midbrain to the 

ventral striatum (VS), which receives dense projections from DA neurons, in macaque monkeys 

and examined the causal relationship between choice behavior and option-evoked DA signals 

transmitted through this pathway. The monkeys were trained to perform an economic decision-

making task in which an option was offered and the animals were required to decide whether to 

choose this option based on the value. Using optogenetics applicable to the monkey brain, we 

stimulated DA axon terminals in the VS when the option was offered. We found that the 

monkeys more often chose the option when DA axon terminals were stimulated than not 

stimulated. To investigate the electrophysiological basis of the causal contribution of DA signals 

transmitted to the VS to choice behavior, we next recorded single-unit activity from DA and VS 

neurons in the monkeys performing the task. We found that both DA and VS neurons 

represented diverse signals related to economic decision-making. Some neurons represented the 

value of the offered option (value type), some represented whether or not the monkeys would 

choose the option (choice type), and some represented a combination of the value and choice 

(intermediate type). Notably, the dynamics of these signals were corresponding to the economic 

decision-making process. Many DA and VS neurons encoded the value of the option after it was 

offered, then gradually changed their activity to represent the animal’s upcoming choice. 

However, the dynamics of DA and VS neurons were somewhat different. While the proportions 

of the three types of DA neurons increased with shorter latencies after the onset of the option and 

decreased before the monkeys executed an action to choose the option, those of the three types of 

VS neurons gradually increased with longer latencies and kept increasing even after the onset of 

the action. Our findings suggest that DA neurons linking to the VS form a key circuit that 

transforms value information into choice command, and that DA signals transmitted to the VS 

causally contribute to this decision-making process. 
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Abstract: The basal ganglia (BG) consist of multiple nuclei and are thought to influence 

cognitive functions like motor planning, learning, and perceptual decision-making. The 

subthalamic nucleus (STN) is a part of the indirect and hyperdirect pathways in the BG. Several 

hypotheses have been proposed for STN’s involvement in perceptual decision making, based 

largely on single-neuron recordings of STN activity in animals performing non-perceptual 

decision-making tasks and aggregate neural recordings (such as fMRI and local field potential 

signals) in human subjects. These hypotheses include: 1) STN’s output is a nonlinear summation 

of accumulated evidence across choice options (Bogacz and Gurney, 2007). This model 

translates to a gradual increase in STN activity over time equally for both choices; 2) STN 

provides transient suppression that disappears over time for both choices (Ratcliff and Frank, 

2012). This translates to an initial burst in STN activity followed by a gradual decrease; and 3) 

STN inhibits SNr activity until enough evidence has been accumulated to overcome this 

inhibition and trigger a decision commitment (Wei, et al. 2015). This translates to a rise in STN 

activity during evidence accumulation for both choices until shortly before decision commitment 

with a plateau occurring for the ipsilateral choice. These predictions of STN activity patterns 

during decision formation have not been tested directly. 

In this study, we recorded single-unit STN activity in two monkeys performing a random-dot 

visual motion discrimination saccade task. The monkeys made saccades at a self-chosen time to 

indicate their perception of the global motion direction of a random-dot kinematogram. For each 

trial, the motion strength and direction were randomly chosen from 5 values and two directions, 

respectively. The monkey was given a liquid reward for a correct choice. We screened for 

neurons with activity modulation during the task and obtained recordings from 99 STN neurons. 

In this sample, we observed the presence of all three types of activity patterns described above, 

with the second type being more dominant. Certain neurons also showed activity patterns that 

deviate from all three predictions. These results suggest complex involvement of the STN in 

perceptual decision making, which may be best captured by a revised model that incorporates 

previous hypotheses. 
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Abstract: Visual decisions typically require accumulation of uncertain sensory information to 

make inferences about the state of the world. This inference process is complicated by the fact 

that the state of the world can undergo unpredictable changes, which often require adjustments in 

how sensory information is accumulated. Previously, we modeled optimal, adaptive inference in 

these changing environments. One key feature of our model is a leakage of accumulated 

evidence, where the rate of the leak depends on environmental stability. For example, in 

increasingly unstable environments, where unexpected changes can affect the relevance of 

recently accumulated evidence, the leak rate increases. This increased leak rate effectively 

removes older, pre-change evidence and attenuates beliefs about the pre-change state that would 

hinder choice accuracy. Whereas this context-dependent leak can describe human decision-

making behavior, it remains unknown exactly where or how it may be implemented in the brain. 

We propose the leak is implemented, at least in part, via sensory adaptation during evidence 

encoding. Specifically, we hypothesize that the rate of change of incoming sensory information 

modulates the dynamics of evidence encoding, enabling the decision process to adapt to 

expectations about environmental stability.To test this hypothesis, we trained two rhesus 

macaques on a random-dot motion direction-discrimination task in which we manipulated 

sensory uncertainty (via motion coherence) and instability (via “change-points” or abrupt 

switches in motion direction). Preliminary data (n = 32 sessions Monkey Ch; n = 36 sessions 

Monkey An) suggest that the monkeys, like human subjects, can adapt their decision-making 

behavior to the stability of the current stimulus context. Specifically, the monkeys were less 

biased by pre-change evidence and less sensitive to current evidence in more unstable 

environments (more change-points), which is consistent with a leak in evidence accumulation 

that depends on stimulus context. We collected preliminary electrophysical data (n = 12 sessions 

Monkey An) to explore whether this leaky evidence accumulation 

could be implemented via context-dependent sensory adaptation in middle temporal area (MT). 

Single-unit responses can adapt to preferred-direction motion and the time course of this 

adaptation can depend on the recently experienced switch rate of the motion stimulus, suggesting 

that the stability of recent stimulus statistics affects evidence encoding. Together, this work 

implies that context-dependent adaptation of sensory encoding can help to optimize decision-

making in unstable and uncertain environments. 
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Abstract: Drug-taking is known to disrupt reward-based decision-making but not all individuals 

become addicted or have the same extent of changes in decision-making. Poor performance in 

reward-based decision-making tasks is associated with greater self-administration of drugs of 

abuse. Although the mechanisms leading to these decision-making disruptions are not known, 

our recent work has found that the degree of improvement in reward-based decision-making 

during adolescence is predictive of decision-making in adulthood. These data suggest that 

deviations in select adolescent neurodevelopmental trajectories may enhance drug use 

susceptibility in adulthood. We hypothesized, therefore, that poor adolescent decision-making 

trajectories would be predictive of greater cocaine-taking behaviors in adulthood. To test this 

hypothesis, we trained and tested female and male Long Evans (N=56) rats on a three-choice, 

spatial reversal-learning task. Rats were assigned to either a cross-sectional study (N=40) and 

underwent a single round of testing on the reversal-learning tasks at P35, P55, or P75, or to a 

longitudinal study (N=16) and were repeatedly tested on the reversal-learning tasks at the same 

ages (P35→P55→P75). All rats then underwent a single assessment in adulthood (P120). A 

subset of rats (N=34) was trained to self-administer cocaine in 6h daily sessions for 14 days. We 

found that reversal-learning performance improved during adolescence in both longitudinal and 

cross-sectional groups. This improvement in performance was due specifically to an increase in 

positive-outcome updating, and not negative-outcome updating or the retention of value. We 

then examined whether individual differences in the degree of improvement in positive-outcome 

updating during adolescence would predict decision-making and cocaine-taking behaviors in 

adulthood. We found that rats with a more attenuated positive-outcome updating trajectory 

performed worse in the reversal-learning task and took significantly more cocaine compared to 

rats with a steeper trajectory. These relationships were specific to the rate of change in positive-

outcome updating during development. Positive-outcome updating at any singular adolescence 

age from the cross-sectional study was not a predictor of cocaine-taking behaviors in adulthood. 

These data suggest that the neurodevelopmental changes that occur during adolescence are 

critical regulators of addiction susceptibility. Our ongoing studies are utilizing immune, 

proteomic, and genomic approaches to investigate the neurodevelopmental changes mediating 

decision-making trajectories and drug use susceptibility. 
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Abstract: Oxycodone is one of the most highly prescribed medications for pain and because of 

its rampant misuse, is believed to be the primary driver of the ongoing opioid epidemic. Not all 

individuals that are prescribed oxycodone, however, misuse the drug or become addicted. 

Evidence suggests that some individuals may be more vulnerable to developing an opioid use 

disorder (OUD) compared to others. Identification of individuals at risk for developing an OUD 

could be an important step in preventing oxycodone addiction. The current study sought to 

develop a self-administration paradigm that would be able to model this vulnerability in rats and 

determine if decision-making phenotypes assessed before drug use would predict oxycodone-

taking behaviors. Long Evans rats (78 M/78 F) were trained and tested on a three-choice, 

probabilistic reversal-learning (PRL) paradigm. Rats were then trained to orally self-administer 

either a saccharin solution (0.05%; N=41) or oxycodone in a saccharin solution (0.05 

mg/kg/infusion; N=115) in 3 h daily sessions. On the ninth session, the dose of oxycodone 

increased, and saccharin was gradually removed from the solution. Self-administration behaviors 

were assessed for an additional 14 days followed by tests of motivation, extinction, and cue-

induced reinstatement. Rats found oral oxycodone to be highly reinforcing and continued to self-

administer the drug in the absence of any sweetener. There was significant variation in the 

degree to which rats escalated their oxycodone use: ~33% of rats increased their intake, ~33% 

decreased their intake, and ~34% maintained a stable intake. Notably, rats that increased their 

oxycodone intake responded more during a progressive ratio test, extinction, and cue-induced 

reinstatement. Our oral self-administration paradigm, therefore, appears to capture the transition 

from use to misuse in some individuals. We then examined the differences between male and 

female rats. Female rats took significantly more oxycodone and were more likely to escalate 

their oxycodone intake compared to males. Moreover, females responded more during tests of 

motivation, extinction, and reinstatement. Females are, therefore, more likely to transition from 

oxycodone use to misuse compared to males. Female rats also performed worse than males in the 

PRL task and this was due to disruptions in value updating following a positive outcome. We 

propose that greater oxycodone-taking behaviors in female rats are due to pre-existing 

disruptions in positive-feedback updating. Our novel oxycodone self-administration paradigm 



provides a unique platform for conducting biological and systems-level analyses of OUD 

vulnerability. 
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Abstract: Opioid maintenance therapy (OMT) utilizes mu-opioid agonists such as 

buprenorphine to clinically treat those suffering from opioid use disorder (OUD). Buprenorphine 

is a partial mu-opioid agonist and has a longer half-life than fast-acting opiates such as heroin, 

rendering it useful for alleviating withdrawal symptoms. With its low receptor intrinsic activity, 

it may be a preferred treatment as it has a lower rate of overdose-related deaths. Using such an 

established treatment on a new task allows us to compare data with a variety of non-conventional 

therapeutics for OUD. For example, cariprazine is a partial D2/D3 agonist currently used as an 

atypical antipsychotic to treat Schizophrenia and Type 1 Bipolar Depression, and recent studies 

suggest that it improves symptoms associated with comorbid substance use disorders. 

Furthermore, cariprazine is currently being evaluated in clinical trials to examine its impact on 

drug use in patients with comorbid cocaine and opioid use disorders. In the present study we 

compared the effects of pretreatment with buprenorphine and cariprazine on opioid preference in 

an economic choice task that tracks a subject’s valuation and choice of drug and non-drug 

rewards. Adult male squirrel monkeys received clinically relevant doses of buprenorphine (0.1-

0.32mg/kg) or cariprazine (10-100µg/kg) intravenously for 5 consecutive days approximately 22 

hours prior to a touch screen choice task in which subjects selected between differing quantities 

of remifentanil, a fast-acting opioid, and sweetened condensed milk. Monkeys that received 

buprenorphine treatment showed a significant reduction in drug preference compared to baseline 

choice allocation during the preceding week, consistent with its demonstrated efficacy in OMT. 

In contrast, cariprazine treatments did not show significant reductions in drug preference in the 

dose range tested. Future studies will determine if plasma concentrations for cariprazine and its 

metabolites appear adequate based on other preclinical and clinical studies. We also plan to 

assess the potential of additional non-opioid treatments by evaluating their effect on drug choice. 
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Abstract: Information about actions and their outcomes are used to create value representations 

and stored to inform future choices. Past research identifies the role of discrete brain areas such 

as ventral striatum, prefrontal, and orbitofrontal cortex in value-based decision making. These 

areas are the primary projections in the cortico-striatal pathway and therefore likely work in a 

dynamic network to inform and update value representations. Previously, we have observed beta-

frequency oscillations which reliably signal reward outcome throughout areas of the cortico-

striatal circuit. In a temporal discounting task, we find that cortical brain regions are most 

positively correlated with high value choice whereas nucleus accumbens is negatively correlated 

with low reward choice. Thus, we predict there may be two different functional circuits 

responsible for driving behavior toward the optimal high value choice. To further explore reward 

processing in the cortico-striatal network we used 32-CH Harlan microdrives to record neural 

activity from 18 male Long-Evans rats performing a temporal discounting task. Single units were 

collected from subdivisions of medial prefrontal cortex, orbitofrontal cortex, and nucleus 

accumbens by driving from dorsal to ventral and splitting tetrode placement between medial/ 

lateral divisions when needed (4 tetrodes medial, 4 tetrodes lateral). We recorded ~2,000 neurons 

from dorsal/ventral prefrontal cortex (N=6 rats; 400 units), medial/lateral orbitofrontal cortex 

(N=5 rats; 800 units), nucleus accumbens core/ shell (N=7 rats; 800 units). In our temporal 

discounting task, rats choose to either wait for a high value (3x water) reward or to receive a low 

value (1x water) reward delivered immediately (500ms). In the first block of trials (≤ 65 trials) 

the high value reward is delayed 2s, and in the second block (>65 trials) is delayed 10s. Rats do 

show behavioral differences based on temporal delay (main effect of block p<0.001). On 

average, rats made 76.4 +/ 22.5% high value choices in block 1 (2s delay) and only 21.8+/ 34.0% 

high value choices in block 2 (10s delay). We find activity related to action, reward anticipation, 

delay length, reward outcome and magnitude discrimination. A subset of units showed 

magnitude preferences and modulated activity from between blocks. Moreover, we find spiking 

activity is coherent with oscillations during reward outcome specifically at beta-frequencies (15-



30Hz), further supporting our hypothesis that beta oscillations reflect the local population 

activity of neurons and may represent a widely distributed value signal throughout the cortico-

striatal network. 
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Abstract: Substance use disorders (SUDs) are characterized by forms of compromised decision 

making, such as elevated risk taking. Understanding the mechanisms by which risk taking is 

increased in individuals with these disorders is crucial to developing effective treatments and 

reducing risk of relapse. Previous work using animal models has corroborated increased risk 

taking observed in men and women with SUDs. Level of drug intake, however, varies across 

individuals (humans and rodents alike), raising the possibility that those individuals that 

consume more drugs may display a greater elevation in risk taking. The main goal of this project 

was to therefore test whether level of drug intake correlates with risk taking during abstinence. 

Male and female Sprague-Dawley rats were implanted with jugular catheters and underwent 14 

days of long-access cocaine (or sucrose) self-administration. Three weeks after the cessation of 

self-administration, rats were trained and tested in a rodent model of risky decision making 

(“Risky Decision-making Task”; RDT) in which rats chose between a small, “safe” reward and a 

large, “risky” reward accompanied by an increasing probability of a mild footshock delivery. 

Throughout each phase of the experiment, the estrous cycle of females was monitored to 

determine whether chronic cocaine exposure disrupted hormonal cyclicity. Our findings show 

that greater cocaine intake during self-administration was positively correlated with greater 

choice of the large, risky reward (risky choice), a relationship that was absent in sucrose controls. 

Additional analyses compared risk taking between females categorized as “high cocaine intake” 

and “low cocaine intake” (based on a median split) and revealed that females in the “high intake” 

group chose the large, risky reward significantly more than females in the “low intake” group. 

This relationship between cocaine intake and risky choice was unique to females, as identical 



analyses in males did not reveal significant correlations between cocaine intake and risky choice. 

Cocaine exposure also caused significant disruptions in estrous cyclicity in females, irrespective 

of intake group. During self-administration and abstinence, rats displayed repetitive estrus 

phases, long periods of diestrus, and few proestrus phases, and this estrous cycle irregularity 

persisted into RDT behavioral testing. These findings are consistent with previous work showing 

that cocaine exposure disrupts estrous cyclicity and suggests that cocaine-induced increases in 

risk taking in females may be due to disruption of the natural fluctuations of ovarian hormones 

across the estrous cycle. 
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Abstract: Risky decision making involves the ability to weigh risks and rewards associated with 

different options in order to make adaptive choices. Individuals with opioid use disorder display 

impaired risky decision making, exhibiting exaggerated risk-taking behavior, which may render 

them more vulnerable to relapse during periods of abstinence. To better understand causal 

relationships between opioid use and risk taking, our lab employs a rodent model of decision 

making involving risk of explicit punishment (the Risky Decision-making Task; RDT). In this 

task, rats make discrete choices between a small, safe food reward and a larger food reward that 

is accompanied by an increasing risk of mild footshock punishment across the behavioral test 

session. Using this model, we have shown that chronic cocaine exposure increases choice of the 

large, risky reward (increased risk taking) in males and females. The goal of this experiment was 

to determine if chronic exposure to the synthetic opioid fentanyl has similar effects on risk taking 

in males. Male Sprague Dawley rats were implanted with jugular catheters, and half of the rats 

underwent long-access fentanyl self-administration (6h/day for 14 days) and the other half 

underwent sucrose self-administration. Following self-administration, rats remained undisturbed 

in their home cages for 3 weeks before being trained on the RDT to assess fentanyl-induced 



changes in risk taking. Rats that self-administered fentanyl chose the large, risky reward 

significantly more than rats that self-administered sucrose. Increased risk taking was 

accompanied by a reduction in lose-shift behavior in the fentanyl group, suggesting that the 

fentanyl-induced increase in risk taking is due to insensitivity to punishment. To confirm that the 

increased risk taking in the fentanyl group is not secondary to changes in food motivation or 

shock sensitivity, rats were then tested in control assays that assessed willingness to work for 

food and shock reactivity. There were no differences between groups on either measure. Lastly, 

to determine if increased risk taking was due to behavioral inflexibility, rats were tested on a 

probabilistic reversal learning task. Surprisingly, rats in the fentanyl group completed 

significantly more reversals than rats in the sucrose group, indicating that cognitive inflexibility 

does not account for fentanyl-induced increases in risk taking. Future experiments will extend 

this work to females to determine whether there are sex differences in fentanyl-induced changes 

in risk taking. 
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Abstract: Motor symptoms in Parkinson’s Disease (PD) have been well studied, however, non-

motor symptoms, including pain, fatigue, insomnia and cognitive deficits, are still being further 

analyzed. PD is caused by a loss of dopaminergic neurons in the substantia nigra, which result in 

the rigid, stiff and slow movement associated with PD. It is also well known the substantia nigra 

and dopamine play a role in reward and motivation, both key components in higher cognitive 

processes. The purpose of this project is to potentially expose a connection between the depletion 

of dopamine in the substantia nigra, as depicted in PD, and a decrease in cognitive abilities in a 

rodent model. In this study, forty Sprague Dawley female rats were lesioned with a neurotoxin, 

6-hydroxydopamine (6-OHDA), in the substantia nigra to evaluate a non-motor symptom 

associated with PD: cognitive deficits. Decision-making was the specific cognitive impairment 

being examined using a novel version of the Rat Gambling Task (RGT). All forty animals 

underwent operant training to learn to single and dual lever press and then learned the RGT to 

establish a baseline. Once completed, all forty rats underwent stereotaxic surgery to microinject a 



total of 1 microliter saline (20 control animals) or the vehicle solution containing 6-OHDA (8 

ug/ul) and 0.1% ascorbic acid dissolved in saline (20 experimental animals). After two weeks, 

the animals were subjected to test for RGT, as well as the Open Field Task. Upon completion of 

testing, animals underwent a transcardial perfusion to fix brain tissue, which was then extracted, 

sliced and stained for tyrosine hydroxylase using immunohistochemistry. Results found that after 

two weeks, there was a significant difference between the saline and 6-OHDA lesioned animals, 

in which the 6-OHDA lesioned animals performed worse on the Rat Gambling Task, perhaps 

indicating that the depletion of dopamine within the substantia nigra did have an impact on the 

motivation and reward needed to produce advantageous decisions. With more research, we could 

come to a better understanding of these neural pathways that involve cognitive processes when a 

neurodegenerative disease is present. 
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Abstract: Midbrain dopamine neurons project extensively to the rest of the brain and play a 

crucial role in learning and reward-processing. Previous research from our laboratory focused on 

loss-stay behavior during risky decision-making—the repeating a choice that had led to a loss 

immediately previously. Huttunen (2016, unpublished doctoral dissertation) discovered a 

significant correlation between loss-stay behavior in male rats and dopamine neuron number in 

the Substantia Nigra pars compacta (SNpc)—a structure involved in reinforcement computations 

during trial-and-error learning. This was surprising because the homeostatic dopaminergic 

system would be expected to prevent individual variations in neuron number from creating 

observable behavioral differences. We aimed to further investigate the link between dopamine 

structure and function in risk decision-making, and to explore the possible influence of age and 

environmental enrichment on this relationship. Across three experiments, we tested a total of 64 

Lister Hooded rats (11 females, 53 males) in a rat Balloon Analogue Risk task to assess their 

risk- and loss- related behaviors. Rats were randomly assigned to the standard or extra 



enrichment conditions. The latter received more enriching items in their home cages and 1 hour 

of playtime every weekday for at least 3 months. By the end of the experiments, 12 rats were 

young (c.16 weeks), 38 were middle-aged (c.47 weeks) and 14 were aged (c.60 weeks). We 

quantified the number of putative dopamine neurons in the midbrain using immunohistochemical 

staining with Tyrosine Hydroxylase. Results showed a significant correlation between loss-stay 

behavior and dopamine neuron number in the SNpc, and this correlation was only significant 

when age was controlled in the analysis. Environmental enrichment preserved rats’ visual object 

recognition memory against age-related decline, but it did not alter dopamine neuron number, 

hippocampal neurogenesis or other risk- and stress-related behaviors. The lack of enrichment 

effect on dopamine neuron count contradicted the c.17% dopamine neuron increase in male mice 

after 2 weeks of environmental enrichment (Aumann, Tomas & Horne, 2013). In conclusion, 

dopamine neuron number in the SNpc correlated loss-stay behavior, which was mediated by age 

but not environmental enrichment. A candidate mechanism underlying our findings may be 

neurotransmitter phenotype switching. 
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Abstract: Psychiatric disorders known to impair DA functioning (i.e., schizophrenia, bipolar 

disorder) worsen performance in risky decision-making tasks, such as the Iowa Gambling Task, 

while DA agonist treatment, e.g., pramipexole (PPX), to people with Parkinson’s disease, result 

in gambling problems. Using a recently developed task, Zalocusky (2016) demonstrated the risk 

preference of male rats can be increased by systemic administration of PPX and decreased by 

optogenetic silencing of DA-2 receptor (DA-2R) expressing neurons in the nucleus accumbens 

(NAc). Sex-dependent differences were not examined however, and the role of sex in risky 

decision-making remains unclear. Here, we trained female and male rats in the same task to 

explore sex-differences in risk preference at baseline and in response to pharmacological 

challenges of PPX, and the DA-2R antagonist sulpiride (SUL). In operant boxes animals could 



choose from one of two nose-pokes, one that delivered a 50 µl strawberry milkshake reward 

(safe-option), and the other a 10 µl reward with a 75% probability and 170 µl reward with a 25% 

probability (risky-option). Once trained to a stable baseline of risk preference, rats were treated 

with PPX (0.15 or 0.3 mg/kg; Experiment 1) or SUL (30 mg/kg; Experiment 2) for 3 days, each 

separated by a saline washout. Baseline: females were less risk-adverse/more risk-prone than 

males. Experiment 1: collapsed across drug and saline tests, there was a main effect of drug on 

percent risk choice (%RC) change from baseline [F (1,18) = 10.5, p < 0.01], with PPX increasing 

%RC. When analyzed across each testing day, a main effect of session [F (6,108) = 3.6, p < 

0.005] was observed, as was a session * sex * drug interaction [F (6,108) = 2.2, p < 0.05]. Post 

hoc analyses revealed females differed from males in the timing of their response to PPX based 

on the dose administered. Experiment 2: collapsed across drug and saline tests, there was a main 

effect of drug on %RC change from baseline [F (1, 6) = 20, p < 0.01], with SUL decreasing 

%RC. There was also a trend toward a drug * sex interaction [F (1, 6) = 3.6, p = 0.11], with more 

pronounced attenuation of %RC by SUL in females. A similar pattern was observed when data 

was analyzed across all drug and saline tests. Together this data indicate a sex-specific 

modulation of baseline risk preferences, and female rats may be more sensitive to DA 

manipulations on risky decisions, highlighting the necessity of tracking sex-based differences in 

such tasks. Ongoing studies will determine whether DA-2R NAc activity reveal a similar sex-

specific change in DA during risk-preference. 
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Abstract: Striatal direct pathway (dSPN) and indirect pathway spiny projection neurons (iSPNs) 

are critical in controlling and shifting decision policies in response to environmental feedback. 

We studied the role of striatal dSPNs and iSPNs by optogenetically stimulating them in D1-cre 

and A2A-cre mice resp. while they performed a two-armed bandit task with probabilistic rewards 

(conflict) and sudden changes in action-outcome contingencies (volatility). We first showed that 

the behavioral data from mice for all levels of conflict and volatility could be reproduced with a 

biologically based spiking neural network model of the cortico-basalganglia-thalamic (CBGT) 

circuit, with a dopamine dependent spike timing dependent plasticity rule. The behavioral data 

(accuracy, reaction times) from the CBGT network and mice were mapped onto a drift diffusion 

model (DDM) that describes the process of decision making as a noisy accumulation of evidence 

up to a decision threshold. We observed that, in both model and mice, a switch in reward 

contingencies (block change point) induced a sharp drop in drift rate followed by a recovery 

indicating a slowing down of evidence accumulation on encountering errors and a return to the 

original rate of evidence accumulation over the next few trials. Higher probabilities of reward for 

a correct choice led to larger drops in drift rate at the change point. The boundary height showed 

a slight decrease at the block change point and on average showed a slight decrease for higher 

volatility. In the CBGT model, changes in drift rate were associated with differences in the 

balance of dSPN and iSPN activation levels, both within and across action channels, while 

boundary height was associated with overall iSPN firing rates. In mice, dSPN stimulation 

induced an increase in average drift rate at change point and recovery, as predicted by the model, 

along with a decrease in boundary height compared to control animals. Interestingly, iSPN 

stimulation yielded a decrease in average drift rate at change point and recovery and increase in 

boundary height, as predicted by the model, as compared to control animals. Overall, the 

parameter alterations that we find suggest that change points switch behavior into an exploratory 

regime. The exaggerated increase in the boundary height and decrease in drift rates induced by 

iSPN stimulation indicate a shift to a slow exploration policy, in contrast with dSPN stimulation, 

which pushes the animal into a regime of much faster exploration. These results align with 

findings from our CBGT model, highlighting how direct and indirect pathways may drive 

distinct changes in information processing in response to changes in the environment. 
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Abstract: Neurons in frontal and parietal cortex encode task variables during decision-making, 

but causal manipulations of the two regions produce strikingly different results. For example, 

silencing the posterior parietal cortex (PPC) in rats and monkeys produces minimal effects in 

perceptual decisions requiring integration of sensory evidence, but silencing frontal cortex 

profoundly impairs the same decisions. Here, we tested, for the first time, the causal roles of the 

rat frontal orienting field (FOF) and PPC in economic choice under risk. On each trial, rats chose 

between a lottery and a small but guaranteed surebet. The magnitude of the lottery was 

independently varied across trials and was indicated to the rat by the pitch of an auditory cue. As 

in perceptual decisions, both unilateral and bilateral PPC muscimol inactivation produced 

minimal effects. FOF inactivation produced substantial changes in behavior even though our task 

had no working memory component. We quantified control and bilateral inactivation behavior 

with a multi-agent model consisting of a mixture of a ’rational‘ utility-maximizing agent (U=Vρ) 

with two ’habitual‘ agents that either choose surebet or lottery. Silencing PPC produced no 

significant shifts in any parameters relative to controls. Effects of FOF silencing were best 

explained by a decrease in ρ, the exponent of the utility function. This effect was parsimoniously 

explained by a dynamical model where the FOF is part of network that performs sensory-to-

value transformations. To test our model prediction, we recorded neural activity from rat FOF 

during the risky-choice task. In line with our predictions, single FOF neurons encoded the value 

of the lottery even when controlling for choice. These results together showed that FOF is a 

critical node in the neural circuit for decision under risk. 
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Abstract: Differences between expected and experienced outcomes lead to prediction errors, 

which drive learning. Under conditions of uncertainty, organisms must build representations of 

variables that aid future choices, such as expected value and risk. Although decision making is 

heavily driven by different risk propensities, the neural correlates of risk and risk prediction 

errors (RiPEs) have received less attention compared to predicted rewards (PRs) and reward 

prediction errors (RPEs). Furthermore, the literature to date has focused primarily on 

understanding the processing of risk signals in non-social (i.e. probabilistic) contexts. 

We used a passive-observation task (n = 40) with socially relevant individually-specific cues of 

rewards with fixed expected value (EV) and overall SD (predicted risk) while varying trial-wise 

SD (current risk). RiPEs were defined as the difference between the current risk and predicted 

risk. We wanted to assess the extent to which social risk and RiPEs will be reflected in the EEG 

signal and compare to recent EEG work with a non-social probabilistic task. Before the main 

experiment, each participant rated how much money (£10-110) they believed each of 30 faces 

(trustees) returned to a hypothetical investor. Seven of these faces were used in the main task and 

were paired in individual trials to form four different current risk levels (predicted risk = 26.46), 

and an EV of 60. On each trial, one face stimulus was highlighted to indicate the final reward 

outcome. A single-trial multivariate discriminant analysis was used to identify spatial EEG 

weightings that optimally discriminated between the two extreme levels along three distinct 

dimensions: current risk, signed RiPE and unsigned RiPE. 

We found separate representations for the three signals, with largely distinct spatiotemporal 

response profiles. The current risk was discriminated from 170 ms post-stimulus, with an 

average peak at 272 ms, while unsigned RiPE emerged at 200 ms and peaked at 280 ms. Finally, 

signed RiPE peaked later around 250 ms and remained sustained between 270 and 510 ms, 

indicating greater temporal inter-subject variability. These onset times are consistent with an 

earlier risk representation, required for computing the signed and unsigned attributes of the 

RiPE. We, further, verified the components’ dissociation by showing significant parametric 

effects between each component’s amplitudes and the four levels of the related factors. 

These results suggest that there are three separate signals coding risk and RiPEs that are likely to 

generalise across domains, therefore pointing towards a common currency of coding social and 

non-social uncertainty. 
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Abstract: Altruism, risk-taking behavior, and personality trait are all critical factors in predicting 

decision-making behaviors in the real world. There were a few studies that mostly assessed risk-

taking behavior via descriptive gamble to pinpoint the correlation issue between the three factors. 

However, few studies further explored the correlation between the three factors utilizing the 

experience gamble to measure the risk-taking behavior. In this study, we hypothesized that the 

descriptive vs. experience gambles may cause different outcomes. Therefore, the current study 

aims to investigate the association between the three factors. This study used Dictator Game 

(DG) as a behavioral measure for altruism, and Balloon Analogue Risk Task (BART) was 

administered as the experience gamble and an index of risk-taking behavior. Furthermore, the 

Big Five Inventory-15 in Taiwanese (BFI-15) was utilized here as the index of personality traits. 

We predicted that risk-taking behavior would be significantly associated with altruistic attitudes 

and also correlated with certain personality traits. To examine the above issue, this study 

recruited 128 participants (43 males and 85 females). They first completed BFI-15, then 

completed BART and DG in random order. The result indicated that the correlation between 

altruism, risk-taking behavior and personality traits was observed. Number of explosions in 

BART (less risk-taking), not BART SCORE, was correlated to allocations to the recipient in DG 

(more altruism) (r=-.18, p<.05). In contrast to the previous descriptive studies, we found a 

negative correlation between the number of explosions in BART and allocations in DG. And we 

also found a negative relationship between neuroticism and allocations to the recipient (r=-.203, 

p<.05), in which a clear relationship was observed between personality traits and altruism. 

Notably, the distribution in DG of this study is very different from that of the Western studies 

(Engel, 2011). This study showed that most of the participants had made an equal allocation and 

only a small number of participants kept all their money to themselves. The present study found 

less risk-taking behavior and neuroticism probably correlated with more altruism. The 

correlation between the three factors should be valuable to explore further. Moreover, the 

cultural difference between Western findings and the present study in DG is also interesting and 

needed to verify deeper. 
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Abstract: Laterality has been continuously studied over the years, but a consensus as to its 

evolutionary role in the human species is seemingly far from being achieved. There is 

neuropsychological evidence of the correlation between brain lateralization, language 

processing, and the incidence of neuropsychological conditions such as schizophrenia. Cross-

cultural stigmatization often assigns overly positive or negative attributes to left-handed 

individuals, but researchers have found conflicting results when evaluating handedness through 

patterns of intelligence, epigenetic expression, in utero development, and psychopathological 

genealogy. This study aimed to analyze the behavioral implications of lateralization and 

hemisphere specialization, most specifically highlighting the underlying correlations between 

handedness, decision-making, and neurofunction. The main goal was to understand potential 

correlations between cognitive development and subsequent willingness to take risks throughout 

life as a function of brain lateralization. Willingness to take risks was measured through the 

DOSPERT test, and participants’ laterality quotients were calculated through the Edinburgh 

Handedness Inventory (EHI). Laterality quotients were crossed with behavioral patterns recorded 

in the DOSPERT test through statistical modeling to determine predictive factors between 

handedness and risk-related decision-making. We found that laterality quotients were highly 

correlated with willingness to take risks when there was a strong preference for one hand over 

the other. These findings support the hypothesis that brain lateralization and motor coordination 

might be functionally correlated with human behavioral patterns and decision-making abilities. 

Investigating the ontogenesis of laterality and its interaction with behavior can provide a further 

understanding of brain connectivity and function, which may facilitate the advancement of 

neuropsychological treatments. 
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Abstract: Environmental states affect our day-to-day emotions and decisions, including our 

choices under risk and uncertainty. Previous work has found that an unexpected positive 

outcome can increase risk-taking, such as a sunny day after a streak of cloudy days. To extend 



these findings to more personal daily life activities at the within-subject level, we conducted a 

longitudinal examination of the correlations between a variety of daily activities and risk 

attitudes. We defined risk attitude using a novel PCA-based approach that allowed us to search 

for general patterns without relying on any one specific measure of risk-taking. Using this 

approach, we hoped to determine how features of daily life impact risk preferences and mood. 

One hundred and twenty-three subjects were recruited in the US on CraigsList and the NYU 

subject recruitment systems. In total 115 subjects finished the experiments. We employed a 

mobile smartphone-based experimental platform (Datacubed Health: Linkt) to gather daily data 

about the lives, states, and traits of our participants. Each participant was asked to complete a 

time-use diary once per week over a two-month period. The following instruments were also 

delivered at least once every week: a risky choice task (Levy et al. 2010), a delay discounting 

task (Kable & Glimcher, 2007), and the self-report positive and negative affect (Kahneman et al. 

2004). In the time use diary, we asked subjects to complete a timeline detailing everything they 

did on that day, and we categorized these activities into Sleep, Work, Home, Leisure, and Social 

times. In addition, we gathered 13 personality inventories: attitude toward uncertainty, temporal 

discounting tendency, impulsivity, and the level of psychological distresses to better understand 

the individual difference in the risk attitude. Our goal was to examine how the amount of time 

spent on a particular activity in previous weeks influenced risk attitude-related variables, in a 

way that did not depend on any one specific measure of risk attitude. To do that, we employed a 

Principal Component Analysis (PCA) to define the collinearities of a suite of risk-related 

measurements. We then used these aggregated risk-ontologies to perform a standard Granger-

style time-series autoregression. We found that Sleep-time significantly predicts a generalized 

risk vector and reported negative mood in the coming week. We did not find any correlation 

between the other activities we examined and mood and decisions. With more sleep time, 

subjects have fewer negative emotions and become more risk-tolerant. Our results indicate that 

simple bio-behavioral variable changes can influence mood and risk preferences. 
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Abstract: Decision making and early life stress: The role of autonomic reactivity 

Author: Vega-Oceguera, G. & Vega-Michel, C.Disclosure: Vega-Oceguera, G., NONE. & Vega-

Michel, C., NONE 
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Learning to select efficiently among available alternatives to achieve specific goals is a skill 

linked to quality of life from different perspectives. Although there are multiple elements 

involved in this process, in the study of decision making, the relevance of psychophysiological 

responses to stress in the selection of alternatives, risk analysis and reinforcement-based learning 

has been recurrently emphasized. If psychophysiological variations in the face of straining 

conditions in the general population appear to be relevant when understanding decision making, 

what about this influence in people with a history of early-life stress? Previous research has 

reported that the activity of autonomic nervous system and brain circuits associated with stress-

adaptation changes dramatically when people have been exposed to conditions of harm or 

deprivation. To understand this better, our goal was to evaluate the predictive capacity that 

autonomic reactivity has on decision making in adolescents with early-stage stress.We worked 

with a sample of 30 participants between 12- and 15-years old living in a social welfare 

institution. In two sessions, the BART task was solved, and an assessment of autonomic 

reactivity took place using the stress profile procedure developed by Thompson and Thompson 

(2003). With the data acquired, we develop a multiple linear regression model with five input 

variables: heart rate, skin conductance, muscle tension, respiration rate and distal temperature, 

and with the covariance index of the BART task, which usually provides information on risk 

propensity, as the output variable.Results: The predictive model reached statistical significance, 

suggesting that the autonomic nervous system response generates an important effect on the 

resolution of a decision-making task when there is a history of early-life stress. Of the five 

predictor variables considered, skin conductance and heart rate contribute the most weight to the 

model.Conclusion: The data suggest that autonomic reactivity comes to significantly influence 

performance when solving decision-making activities in people with a history of early-life stress. 

This may have clinical implications since these data allow us to establish lines of work to 

improve risk detection in a population with these characteristics. 
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Abstract: Identifying the best course of action requires exploiting the value of known options 

but also learning about the value of novel options to maximize rewards. Despite this, the distinct 

brain mechanisms that support these processes are poorly understood. Recent studies suggested 

that ventro-lateral prefrontal cortex (vlPFC) is critical for learning reward values (Chau et al., 

Neuron, 2015; Rudebeck et al., Neuron; 2017). However, it is unclear how this area represents 

newly learned stimulus-reward value associations as well as well-known associations. Using 

functional magnetic resonance imaging (fMRI) we assessed how vlPFC interacts with other areas 

during choices between novel or familiar options in macaque monkeys. We trained four female 

macaque monkeys (Macaca mulatta) to perform a probabilistic choice task in a 3T MRI scanner. 

In this task the animals chose between two visual stimuli associated with either 90%, 50% or 

30% of juice reward on each trial using eye movements. The stimuli used for each block (100 

trials) were either novel at the beginning of each block (‘Novel’ condition) or were highly 

familiar to the subjects (‘Familiar’ condition), and each monkey performed at least 2 blocks with 

novel and familiar stimuli per day. The imaging data obtained were analyzed using customized 

version of AFNI pipelines (Cox et al., Comp Biomed Res, 1996). All four monkeys performed at 

a very high level in Familiar block (> 82%). Whereas, performance in the Novel block varied 

across monkeys (62-76% in the latter half of a block) and all animals showed distinct learning 

curves. Correct performance was higher in trials in which higher value options were paired 

compared to the trials with lower value pairs, in both conditions, suggesting that the animals 

tracked the total value of available options regardless of the trial type. Whole-brain fMRI 

analysis showed that several areas including bilateral vlPFC, medial thalamus, and insular cortex 

were engaged during the task. Although the activation was observed in both conditions, vlPFC 

activation was stronger in the Novel condition compared to the Familiar condition, suggesting 

more engagement during the learning of new stimuli. Our data demonstrate that vlPFC tracks the 

value of choice options not only during learning but also in the choice between extensively 

learned options, suggesting a critical role of vlPFC in both learning and decision-making. 
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Abstract: AApproach-avoidance conflict (AAC) refers to situations in which a goal stimulus 

cues concurrent possible outcomes of reward and punishment. Recent work in rodents and in 

humans has implicated the hippocampus (HPC) in resolving AAC, culminating in a view of this 

structure as a behaviour inhibitor under AAC. However, the existing human research on AAC 

has relied largely on neuroimaging findings. Patient studies have recruited only a single patient 

with focal HPC damage, patients with extensive focal lesions beyond the HPC, or individuals 

suffering from temporal lobe epilepsy. These findings are therefore limited in the extent to which 

they allow for causal conclusions about the specific involvement of the HPC in AAC. 

Additionally, this work has tended to focus primarily on behavioural response measures (e.g., 

proportion of approach/avoid decisions) that provide limited insight into the underlying 

psychological processes involved (e.g., evidence accumulation). In the current study, we 

recruited six patients (all male; age: M = 66.00, SD = 8.00) with focal HPC lesions, as well as 18 

controls (six female, 12 male; age: M = 70.56, SD = 7.96) and administered an AAC task to both 

groups. Consistent with rodent findings on the impact of HPC inhibition, patients approached 

significantly more often than did controls when faced with AAC. Hierarchical drift diffusion 

modelling revealed that patients showed slower evidence accumulation toward avoidance 

decisions compared to controls, and a baseline propensity for approach decisions under AAC. 

These findings provide causal evidence that the human HPC is involved in AAC behaviour and 

offer novel insight into the associated latent decision-making processes. 
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Title: Human hippocampal theta is elevated during approach-avoidance conflict in a Pacman 

game 
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Abstract: Funding: NSF GRFP (BRS); NIH/NINDS 2 R01NS021135 (RTK) 

Choosing to approach or avoid actions or stimuli which represent both rewarding and aversive 

outcomes is both characteristic of everyday decisions and frequently induces anxiety. In humans, 

excessive avoidance is a feature of generalized anxiety disorder, PTSD, and agoraphobia. 

Research in rodents and primates has implicated the hippocampus (HC) in approach-avoidance 

conflict (AAC). Further, anxiolytics reduce HC theta band activity in anxiogenic contexts. 

However, human fMRI studies provide conflicting results about hippocampal activation during 

AAC. Here we tested two presurgical epilepsy patients (n=18 HC electrodes) on a novel, 

continuous approach-avoidance conflict decision-making game based on the arcade game 

Pacman (240 trials). The decision to move towards the center of the corridor was associated with 

potential gains (eating “dots”, resulting in points) and potential losses (ghost attack, resulting in 

loss of the Pacman life). 20% of trials were no-conflict trials, where the patient was free to 

collect dots without the threat of the ghost. We focused on theta power (3-7Hz) by condition 

(ghost vs no-ghost), by performing t-tests on the averaged signal between the two conditions and 

FDR corrected for the number of time points. We found that theta power was elevated in both 

patients during ghost trials compared to no-ghost trials prior to turning around (patient 1: 996-

1534 milliseconds, p < .05, corrected; patient 2: 1036-1442 milliseconds and again briefly from 

401-571 milliseconds prior to turning around (p < .05, corrected for both windows). These 

results provide evidence for human theta hippocampal involvement during approach-avoidance 

conflicts. 
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Abstract: Cognitive flexibility is the ability to adapt to our constantly changing environment. 

Reduced flexibility can lead to worse life outcomes and heightened cognitive decline with age. 

However, a full picture of the behavioural and neural underpinnings of cognitive flexibility has 

not yet been established, as it is a multifaceted construct. Paradigms commonly used to study 

flexibility include task-switching, attentional set shifting and reversal learning. In daily life, 

cognitive flexibility can involve a shift in behaviour being elicited volitionally. Individuals often 

choose to change behaviours based on environmental signals, but these are frequently 

accompanied by noise from the surroundings. We report results from a novel ‘change your mind’ 

task, which assesses proactive switching under uncertainty, without the need for ongoing rule-

based learning. Participants completed a two-alternative forced choice task and following 

spurious feedback, were presented with the same stimulus again. They could repeat their 

previous response or change it, acting of their own volition. To our knowledge, no existing task 

provides participants with the opportunity to repeat their choice and assess whether they 

subsequently choose the ‘road not taken’. We report findings from forty healthy participants who 

completed the task whilst undergoing functional MRI (fMRI) imaging. Behaviourally, 

participants predominantly repeat their choice but change their response choice when the first 

response was incorrect, or when negative feedback was presented. Greater activations were 

evident in the anterior insula (AI), anterior cingulate cortex and dorsolateral prefrontal cortex on 

change trials compared with repeat trials. These findings indicate that this task can be used to 

study volitional switching, and that the neural circuits have overlapping and diverging features to 

other subtypes of flexibility. 
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Abstract: Expectations are often dynamic: any sports fan knows that expectations change 

rapidly as games unfold. Yet expectations have traditionally been studied as static. Here we 

provide parallel electrophysiological and behavioral evidence that expectations change from 

moment to moment. In Study 1 (EEG, N=37, 150 trials each) subjects played a realistic slot-

machine game. They chose one item on the left reel, the right reel spun and decelerated to a stop. 

If the items on the payline matched, subjects lost $0.25; otherwise, they won $0.10. We 

classified wins by whether the machine stopped 1 item before a match (Narrow Escape Before, 

NEB), 1 item after (NEA) or more (Full Escape, FE). The feedback related negativity (FRN) was 

enhanced for losses (Fig.1.a p<.001). The P3 was larger for NEB than for other wins (p<.001), 

suggesting a bigger reward prediction error. Prior to the slot machine reveal, EEG differed for 

NEB vs. NEA and FE in the [-500ms-0] window (p<0.01), reflecting the expectations elicited by 

the possibility of losing (NEB) vs. assured winning as the wheel spins past match (NEA/FE). 

Study 2 (online, N=30, 36 trials each) used a new task to behaviorally measure expectations. On 

each trial, subjects chose between betting on a slot machine or a sure amount. Subjects could 

change their choice as often as they wanted during the trial. Bonuses depended on their choice at 

a random timepoint, thus incentivizing subjects to report their true expectations at each moment. 

We averaged choices across trials and subjects for each timepoint to build expectation 

trajectories for the 4 outcomes assessed in the EEG study. Notably, these trajectories were 

strikingly similar to the EEG traces in the last second before the machine stopped (Fig.1, c d). A 



timeseries regression analysis confirmed that behavioral expectations predicted EEG activity at 

Cz (p<.001). These studies provide the first evidence that moment-to-moment expectations can 

be behaviorally measured and are tracked by EEG activity. Our finding of dynamic expectations 

provides a new dimension to our understanding of how we predict the future. 
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Abstract: Behavioral and neuroimaging studies of decision-making under uncertainty typically 

use monetary outcomes. Though convenient for experimental paradigms, many decisions involve 

non-monetary outcomes. Life choices that are not directly quantifiable remain largely unstudied 

in part due to the large challenge that they pose to models of valuation and choice. Qualitative 

decision-making may exhibit significant demographic, behavioral, and neural variability that is 

not captured by quantitative outcomes. To investigate this, we presented healthy young (n=34, 

mean age 25.7±4.5, 18 female) and older adults (n=15, mean age 71.3±5.5, 6 female) with a 

monetary lottery task and a novel verbally-described medical decision-making paradigm while 

they underwent fMRI. Participants made monetary and medical choices under two conditions of 

uncertainty-risk and ambiguity. To assess the influence of uncertainty on choice behavior, the 

proportion of trials in which participants chose the uncertain option was calculated at each 

uncertainty level in both the monetary and medical domains. We found that, in both age groups 

and domains, participants chose the risky option more as outcome probability increased and the 

ambiguous option less as the level of ambiguity increased, though older adults were more 

ambiguity averse in the monetary domain than young adults (t(29)=-2.04, p=.050). Additionally, 

among older adults, men exhibited greater ambiguity aversion in the monetary domain than 

women (t(12) =-2.48, p=.03). To investigate the behavioral consistency of qualitative and 

quantitative decision-making, we correlated choice probabilities within subjects across domains. 

For young adults, medical and monetary choice probabilities were significantly correlated with 

one another under both risk (r=.56, p<.001) and ambiguity (r=.65, p<.001); however, in older 

adults, choice probabilities within the medical and monetary domains were statistically similar 

under risk (r=.54, p=.04) but not ambiguity (r=.19, p=.50). To explore the neural underpinnings 

of qualitative choice, we plan to conduct a univariate analysis by general linear model using 

binary predictors representing each uncertainty level in both decision domains. Additionally, we 

plan to conduct second-level region-of-interest analyses in the right posterior parietal cortex, 

previously shown to relate to risk attitudes. At present, our results demonstrate the importance of 

ecologically relevant decision-making paradigms and suggest that the synchrony between 

qualitative and quantitative decision-making may differ as a function of demographic variables 

such as age and gender. 
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Abstract: Mental effort is defined as the amount of cognitive work required by a given task. 

However, when subjects are properly incentivized, they can apply mental effort to improve their 

performance, independent of task difficulty. That people often need to be incentivized to exert 

cognitive effort suggests that it is costly to use. It remains unclear why cognitive effort is costly 

to use, given that its use is beneficial and adaptive. Here, we aim to elucidate the neural 

mechanisms of cognitive effort exertion and the downstream consequences of effort in terms of 

the quality of neural representations. Using a spatial working memory (WM) task, eye-tracking, 

fMRI, and Bayesian decoding, we test the hypothesis that cognitive effort impacts the quality of 

WM representations stored in the human brain. Participants performed a visual-spatial WM task 

with two trial types which required more (hard) or less (easy) memory precision. The amount of 

precision on each trial type was determined within-subject through two separate staircase 

procedures. Importantly, during the WM delay period, the only difference between trial types 

was the participant’s expectation of the difficulty of the upcoming judgment. We found that on 

hard compared to easy trials, participants were slower to respond and had larger pupil sizes 

during the memory delay, suggesting that subjects exerted more cognitive effort on those trials. 

Delay period BOLD activation was greater on hard relative to easy trials in visual field maps 

throughout the dorsal visual stream, suggesting that the exertion of cognitive effort increases 

neural response gain. These changes in gain across trial types were particularly strong in frontal 

cortex (retinotopic areas inferior and superior precentral sulcus). In addition, even voxels with 

receptive fields not containing the WM stimulus exhibited increased activity on difficult trials. 

These changes in BOLD activation were accompanied by increases in WM representational 

quality. Using a Bayesian decoder, we found evidence for increased representational accuracy in 

some retinotopic ROIs, like visual area V3AB. These results demonstrate that the neural 

mechanisms of subjective constructs like cognitive effort can be studied effectively. They also 

suggest one mechanism through which the use of cognitive effort may be costly, which is that its 

exertion is accompanied by widespread increases in neural activation even in task-irrelevant 

cortical areas. 
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Abstract: Working memory (WM) allows the brain to store information for a brief period of 

time and thereby increases the duration of neural representations available to support decision-

making and actions. The neural processes underlying WM are noisy and memory error increases 

with delay duration. Even though neurophysiological studies on animals and theoretical works 

have investigated how WM deteriorates over time, the formation of memory errors in the human 

brain remains largely unexplored. Here with fMRI, we studied how memory errors evolve across 

time in a classical memory-guided saccade task. During the experiment, in each trial, participants 

were presented with a brief WM target positioned at a random polar angle with a fixed 

eccentricity (12° from the fixation point). Participants were required to remember the location of 

the target, and after a 12-second delay, report their memory by making a saccadic eye movement. 

We used a Bayesian decoder (TAFKAP; van Bergen and Jehee, 2021) to decode the location 

(polar angle) of the target using the voxel activity pattern measured at each single time point 

during the delay. We found that the stimulus information, quantified as the (circular) correlation 

between the target location and the decoded location, can be decoded as early as 1.5 seconds 

from delay onset and peaks at about 3.75 seconds. Moreover, the errors made by the decoder 

were predictive of behavioral memory. The correlation between decoding error and behavioral 

error became significant at a later time point (~7.5 seconds at IPS0) and ramped-up over time 

during the delay. This error-error correlation emerged earliest in IPS0 and the dorsal exstrastriate 

cortex V3AB, and only became significant at the end of the delay in primary visual cortex. By 

sorting the trials based on the direction (clockwise vs. counterclockwise) of memory error, we 

found that the decoding error increased over time in the direction of behavioral memory error. 

Overall, our results are consistent with theories that model memory error as drift-like dynamics. 

These unique temporal population dynamics suggest that memory error accumulates in IPS and 

high-level visual cortex, and that WM content in primary visual cortex reflects feedback signals. 
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Abstract: How is working memory (WM) information represented in the brain? Neural and 

computational models have used data aggregated over hundreds of trials to argue for different 

perspectives on how population neural activity encodes individual memories. These proposals 

range from the notion that memories are point estimates (e.g., a specific shade of red) or that 

memories include measures of uncertainty (e.g., a reddish color), or that memories are complex 

probability distributions over feature space. The use of aggregate data represents a key inferential 

bottleneck that critically limits the ability to adjudicate between different theories of information 

coding in WM. In this study, we overcome this limitation using a powerful method to link 

behavioral and neural estimates of WM representation on a trial-by-trial basis. We asked 7 

human subjects to memorize the direction of a dot-motion stimulus and hold this information in 

WM over a brief delay. At the end of the delay, instead of making a single report about the 

memorized motion direction, they indicated their memory for motion direction by placing 6 

“bets”, resulting in a distribution over 360° direction space that reflected subjects’ probabilistic 

memory distribution on a per-trial basis. Additionally, we used a recently-developed 

probabilistic decoding method (TAFKAP; van Bergen & Jehee, 2021) to estimate the posterior 

probability distribution of motion direction given the BOLD fMRI signal in V1-V3. While this 

approach yields a probability distribution on a per-trial-basis, in practice it has been used to 

generate only aggregate mean and variance measures, due to difficulty linking trial-specific 

neural evidence with behavior. We compared trial-wise behavioral and neural distributions using 

Kolmogorov-Smirnov (KS) tests on each trial and found that the KS value was significantly 

smaller than chance (permutation test), suggesting that the variation in probabilistic neural 

representations matches that of behavioral reports. Moreover, the asymmetries in behavioral and 

neural distributions matched; the KS value for the real data was significantly smaller than the KS 

value for surrogate distributions with flipped asymmetry, suggesting that the asymmetry in 

neural representations was reflected in behavioral responses. These results indicate (1) that 

individual WM representations are complex probability distributions that contain more 

information than that can be deduced from aggregate WM data, and (2) that asymmetries in 

neural probability distributions influence behavior. 
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Abstract: Natural auditory sequences always organize into hierarchical structures. For example, 

when listening to speech, the brain has to encode the order of syllables to recognize a word and 

encode the order of words to understand a sentence. How the brain maintains such ordinal 

information of hierarchical sequences in working memory (WM) remains elusive. Our previous 

works have shown that the ordinal rank information could selectively be reactivated during the 

delay period of a WM task, by both a post-cue and a task-irrelevant neutral impulse. In the 

present study, using the same approach, we aimed to probe the neural representation of the 

hierarchical rank information retained in WM. We recorded electroencephalography (EEG) 

activities on human subjects while they memorized a sequence of words and report both global 

order of words and local order of syllables within a word. By employing a time-resolved 

multivariate decoding approach, we demonstrate that during the delay period, an auditorily 

presented probe word reactivates both its global and local rank information. A neutral impulse, 

however, only reactivates global but not local rank information, suggesting a predominance role 

of global structure in WM organization. Furthermore, global and local ranks are encoded by 

distinct response patterns, implying potentially orthogonal representations. Finally, rank 

reactivations correlate with behavioral global precedence effect. Taken together, the global and 

local ranks of a hierarchical auditory sequence are separately represented in the WM system, 

wherein the global rank might serve as a primary scaffold to organize information storage. 
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Abstract: Memories are composed of discrete events across time. However, which neural 

mechanisms underlie remembering the temporal order of events remains an open question. In 

this study, we probed a prominent theory proposing that temporal order of items in working 

memory is reflected in sequential neural activity at different phases of theta oscillations. We 

simultaneously recorded spiking activity and Local Field Potential (LFP) in the medial temporal 

lobe of neurosurgical patients performing a multi-item working memory task. We additionally 

trained Recurrent Neural Network Models (RNNs) in an analogous paradigm. During the 

memory maintenance period, we observed enhanced oscillatory theta power (2-8 Hz) as well as 

theta-phase-related spiking that reflected stimulus position and, importantly, depended on 

memory performance. Similarly, theta oscillations emerged in RNNs after training, and model 

units showed similar phase-dependent activity related to item position as recorded neurons. 

However, in contrast to the theory, the ordering of preferred phase of firing did not reflect the 

serial order of encoded memory items, both for recorded and model units. Instead, our modeling 

linked temporal order to stimulus timing and oscillation frequency, which we subsequently 

confirmed in our neural recordings. Taken together, our findings implicate spike-phase coding in 

the theta range as a potential mechanism to maintain sequential information within biological 

and artificial neural networks. 
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Abstract: Working memory, which encompasses the ability to maintain and manipulate 

information in short-term memory, requires a complex interplay between several brain areas 

ranging from sensorimotor to executive function. The primary neural correlate of WM is 

persistent neural activity while animals hold information in memory in the lateral interparietal 

cortex (LIP), prefrontal cortex (PFC), and the dorsolateral PFC (dlPFC). The function of this 



persistent activity and the mechanisms through which it occurs remain key areas of inquiry. 

Here, as part of an investigation of the mechanism of persistent activity, we conducted a 

theoretical investigation using recurrent neural networks (RNNs) to understand how persistent 

activity may occur and what it reflects, and we trained two monkeys to prepare for task 

performance and recordings. Average network task accuracies was greater than 97%, but 

decoding accuracy varied from 12% to 99% using support-vector machines (SVMs). The 

networks robustly demonstrated that information encoding occurs in short-term synaptic 

plasticity (STSP), especially when the delay duration is significantly shorter than the time 

constant of STSP, as decoding accuracy decreases in those circumstances. This was also 

demonstrated in the stark changes in the principal component analyses (PCAs) as delay duration 

increases: the first two principal components change from being overlapping to becoming 

spatially distinct as soon as the delay duration is larger than the neurotransmitter release 

duration. Finally, this is confirmed by the cross-temporal analyses, where this behavior is also 

observed during decoding of the sample during the delay period. As such, we conclude that 

information must be maintained in silent processing, i.e. STSP, during those times that 

information is unable to be decoded from the persistent activity of the networks but the networks 

still demonstrate high accuracy. We will investigate this further in vivo using semi-chronic 

electrode array recordings from surface cortical areas (such as the dorsolateral prefrontal cortex, 

dlPFC) and acute recording from sulcal areas (such as the lateral interparietal cortex, LIP). 
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Abstract: Working memory requires a maintenance of information in a readily accessible form 

in various cognitive tasks. Persistent firing of neurons is believed to be one of the 



neurophysiological mechanisms to retain information during working memory. However, it still 

remains unclear whether persistent firing is supported by intrinsic properties of individual 

neurons or by the synaptic network among them. Based on our previous work indicating the role 

of transient receptor potential canonical 4 (TRPC4) channels in persistent firing in individual 

hippocampal CA1 pyramidal cells, here we studied the role of TRPC4 channels on the spatial 

working memory and electrophysiological activity in vivo. A spatial-delayed alternation task 

(DNMTP-T-maze) was used to study the effect of TRPC4 knockdown on working memory in 

mice implanted with tetrodes in the CA1 area (12 weeks old, C57BL/6J). The behavioral results 

showed a significant performance attenuation in the TRPC4 knockdown group compared to the 

control group that was injected with a scramble shRNA virus. Local field potential analysis has 

shown significantly lower theta-high gamma coupling in the TRPC4 KD group compared to the 

control group. Single unit data analysis has depicted a significant decrease in elevated firing rate 

in the delay period of the working memory task (persistent firing). In addition, phase precession 

was reduced in TRPC4 KD group. In conclusion, our data suggests that hippocampal TRPC4 

channels support spatial working memory through persistent firing, theta-high gamma nesting 

and phase precession. 
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Abstract: Control over the contents of working memory is critical to ongoing cognition. While 

much attention has focused on the encoding and manipulation of such memoranda, the ability to 

actively remove items from this limited capacity system is also crucial. Currently it is unknown 

whether removal has the same dependencies as other working memory processes on 

dopaminergic tone, and whether it requires both local and large-scale changes in the connectivity 

of frontoparietal brain regions. In this study, subjects (N = 30) received either placebo or the 

catechol-O-methyltransferase (COMT) inhibitor tolcapone in randomized, counterbalanced, 

double-blind fashion while performing a working memory task in which they encoded three 



faces on each trial. Concomitantly with the third face, a retrospective cue (retrocue) alerted 

subjects to remember either one (low load condition) or all three (high load condition) of the 

faces. Behaviorally, performance assessed by the sensitivity index, d’, was significantly greater 

in the low-load than the high-load condition (F(1, 30) = 119.642, p < 0.0001, adj. R2 = 0.7928), 

indicating that subjects successfully utilized the retrocue. Consistent with the active nature of 

removal processes, corresponding BOLD responses in the frontoparietal and fusiform regions 

were significantly larger in the low-load than the high-load condition at cue, and activity in a 

face-sensitive region, the left fusiform cortex, scaled with d’ (all BOLD comparisons significant 

at p < 0.05, corrected for multiple comparisons). Concomitantly, a measure of network 

integration (node degree) was significantly greater in the frontoparietal network at cue for the 

low-load compared to the high-load condition. Although tolcapone did not significantly affect d’, 

activity in the right caudate and putamen, as well as bilateral anterior cingulate cortex, 

demonstrated a significant interaction between load and tolcapone. Together these results 

emphasize the active contributions of frontoparietal and higher visual areas to the removal 

process, and they suggest a dopaminergic influence on associated neural mechanisms. 
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Abstract: What is the fate of information that is held “in” working memory (WM), but out of the 

focus of attention? The double serial retrocuing (DSR) WM task begins with the presentation of 

two samples, followed by a retrocue (cue1) designating one the “prioritized memory item” (PMI) 

that will be tested at recall1. The uncued item (unprioritized memory item; UMI) can’t be 

forgotten, however, because with p = .5 cue2 might designate it for recall2. Previous fMRI and 

EEG studies of DSR have shown that multivariate evidence for the UMI can drop to baseline 

levels, suggesting that the UMI might be retained in an activity-silent format. More recently, 

evidence has also emerged that the UMI might be retained in an active, but transformed, 

representational format. For example, in an EEG study of the 2-back WM task, stimulus 



reconstructions with multivariate inverted encoding modeling (IEM) underwent a “flip” when 

items took on UMI status. To explore this, we trained recurrent neural networks (RNNs) with an 

LSTM architecture to perform the 2-back task and applied Principal Component Analysis (PCA) 

and demixed (d)PCA to hidden layer activity and observed that stimulus representation also flips 

as a function of its priority status. Here, we assessed the generalization of this finding to a task 

that, unlike the 2-back, challenges performance with overt, unpredictable prioritization cues. We 

trained RNNs (N = 10) with an LSTM architecture to perform DSR with > 95% accuracy on an 

independent test set. PCA visualization of LSTM hidden layer activity revealed priority-based 

representational transformation: the amount of representational change in the PC space is 10.68 

times (SD = 10.02) greater on “switch” trials, in which the item designated a UMI by cue1 is 

prioritized by cue2, than on “stay” trials in which the same item retains PMI status across the 

trial. Next, we applied dPCA to hidden layer activity to obtain state-specific subspaces. PMI and 

UMI subspaces were separated by an angle of 86.76° (SD = 2.15°), a geometry that would 

minimize interference between the two. PMI and decision subspaces were separated by an angle 

of 83.26° (SD = 3.19°), UMI and decision by 83.23° (SD = 3.71°). Although there are many 

differences between RNNs and the human brain, these results demonstrate the plausibility of the 

idea that the representational transformation of stimulus information may be a core computation 

supporting the flexible control of information held in WM. 
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Abstract: The ability to remove no-longer-useful information from working memory (WM) is 

important for the flexible control of behavior. In addition to the passive decay that results from 

the withdrawal of attention, behavioral data from an “ABC-retrocuing” task also provide 

evidence for an active removal process (Shan and Postle, 2022). ABC-retrocuing trials begin 

with the presentation of two oriented grating stimuli (“A” and “B”) followed by a cue indicating 

which of the two might be tested at the end of the trial (for this example, A). On trials that 

encourage “passive dropping” of the uncued item, item C then appears at a previously 

unoccupied location. On trials that encourage active removal of the uncued item, item C appears 

at the location where B had also appeared. In the present study we used functional magnetic 



resonance imaging (fMRI) of healthy adult humans (male and female) performing ABC 

retrocuing to assess evidence for each of three proposed mechanisms: hijacked adaptation, 

context breaking, and mental-context shifting. The hijacked-adaptation model posits an 

adaptation-like modification of perceptual circuits combined with a weak activation of the to-be-

removed item. Evaluated with multivariate inverted encoding modeling (IEM), it predicts a cue-

triggered flipping of the IEM reconstruction of stimulus information (Lorenc, Vandenbroucke et 

al., 2020; Sahan, Sheldon, et al., 2020). The context-breaking model posits a breaking of the 

stimulus-to-context binding that corresponds to “holding” information in WM. It predicts a cue-

triggered rapid decline to baseline of the IEM reconstruction of the actively removed item. The 

mental-context shifting model posits that interference from to-be-removed information is 

minimized via an abrupt change of mental context (such that the context associated with new 

information is maximally dissimilar to that associated with the to-be-removed information). It 

will be tested by using representational similarity analysis (RSA) to assess the rate of contextual 

shift under the active vs. the passive condition. This study is preregistered (osf.io/unrz9/) as a 

Stage 1-accepted Preregistered Research Report, with a target N=30. Preliminary results (N=5) 

are more consistent with the hijacked-adaptation than the context-breaking model. In early visual 

cortex, on active-removal trials, IEM reconstruction of the location of the to-be-removed item 

flips (to a significantly negative reconstruction) in response to the removal cue, before later 

returning to baseline in time for the encoding of new information at that location. 
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Abstract: The rodent medial prefrontal cortex (mPFC) can be divided into several layers and 

subregions based on both anatomical location and input/output connectivity. This region as a 

whole is thought to be essential for controlling working memory (WM), an active process in 

which an animal can hold recent sensorimotor information in mind with the goal of manipulating 



it or protecting it from interference for future use. Activity within isolated layers or subregions 

has been differentially implicated in mediating distinct phases of WM (e.g. information 

encoding, maintenance, or retrieval). However, how all layers and subregions interact in real 

time as an animal performs a WM task is completely unknown. Here, we simultaneously 

recorded from deep and superficial layers down the entire dorsal/ventral axis of the mPFC as 

mice complete a non-match to place WM task. Our initial findings indicate that spatial 

information enters the mPFC (encoding) in a distributed manner across all layers and subregions. 

It then undergoes a qualitative change so that it can be maintained in the superficial layers of 

dorsal mPFC during a delay period, and is subsequently transferred again to a more distributed 

representation before the animal needs to make a decision. To our knowledge, these findings are 

the first to detail the dynamic information flow between all mPFC layers and subregions within 

the same experiment. 
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Abstract: The mammalian cortex appears to be functionally organized along a hierarchy of 

intrinsic timescales, in which posterior sensory areas integrate input over shorter time windows 

than frontal association areas. These timescales are affected in aging and several 

neuropsychiatric diseases, and have been implicated in high-level cognitive processes such as 

working memory and evidence accumulation. However, the mechanisms underlying the 

generation of these timescales within local circuits and the degree to which they are modulated 

by behavioral state remain unclear. Here, we used mesoscale widefield calcium imaging of the 

whole dorsal cortex to begin investigating the circuit mechanisms underlying intrinsic 

timescales. Using transgenic mouse lines that preferentially label subpopulations of excitatory 

neurons, we examined how these timescales manifested within different cortical layers. 

Specifically, we imaged GCaMP6s from mouse lines that preferentially label layer II/III, layer V, 

or layer VI neurons in mice running spontaneously. We observed timescale gradients in all 

layers. Interestingly, however, the timescales themselves decreased systematically with cortical 



depth, with layer II/III displaying the longest timescales across all cortical areas. Further, these 

timescales were modulated by the behavioral state of the mice as indexed by running. This was 

true in all layers but modulation was strongest in layer V. We are currently investigating how 

timescales within and across layers and areas are expressed in individual neurons using cellular 

resolution two-photon microscopy. Taken together, our findings indicate that intrinsic timescales 

across the cortex are dynamic. Further, the laminar differences place important constraints on 

models of how intrinsic timescales arise in cortical circuits, and on our understanding of how 

cortical circuits are functionally organized to support behavior. 
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Abstract: The regularities of the world render an intricate interplay between past and present. 

Even across independent trials, current-trial perception can be automatically shifted by preceding 

trials, namely the ‘serial bias’. Meanwhile, the neural implementation of the spontaneous shift of 

present by past that operates on multiple features remains unknown. In two auditory pitch 

categorization experiments with human electrophysiology recordings, we directly examined how 

various past-trial features (pitch, category, and motor response) influence the present perceptual 

decision-making. Specifically, human subjects were required to report whether a given pitch 

belonged to the learned “High” or “Low” categories by pressing two buttons, wherein the 

categorical report and the motor response were dissociated by a choice-response cue presented 

either after (Experiment 1) or before (Experiment 2) the tone. First, within the same task, 

decision-making exhibits ubiquitous serial biases — the present category report being repelled 

away from the previous pitch but biased towards the previous categorical report, and the motor 

response showing a bias of alternation. Using multivariate decoding, we next demonstrate that 

serial bias arises from the co-occurrence of past-trial neural reactivation and the neural encoding 



of current-trial features. Notably, the past-trial feature can only be reactivated by the 

corresponding present-trial feature, resulting in a synchronized temporal profile of neural 

representation over time as revealed by the cross-correlation analysis. Our novel representation-

shift analysis further reveal that the meeting of past and present shifts the neural representation 

of current-trial features towards the direction consistent with the feature-specific behavioral 

biases and modulates serial bias behavior. In addition, the neural shift of features occurs at 

different temporal latencies, relatively early for pitch and motor response, but later for category, 

suggesting that serial bias operates at different stages of decision-making, from sensory 

processing to choice formation and motor execution. In summary, past-trial features that 

constitute an ‘event-file’ keep their respective identities in working memory and are only 

reactivated by the corresponding features in the current trial, giving rise to dissociated feature-

specific serial biases in neural representation and behaviors. This 'event-file' reactivation might 

constitute a fundamental mechanism for adaptive past-to-present generalizations over multiple 

features and facilitate the automatic interaction between memory and decision-making. 
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Abstract: A key element of human cognition is working memory (WM), a limited capacity 

system that keeps small amounts of information available for ongoing tasks. Previous WM 

studies have primarily focused on where stored information is represented in the brain, with little 

consideration for the implications of future use of the memorized information on these 

representations. Here, we used fMRI and multivoxel pattern analysis (MVPA) to investigate the 

effects of the future use of the memorized information on WM representations. Human subjects 

(18-35years old) performed WM tasks requiring active reproduction or recognition of a 

previously encoded stimulus (color/shape) while their brain responses were collected with a 3T 

MRI scanner. Consistent with the various phases of the experimental paradigm (encoding, 

maintenance/retention and memory test), we observed robust univariate activations within the 

occipitotemporal, parietal, motor and prefrontal cortices. Multivariate analysis of brain responses 



showed distinct representations for visual encoding of stimuli mainly within the early visual 

areas. In addition, the maintenance of information differed as a function of memory test 

(reproduction vs. recognition) in broad brain regions including visual, parietal, motor and 

prefrontal cortices. Our results suggest that neural representations in WM are task-dependent and 

may be contingent on the future use of the memorized information. 
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Abstract: The cerebellum is well-known for its role in motor control, but recent evidence 

suggests that the cerebellum is also involved in cognitive functions. Lesions of the cerebellum 

can lead to changes in working memory, which involves a system that temporarily holds and 

manipulates information. The contribution of the cerebellum to working memory is achieved 

through its connections with the prefrontal cortex (PFC). Previous studies showed that theta burst 

stimulation (TBS), a form of repetitive transcranial magnetic stimulation (rTMS), on the 

cerebellum changes its functional connectivity with the PFC. Specifically, excitatory intermittent 

TBS (iTBS) increases, whereas inhibitory continuous TBS (cTBS) decreases this functional 

connectivity. This study aims to further explore the cerebellar contribution to working memory 

by investigating the effects of cerebellar iTBS and cTBS on working memory performance. We 

expect that TBS will modulate the cerebellar contribution to working memory. We hypothesize 

that iTBS on the cerebellum will improve working memory, whereas cTBS will disrupt it. Nine 

participants (6 women and 3 men; age range: 42 - 79) participated in this ongoing study. 

Bilateral cerebellar stimulation was applied with a figure-of-eight coil at 3 cm lateral and 1 cm 

below the inion. The participants received iTBS, cTBS, and sham iTBS in three separate sessions 

in random order. Within 30 minutes after TBS, the participants performed three types of working 

memory tasks: letter 2-back, digit span forward (DSF), and digit span backward (DSB). The 

score ranges were 0-16 points for DSF and 0-14 points for DSB. For the 2-back task, we 

calculated the discriminability index (d-prime), which takes into account hits (percent correct) 

and false alarms (responses to non-target trials). The repeated measures ANOVA revealed a 

significant effect of the type of stimulation (iTBS/cTBS/Sham) on performance in the DSB task 

(F(2, 16) = 3.85; p = 0.04 ; ηp
2 = 0.33). Thus, we performed a planned comparison (a priori 

contrast), and it showed that scores in the cTBS condition were significantly lower than in the 



sham condition (t(16) = 2.67; p = 0.02). iTBS and cTBS did not affect performance in the 2-back 

and DSF tasks compared to sham. The findings support the hypothesis that the cerebellum is 

involved in working memory, and this contribution may be disrupted by cTBS. The study is 

ongoing and more participants are being recruited. 
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Abstract: The neural efficiency hypothesis posits that more intelligent individuals require less 

level of brain activation to perform a task successfully than less intelligent ones. Previous 

findings based on fMRI indicated that more intelligent individuals exhibit lower inhibition of the 

Default mode network (DMN) (Basten et al., 2013) and there were IQ-related differences in the 

brain cortical activation which tend to disappear by controlling for subjective difficulty (Dunst et 

al., 2014).We aimed to provide evidence for the neural efficiency hypothesis using fMRI 

activation/deactivation pattern during a delayed item recognition task (Letter Sternberg task or 

LS), in a group of 273 healthy adults aging from 20 to 80 years. We associated fMRI activations 

to IQ within 3 different large-scale brain networks (dorsal-attention network (DAN), DMN and 

visual) controlling for performance (ratio of d’ to response time), brain structure (cortical 

thickness) and task load. The LS behavioral data indicates that high IQ individuals have better 

overall performance (Δintercept =0.192, p<0.02), whereas they have steeper slope in load-related 

performance decay (Fig. 1a). At the neuronal level, controlling for brain structure, task-load, and 

individual performance level, we found that during the probe phase higher IQ was significantly 

associated with less brain activation in the DAN (p<0.004) (Fig. 1b). In addition, greater 

cognitive load was associated with more DMN suppression, while DAN and visual cortex tended 

to increase its activation with greater load (Fig. 1c). In conclusion, greater cognitive load 

corresponds, in general, to greater activation in visual and DAN whereas it is associated with 

stronger deactivation in DMN. Furthermore, higher IQ were associated with less activation at 

least in probe phase of the LS task in support of neural efficiency hypothesis. 
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Abstract: The temporary maintenance of information with working memory (WM) enables 

goal-oriented behavior and interacts with perceptual processing. Behavioral and physiological 

evidence suggest that WM items at varying levels of task relevance (or ‘priority’) might be held 

in distinct representational states, distributed across the brain. Yet it remains debated what role 

sensory systems play in WM maintenance. Recent studies have shown that pupil size reflects the 

brightness of an item that is internally maintained in WM - remembering a darker WM item 

elicits larger pupil dilation than brighter items, even when sensory input is equivalent. Like 

spatial attention processes, this WM-mediated pupillary response is likely controlled by the 

oculomotor orienting circuit, including Frontal Eye Field and Superior Colliculus. This pupil 

effect raises the question of whether peripheral sensory apparatus serve a functional role in 

supporting WM. To address this, here we test whether the WM-mediated pupil response reflects 

the features and attentional state of WM content. During eye-tracking, participants completed a 

retrocue WM task for dark and bright WM stimuli. We manipulated the relative priority state 

among two WM items by varying the reliability of the retrocue across blocks. Behaviorally, 

memory recall was better for cued (prioritized) than uncued items, and this effect was larger in 

blocks with most predictive cues. Physiologically, we replicated previous findings that 

remembering a darker WM item is associated with larger pupil size (vs. a bright item). 

Additionally, this effect was modulated by the degree of prioritization of the WM item: the WM-

mediated pupil dilation during maintenance was greatest in the condition when the retrocue was 

most reliable. These initial results suggest that pupil modulations track the neural 

representational state of WM content, with graded degrees of pupil modulation for items at 

varying priority levels. This experiment demonstrated that manipulating WM can modulate the 

pupils, while follow-up experiments will manipulate pupil dilation to probe the effects on WM. 

Together, these experiments will illuminate the role of early visual processing in WM 

maintenance, as well as the feasibility of using pupillary measures as an index of WM. 
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Abstract: Working memory (WM) enables the short-term maintenance of mental representations 

in support of ongoing cognitive operations. A substantial body of literature has sought to reveal 

the specific brain structures and mechanisms that support WM. To date, much of this literature 

has used correlational measurement techniques to investigate the neural substrates of WM. We 

sought to investigate the causal role of brain areas across cerebral cortex and cerebellum in WM 

using a combination of functional magnetic resonance imaging (fMRI) and transcranial magnetic 

stimulation. Across multiple sessions we applied continuous theta-burst stimulation (TBS) to 

disrupt activity in parietal cortex, frontal cortex, cerebellum, and a control site immediately prior 

to the performance of a continuous report spatial working memory task on a computer or in an 

fMRI scanner. A baseline fMRI session collected structural MRI, population receptive field 

mapping and resting-state scans. We examined the effect of this disruption on parameters of a 

variable precision mixture model fit to the recall error distribution for each session. We also 

investigated how the perturbation of each area affected the probabilistic decoding of remembered 

location from BOLD activity across the brain. TBS to each of our regions of interest resulted in 

reduced recall precision as well as increased precision variability relative to control stimulation. 

The probability of guessing was unaffected by TBS. We further showed that stimulation of our 

regions of interest decreased decoding accuracy and increased decoding uncertainty relative to 

the control site (van Bergen et al., 2015). These results provide evidence for a causal contribution 

to working memory maintenance by a distributed network of areas spanning both cerebral cortex 

and cerebellum. 
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Abstract: High frequency ripple oscillations (HFO, 80 - 200 Hz) are induced by cognitive 

processing and likely represent underlying neuronal activity. These events can be directly 

recorded from the human brain of epileptic patients who undergo monitoring with implanted 

intracranial or subdural electrodes as part of their epilepsy diagnosis. In this study, we analyzed 

the occurrence of HFO across brain structures during word presentation and memory encoding 

tasks. We automatically detected HFO in intracranial EEG data sampled at 5 kHz from 7 patients 

who performed two cognitive tasks. In the word screening (WS) task 180 distinct nouns were 

presented in 5 pseudorandomly ordered trials (i.e. each word 5 times). During the free recall (FR) 

task the patients were asked to remember 12 words presented one at a time, and then to recall 

them in any order after a short distractor task with simple algebraic equations. 15 trials were 

performed by each patient (180 words in total matched with the WS task).To determine HFO 

active channels in performed tasks we binned the detected HFO into 100ms windows from the 

word presentation to one second after presentation and identified the channels where the number 

of detections was higher than mean+3*std of all channels. Channels where at least one time bin 

was identified were marked as active. To investigate whether the same brain sites are activated 

during WS task and the encoding phase of the FR task we compared the number of active 

channels in each anatomical structure between the two tasks. To further determine whether there 

are specific word responses in the individual channels and structures we compared individual 

time bins to the mean+3*std of the average HFO rate across all words. We then calculated the 

percentage of the presented words that showed HFO activation. To assess whether any brain 

structures are connected to memory encoding we calculated the proportion of recalled words 

during FR task that showed HFO response during the FR encoding phase. The most active 

channels during WS were found in the lingual gyrus (N=10), precuneus (N=9) and middle 

temporal gyrus (N=8). The same structures were active during FR encoding with additional 

increased activation in orbital gyrus (N=5). The highest proportion of HFO word responses 

during WS task was observed in supramarginal gyrus (61% of the presented words) and superior 

frontal gyrus (54% of the presented words). The same structures showed a high percentage of 

word HFO activation of words that were subsequently recalled during the FR task. Word 

presentation and encoding show ripple activation in brain areas responsible for visual and word 

processing, language and memory. 
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Abstract: Visual working memory allows maintenance of relevant visual information for near-

term goals. Successful maintenance depends not only on accurate memory representation but 

also on controlled suppression of goal-irrelevant external events, such as distracting perceptual 

inputs (i.e., distractors). Distractors may be effectively suppressed if they can be anticipated. 

Some human electroencephalogram (EEG) studies showed changes in specific EEG band 

activity (e.g., delta (2-4Hz) or alpha band (8-12Hz)) pertaining to anticipation, but whether the 

same changes occur in animal models remains largely unexplored, especially in a non-human 

primate (NHP) model. An NHP model gives a significant advantage in studying whole-brain 

activity (e.g., EEG) and neuronal signals (e.g., spike) simultaneously, thereby providing a key 

translational approach to understanding human cognitive processes. In this study, we tested how 

NHP EEG activity changes in anticipation of distractors during memory maintenance. We had 

three questions to address. First, how does a distractor(s) influence the memory at the varying 

time points during maintenance? Secondly, is there a specific EEG band(s) reflecting distractor 

anticipation/suppression? Lastly, can we infer the memory from the anticipatory EEG activity? 

We recorded EEG from NHPs performing a memory-guided saccade task: remember the location 

of a briefly presented visual stimulus then saccade to the remembered location after a delay. 

During the delay, a distractor (a full-field checkerboard pattern visual stimulus) was flashed. We 

varied the task in two ways: a distractor(s) appeared either (1) at a single time point on half of 

the trials or (2) at different time points with equal probability. 

We found significant EEG band activity changes in the delta/theta band (1-6Hz) in anticipation 

of distractors in both variations of the task. We wanted to test whether the delta/theta EEG band 

also reflects memory-related information through decoding approaches. We found significant 

memory decoding performance when distractors were not presented. This finding suggests that 

the anticipatory EEG signals reflect suppression of distracting perceptual inputs during memory 

maintenance as a potential mechanism to protect memory. 
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Abstract: Age-related decline in the modulation of neural recruitment with increasing cognitive 

task demand has been observed in many studies using blood-oxygen-level-dependent (BOLD) 

signal. We measured age-changes in demand-related neural modulation in physiological factors 

underlying BOLD signal while participants performed a Sternberg working memory task 

(SWMT). In the SWMT, participants were presented with letters that they were instructed to 

hold in their memory. After a delay period, a probe letter appeared and participants determined if 

the probe letter was among the original set of letters they had been asked to remember. They 

responded by pressing a right or left thumb-button. The letter set-size varied parametrically 

between 2-, 4-, and 6 letters. Utilizing a dual-echo fMRI sequence, participants’ BOLD signal 

and cerebral blood flow (CBF) during the task were simultaneously measured. A CO2 ingestion 

procedure enabled the calculation of cerebral metabolic rate of oxygen (CMRO2). After pre-

processing, general-linear-modeling was conducted independently for BOLD and CBF to model 

the task-evoked signal changes. The resulting BOLD and CBF parameter estimates were used to 

calculate voxel-wise percent signal change (PSC). CMRO2 changes were then calculated using 

the deoxyhemoglobin dilution model. Accuracy showed significant main effect of set-size, but 

neither the main effect of age-group or the age-group by set-size interaction was significant. The 

main effect of age-group and set-size were both significant in reaction time, with no age by load 

interaction. In both age groups, reaction time (RT) increased monotonically with set-size 

increases. Task positive ΔBOLD and ΔCBF signals were observed in prefrontal and parietal 

regions in both groups. As set-size increased, the focus of the signals shifted from parietal to 

prefrontal regions. Age-increases in signal strength and extent were also observed. Between 

ΔBOLD and ΔCBF measures, there were considerable differences in the pattern of task positive 

signal. Especially, ΔCBF signal extent were more spatially restricted than ΔBOLD in younger 

adults but not in older adults. This result suggests that there were age-differences in CBF-BOLD 

dynamics during SWMT performance, possibly due to age-related changes in neurovascular 

coupling. 
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Abstract: Neural oscillations in different frequency bands are currently being linked to various 

cognitive functions e.g., theta with memory and alpha with attention. Instead, we propose that 

the role of neural oscillations is to control communication by providing building blocks, or low-

level operations, that can be employed for these higher-level cognitive functions. In this study, 

we targeted three rhythms: delta/theta, alpha and beta. We recorded magnetoencephalography 

(MEG) in human participants performing a visual delayed match-to-sample paradigm in which 

orientation or spatial frequency of sample and probe gratings had to be matched. A cue occurring 

before or after sample presentation indicated the to-be-matched feature. We demonstrate that 

alpha/beta power decrease tracks the presentation of the informative cue and indexes faster 

responses. Moreover, these faster responses coincided with an augmented phase alignment of 

slow oscillations, as well as phase-amplitude coupling between slow and fast oscillations. 

Importantly, stimulus decodability was boosted by both low alpha power and high beta power. In 

summary, we provide support for a comprehensive framework in which different rhythms play 

specific roles: slow rhythms control input sampling, while alpha (and beta) gates the information 

flow, beta recruits task-relevant circuits, and the timing of faster oscillations is controlled by 

slower ones. 
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Abstract: A thought can be intentionally removed from working memory by, for example, 

replacing it with another thought, suppressing that particular thought, or clearing the mind of all 

thoughts. These removal operations are associated with distinct neural patterns of activity in 

cognitive control regions and have differential impacts on working memory. The long-term 

consequences of these removal operations, however, are currently unknown. Based on the 

sensory recruitment model of working memory, we hypothesized that intentionally removing 

items from working memory, in some cases, could lead to the subsequent forgetting of those 

items. In this study, we investigated how working memory removal operations can induce 

forgetting in long-term memory through changes to the representation of the information during 

its removal. We collected fMRI data (N = 25) while participants performed a working memory 

removal task with pictures of natural and manmade landscapes, followed by a surprise long-term 

memory test of the studied items. We used category-level multivariate pattern classification and 

item-level representational similarity analysis to assess the neural representation of memory 

items before, during, and after being removed from working memory. Then we linked the neural 

measurements to the subsequent recognition memory outcomes for these items. Our results show 

that suppressing an item in working memory produced lasting changes to the representation of 

that item in long-term memory. Simply replacing an item in working memory did not. This 

neural result was also behaviorally relevant – items that were forgotten showed greater 

representational changes after suppression compared to items that were later remembered. These 

findings indicate that when an item is intentionally removed from working memory via 

suppression, this degrades its representation in long-term memory, which can lead to subsequent 

forgetting of that item. This research allows us to better understand the longer-term behavioral 

and neural consequences of removing information from working memory, thus providing vital 

insights into the impacts of cognitive control on memory. 
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Abstract: Sickle cell disease (SCD) is the most common genetic red blood cell disorder in the 

African American population. Neurocognitive impairment is a pervasive debilitating feature of 

SCD across the lifespan. In pediatric patients with SCD, a gap in the research is the neural 

correlates of working memory (WM)—a neurocognitive domain that is consistently identified as 

being impaired in these patients. This study investigated differences in resting-state functional 

connectivity (RS-FC) in WM brain regions between SCD patients and age-matched community 

controls. Twenty SCD patients (12-16y) and twelve controls (10-18y) completed both objective 

and subjective measures of WM, in addition to resting-state fMRI. Two SCD participants were 

excluded from the final analyses due to excessive head motion during the scan. Linear 

regressions were conducted to assess between-group differences in objective and subjective 

measures of WM, while accounting for demographic-related factors. Resting-state fMRI data 

was pre-processed using standard approach (SPM12). The WM network, including the medial 

prefrontal cortex (MPFC), anterior cingulate cortex (ACC), superior (SPL) and inferior parietal 

lobule (IPL), and middle temporal lobule (MTL), and the salience network (SN) were explored. 

Whole-brain, seed-to-voxel, between-group analyses of the WM and SN networks were 

conducted in order to assess differences in RS-FC within and outside of these networks between 

SCD patients and controls. Results revealed that subjective, parent-reported WM concerns were 

significantly higher in SCD participants compared to controls (t=2.109, p=.046). Self-reported 

WM and objective measures of WM were not significantly different between groups. 

Neuroimaging results revealed significant underconnectivity (pFDR-corrected=.012) of the WM 

network to hippocampal regions in SCD patients compared to controls. Within the SN, there was 

a significant underconnectivity of the SN to regions of the cingulate gyrus and cuneus (pFDR-

corrected=.019; pFDR-corrected=.043) among SCD patients compared to controls. Overall, these 

results demonstrate alterations of connectivity in regions associated with WM among SCD 

patients, which is consistent with parent-reported concerns of everyday WM functioning, but was 

not related to objective measures of WM. These findings identify neural correlates to WM 

deficits and suggest that multimodal assessments may be necessary to fully understand the 

physiological and neurocognitive impacts of SCD mechanisms on WM. 
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Abstract: Successful working memory (WM) for complex objects requires not only that each 

objects’ individual features are temporarily held in mind, but also that these are bound together 

into coherent representations. The mechanisms supporting feature binding in WM remain 

unclear. When subjects are asked to hold multiple items in WM and report a feature of one item, 

‘swap’ errors occur when an inaccurate response to the target item is accurate relative to a non-

target item - e.g., if a subject shown a red square and a blue circle mistakenly reports the color of 

the circle as red. Swaps reflect the failure to maintain the correct feature binding, and can thus 

offer important insights into its underlying neural mechanisms. A recent biophysical network 

model (Barbosa et al., 2021) proposes that features in WM are bound through low-frequency 

synchrony, and swaps result from phase synchrony perturbations. We tested the 

neurophysiological prediction of this model by using MEG data collected from 26 human 

subjects in a task designed to induce swaps. Subjects were briefly shown 3 circles (0.2 s) and 

held their colors and locations in WM. After memory delay (2 s), subjects reported the location 

of each of the circles, sequentially cued by their color. We used a maximum likelihood approach 

to distinguish swaps (location of one of the non-cued circles mistakenly reported) from high-

precision (HP) trials (location of all circles reported accurately). We estimated the Phase 

Preservation Index (PPI), which captures the consistency in phase differences across trials with 

respect to memory delay onset, separately for trial type. PPI was significantly higher in HP trials 

than swaps in alpha-band (~10 Hz) over parieto-occipital sensors. Importantly, PPI differences 

did not generalize to low-precision reports of cued location, suggesting that phase 

inconsistencies are a hallmark of swaps. To understand why the phase preservation may be 

compromised, we compared the standard deviation of frequency sliding (FS), which measures 

single-trial temporal fluctuations in oscillation peak frequency, between trial types. Swaps were 

characterized by increased variability in FS compared to HP trials in the same sensors that 

exhibited PPI differences. Our findings confirm the central prediction that swaps are 

characterized by less phase preservation during delay. Moreover, they indicate that phase 

inconsistencies arise through increased temporal coding variability. These results support the 

notion that feature binding in WM is accomplished through phase-coding dynamics that emerge 

from the competition between different memories, which may result from lateral inhibition 

between neural networks. 
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Abstract: Maintaining an object composed of multiple features in visual working memory 

(VWM) internally represents these features as a conjunction, as well as binding the object to a 

representation of the context in which it was encountered (e.g., its location in space, or the order 

in which it appeared within a series of presented objects). Recent studies observed larger ERPs at 

contralateral parietal-occipital electrodes during stimulus encoding and at bilateral sites during 

delay period on trials in which location context was necessary for memory retrieval. 

Additionally, several studies have demonstrated that stimulus location can be decoded from EEG 

and fMRI signals even when it is not required for task performance. This suggests that the 

binding of item location information is automatic, perhaps obligatory. Our current study aims to 

1) find a neural marker of binding multiple features in VWM by exploring the time course from 

encoding and maintaining to retrieving; 2) investigate whether only spatial positions or generally 

a visual feature can be spontaneously represented when encoding another feature. Each trial 

begins with a cue (200 msec), followed by the bilateral presentation of arrays of one or two 

sample items (750 msec), then an unfilled delay (900 msec), and finally a recognition probe. 

Samples are circular oriented-grating patches that can appear in any of 5 colors. To manipulate 

the importance of feature binding, trials are blocked according to the dimensions along which 

invalid probes can differ from the samples: only color; either color or location; or either color or 

orientation. Preliminary behavioral data have revealed a load effect (i.e., higher accuracy and 

faster reaction times (RT) for 1 vs. 2 items) and an effect of binding demands (i.e., higher 

accuracy and faster RTs for color-only vs. color + location and color + orientation). Note that 

these results argue against the “strong object hypothesis,” in a manner insensitive to the number 

of features that define an object. In our main experiment, we will record EEG with these same 

behavioral procedures, to test the following predictions: in addition to replicating the preliminary 

behavioral results, we will observe 1) the ERP effects mentioned above; 2) elevated power in 

mid-frontal theta-band oscillations during high-binding conditions; 3) successful decoding of 

stimulus location and orientation in all three memory conditions (consistent with the automaticity 

of this operation). Confirmation of these hypotheses will identify a neural marker of binding 

multiple features in VWM, and establish boundary conditions regarding whether and when a 

task-irrelevant visual feature is actively represented in VWM. 
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Abstract: Numerous electrophysiological and imaging studies in non-human primates and 

humans demonstrate the distributed nature of working memory. Working memory-related 

sustained activity is rarely observed in the sensory areas but robustly displayed in the prefrontal, 

parietal, and inferotemporal association cortices. What are the organizing principles that 

determine the pattern of distributed working memory activity across the cortex? To address this 

question, we use a modeling framework that integrates a generative model for the mesoscopic 

connectivity of the macaque neocortex (Song et al., 2014) with biophysically realistic neuronal 

dynamics. First, we use the diffusion map method on the generated connectivity data to estimate 

the hierarchical position of each cortical region. Using this hierarchy, we define a macroscopic 

gradient for the strength of excitation across the cortical mantle, consistent with experimental 

observations. Then, we use the resulting connectivity and gradient of excitation to construct a 

large-scale model of the macaque neocortex. Our model naturally displays distributed working 

memory-related persistent activity patterns, consistent with experimental observations. 

Strikingly, there is a sudden transition in firing rate activity along the hierarchy, determining 

which brain region will present working memory-related persistent activity. This phenomenon 

corresponds to a bifurcation in the hierarchy space. The critical hierarchical position when this 

transition occurs in a distributed working memory state corresponds to the bifurcation point. 

Around this point in the hierarchy, slow fluctuations or switching between background and 

persistent activity are present. Thus, during distributed working memory states, the timescale of 

cortical areas around this bifurcation point increases dramatically from milliseconds to seconds, 

displaying a non-monotonic timescale profile in the hierarchical space. On the other hand, for 

background activity, the timescale for cortical areas increases monotonically with the hierarchy 

from sensory to association areas, as previously reported. We show this bifurcation in space is 

organized by a cusp bifurcation in parameter space, providing with this a simple geometrical 

explanation for the observed phenomenon. Together, our work suggests that working memory 



states are organized around a bifurcation in cortical hierarchical space, and the signatures of this 

bifurcation are predicted to be present in cortical timescales. 
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Abstract: Oscillatory activity in the human brain is dominated by posterior alpha oscillations (8-

14 Hz), which have been shown to be functionally relevant in a wide variety of cognitive tasks. 

Although posterior alpha oscillations are commonly considered a single oscillator anchored at an 

individual alpha frequency (IAF; ~10 Hz), previous work suggests that IAF reflects a spatial 

mixture of different brain rhythms. In this study, we assess whether Independent Component 

Analysis (ICA) can disentangle functionally distinct posterior alpha rhythms in the context of 

visual short-term memory retention. Magnetoencephalography (MEG) was recorded in 33 

subjects while performing a visual working memory task. Group analysis at sensor level 

suggested the existence of a single posterior alpha oscillator that increases in power and 

decreases in frequency during memory retention. Conversely, single-subject analysis of 

independent components revealed the existence of two dissociable alpha rhythms: one that 

increases in power during memory retention (Alpha1) and another one that decreases in power 

(Alpha2). Alpha1 and Alpha2 rhythms were differentially modulated by the presence of visual 

distractors (Alpha1 increased in power while Alpha2 decreased) and had an opposite relationship 

with accuracy (positive for Alpha1 and negative for Alpha2). In addition, Alpha1 rhythms 

showed a lower peak frequency, a narrower peak width, a greater relative peak amplitude and a 

more central source than Alpha2 rhythms. Together, our results demonstrate that modulations in 

posterior alpha oscillations during short-term memory retention reflect the dynamics of at least 

two distinct brain rhythms with different functions and spatiospectral characteristics. 

Disclosures:  J. Rodriguez-Larios: None. A. Elshafei: None. M. Wiehe: None. S. Haegens: 

None. 

Poster 

568. Working Memory: Neural Mechanisms and Oscillations 



Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 568.29 

Topic: H.05. Working Memory 

Support: JPMJCA2208 

JPMJCE1311 

JPMJMS2297 

1+3 ESRC PhD studentship, reference number: 1788622 

Title: How visual is visual working memory? Neural evidence for a distinction between the 

subjective experience of quality and quantity of mental imagery 

Authors: K. E. BATES1, M. L. SMITH2, E. K. FARRAN3, *M. G. MACHIZAWA4;  
1Dept. of Psychology, King’s Col. London, London, United Kingdom; 2Dept. of Psychological 

Sci., Birkbeck, Univ. of London, London, United Kingdom; 3Dept. of Psychology, Univ. of 

Surrey, Guildford, United Kingdom; 4Ctr. for Brain, Mind & KANSEI Sci. Res., Hiroshima 

Univ., Hiroshima-Shi, Japan 

Abstract: Our ability to generate perceptual phenomena in mind allows us to contemplate the 

future and remember the past. Mental imagery (MI) is defined as the ability to generate visual 

mental images in mind in the absence of sensory input. MI is often likened to visual working 

memory (VWM): the ability to maintain and manipulate visual representations. However, the 

evidence does not yet warrant this conclusion. In a modified orientation change-discrimination 

task, the relations between meta-cognitive performance on MI, the focus of attention, and neural 

substrates of VWM were investigated. During the maintenance period, 23 participants guessed 

the quality (vividness) and quantity (number) of their MI while they were instructed to focus on 

either precision or capacity of representation to retain at set-sizes (1, 2 and 4). As a neural 

marker for visual working memory, the contralateral delay activity (CDA) and their behavioural 

performance were assessed. As was expected, both vividness and quantity ratings varied over 

set-sizes; however, those subjective ratings and behavioral performance was not correlated (ps > 

05, n.s.) except for vividness rating at set-size 1 (rSpearman = .578, p = .015). As for the neural 

responses, CDA mimicked the lack of correlation such that there were no statistical differences 

between reported ‘high and low’ vividness and ‘many and less’ capacity conditions. Contrary to 

our expectations, individuals appear to have poor insight into the precision and capacity of their 

MI. These sets of evidence feature that the subjective sensory experience of MI is distinct from 

the visual quality and quantity of VWM. This study has methodological implications for 

examining how individual differences in MI support VWM and contribute to the theoretical 

interpretations of the role of consciousness in VWM. Ultimately, this study opens debate for the 

theories on VWM and MI supported by the intriguing interaction between meta-cognition of MI 

and the behavioural and neural correlates of VWM. 
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Title: Attended and conscious task relevant WM information may not be decodable from 

frontoparietal regions if they are not linked to different goals 
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1Bilkent Univ., Ankara, Turkey; 2Psychology, Bilkent Univ., ankara, Turkey 

Abstract: A set of FrontoParietal regions (FP) activates during all kinds of demanding tasks. 

How these regions control cognition is a key outstanding question. Many accounts purport that 

these regions represent contents of working-memory/attention/conscious-awareness, and thus are 

the basis of attention/WM/consciousness undergirding any cognitive control. Indeed, MVPA 

studies have shown the decodability of working memory/ conscious representations from FP 

regions. However, in the design of these studies the different representations being decoded were 

linked to different goals. Their decodability is thus evidence of the decodability of different goal-

directed programs and not of contents of WM/consciousness. Indeed, previous work (Farooqui & 

Manly, 2018) has raised the possibility that these regions activate primarily to goal completions 

and not to working memory/attention/consciousness. In fact, the latter when dissociated from 

goal completions, had deactivated these regions. Can attended, conscious, WM representations 

that are not linked to different goals be decoded from the pattern of activity of control related FP 

regions? We created an extended task in which picture identities to be decoded were not linked 

to different tasks or goals. In a modified visual n-back experiment, participants saw a series of 

pictures and covertly monitored them to see if any picture repeated after n steps and kept a count 

of such repeats. At the end of the series, they answered how many repeats had occurred. The 

identity of a picture, especially when repeated, was thus unambiguously attended, conscious and 

present in WM. At the same time, different repeating pictures were not linked to different tasks 

or goals. Both in regions of interest as well as wholebrain searchlight analysis, we found that the 

identities of such pictures were only decodable from visual regions (three local maxima extended 

along bilateral calcarine fissure, bilateral lingual gyrus, bilateral middle occipital gyrus, left 

middle occipital gyrus and left supplementary occipital gyrus, p(FDR)<0.05) and crucially not 

from any of the control-related FP regions. We suggest that attended and conscious information 

present in WM, even when task-relevant, may not be decodable from the activity patterns of FP 

regions if they are not part of different goal-directed programs. (This work is supported by The 

Scientific and Technological Research Council of Turkey, grant number: 120K924) 
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Abstract: Our tasks are hierarchical. Tea may be prepared as part of a larger task of preparing 

breakfast and may in turn consist of smaller acts (e.g., boiling water). Rest are periods when 

cognition is not active with any task. Hierarchical nature of our tasks creates different kinds of 

rests. During some (e.g., resting after preparing tea but before preparing sandwich) cognition is 

still within the overarching task of preparing breakfast. During others (e.g., resting after 

preparing breakfast), the overarching task is over and the rest is outside it. We investigated 

which brain regions distinguished between these different kinds of rests. Crucially, this would be 

a way of knowing if and which brain regions represent long overarching tasks of durations 

extending into tens of minutes. The set of brain regions that remain active during rest periods 

within a long overarching task must be representing that task. Participants (n = 61) did a series of 

15-minute functional magnetic resonance (fMRI) runs made of demanding N-back tasks. There 

were smaller rests (5-19 s) in between the trial blocks and longer rests (15-60 s) before starting 

and after completing the 15-minute run. We conducted whole-brain and region of interest (ROI) 

analyses and found that a set of fronto-parietal network (FPN) regions, previously associated 

with various task demands, remained active during rests that occurred within the experiment run. 

These included anterior cingulate cortex (Cohen’s d = 0.70), supplementary motor area (d = 

0.30), right inferior frontal sulcus (d = 0.45), right intraparietal sulcus (d = 0.59). These regions 

have previously been seen to be active during all kinds of task executions. It has been unclear if 

their activity was related to ubiquitous control demands, difficulty associated with such 

executions, or was related to task engagement per se. Our finding suggests that these regions are 

active during any kind of task engagement including those that involve no active control 

demands. Representation of task hierarchy has also been unclear. Different accounts have 

suggested the anterior prefrontal regions or the default mode network (DMN) regions as 

representing the overarching task. Current finding suggests that control-related FPN regions, 

purported to represent the lower-level aspects of task execution, are active in relation to the 

overarching and higher-level task. This work is supported by The Scientific and Technological 

Research Council of Turkey, grant no: 120K924 
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Abstract: Autism spectrum disorder (ASD) is associated with cerebellar malformation, marked 

by social, communicative, and behavioral challenges. Past studies in mice have shown 

differences in social preference between animals exhibiting autism-like behaviors and normal 

mice in a three-chambered environment, but social interactions have not been studied in freely 

behaving animals in an unobstructed arena. Here, we examine the social behavior of cerebellum-

specific Tsc1 mutant and wild-type mice in the open field. We recorded bottom-up, 20-minute 

videos from 32 pairs of mice, including mutant-mutant, mutant-wild type, and wild type-wild 

type pairs. We used deep-learning based pose estimation software (SLEAP1) to track the 

animals’ position over time and measure body-part dynamics. All mouse pairs exhibited complex 

chasing and locomotory behaviors, with differences in wildtype-wildtype, wildtype-mutant, and 

mutant-mutant pairs. In terms of the distance between animals, velocity, and heading, mutant 

Tsc1 mice avoided their social partners more often than wild-type mice. We next defined 

individual behaviors from pose dynamics by clustering wavelets derived for each body part2,3. 

This analysis defines a number of non-social behaviors including locomotion, grooming, and 

climbing, and one social behavior that occurs when mice are close to each other. We find that 

mutant mice engage in this social behavior less than wild-type mice and that mutant mice 

sometimes display social-like behavior at large distances from their partners. 

1. Pereira, T.D. et al. SLEAP: A deep learning system for multi-animal pose tracking. Nat 

Methods 19, 486-495 (2022). https://doi.org/10.1038/s41592-022-01426-1. 

2. Berman Gordon J., Choi Daniel M., Bialek William and Shaevitz Joshua W. 2014Mapping the 

stereotyped behaviour of freely moving fruit fliesJ. R. Soc. Interface.112014067220140672. 

http://doi.org/10.1098/rsif.2014.0672. 

3. Klibaite U, Kislin M, Verpeut JL, Bergeler S, Sun X, Shaevitz JW, Wang SS. Deep 

phenotyping reveals movement phenotypes in mouse neurodevelopmental models. Mol Autism. 

2022 Mar 12;13(1):12. http://doi.org/10.1186/s13229-022-00492-8. 
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Abstract: The ventrolateral prefrontal cortex (VLPFC) is consistently active during the 

perception of faces and vocalizations, suggesting that the region has a critical role in normal 

social function. While categorical features of social stimuli, like identity and expression, have 

been shown to drive single unit and population activity in the temporal lobe (Yang and Freiwald, 

2021; Gothard et al. 2007) the impact of these features on VLPFC neuronal activity is 

understudied and the social information encoded by the region is unclear. Additionally, single 

neurons in the VLPFC exhibit non-linear multisensory integration, suggesting that a single 

neuron’s response to a face or voice in isolation does not scale to the population activity 

occurring during perception of dynamic communication stimuli. Thus, we tested whether neural 

responses to naturalistic stimuli were driven by identity or expression in the macaque VLPFC by 

recording neural activity in this brain region while 2 macaques viewed audiovisual face and 

vocal expressions from 3 unfamiliar conspecifics making expressions of aggressive, affiliative, 

and neutral valence. Of the 466 recorded neurons, 285 were responsive to the stimuli. The 285 

neuron mean selectivity index for stimulus (0.41 ± 0.13), identity (0.22 ± 0.13), and expression 

(0.22 ± 0.13) indicated that single units were not particularly selective for single stimuli, 

identities, or expressions. Although a two-way ANOVA found significant main effects of 

identity, expression, or their interaction in the firing rates of 111 single neurons (n=285, p 

<0.05), the mean decoding accuracies across the 285 single units for identity (0.38 ± 0.06) and 

expression (0.38 ± 0.05) were not appreciably higher than chance (0.33). However, when 

analyzed as a pseudo-population, decoding accuracy increased as a function of population size 

for both identity (0.80 at n=280) and expression (0.64 at n=280). Principle components analysis 

of mean population activity across time revealed that population responses to the same identity 

followed similar trajectories in the response space, facilitating segregation from other identities. 

Our results suggest that identity is a critical feature of social stimuli that dictates the structure of 

population activity in the VLPFC during the perception of expressions. These findings enhance 

our understanding of face processing and social behavior beyond the temporal lobe in macaques 

and humans. 
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Abstract: Jealousy is a social emotion that elicits behavioral reactions from an individual toward 

a threat to a valuable relationship. Monogamous species exhibit jealousy-type behaviors as an 

adaptive response to preserve the relationship. Jealousy is also a complex emotion composed of 

several basic negative emotions: fear of loss, anxiety, suspiciousness and anger. Negative 

emotions like anxiety may impair cognitive processes such as cognitive flexibility, an ability 

important for coping with new situations. However, little is known about how complex social 

emotions influence cognitive flexibility. To understand the interaction between jealousy and 

cognitive flexibility, we examined the neural, physiological and behavioral factors involved in 

jealousy and cognitive flexibility in female titi monkeys. We presented subjects with a jealousy 

provoking scenario, followed by a reversal learning task and a PET scan. We found that female 

titi monkeys reacted to a jealousy provoking scenario with increased locomotor behavior and 

higher glucose uptake in the cerebellum; however, hormonal measures and cognitive flexibility 

were not affected. Glucose uptake in the orbitofrontal cortex (OFC) was significantly decreased 

during jealousy scenarios, while uptake in the anterior cingulate cortex (ACC) was decreased 

during reversal tasks. Our findings suggest that the presence of an intruder produces less visible 

behavioral reactions in female titis than in males and does not appear to impact cognitive 

flexibility. 
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Title: Enhancement of rhythmic motion entrainment by social contexts in the macaque 
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Abstract: Body movements are influenced by external factors including visual and auditory 

stimuli and physical constraints. When we move in a rhythmic manner in social contexts, e.g., 

clapping hands, one’s bodily rhythm is easily affected by external rhythms made by other 

individuals. This phenomenon is called rhythm entrainment. Although rhythm entrainment is 

ubiquitous and thought to underlie social communication, little is known about its neural 

mechanism. This is partly because experimental animal models to test rhythm entrainment have 

not been established. Here, we trained Japanese monkeys (Macaca fuscata) to perform a 

rhythmic forearm movement task under various social and nonsocial conditions. The monkeys 

were trained to move a lever back and forth along a straight track at two different speeds. 

Explicit pacemakers, either visual or auditory, were never presented; the monkeys were given an 

abstract instruction to move ‘fast’ or ‘slow’ by a stationary visual cue. The task performance was 

judged to be correct if the duration of one-way motion was shorter than 500 ms in the fast 

condition and longer than 400 ms in the slow condition. Once the monkeys had learned these 

task rules, they performed the task in front of a monitor, in which movies of another monkey 

performing the same task (monkey-motion condition) or movies of a moving lever without a 

monkey (object-motion condition) were replayed at different motion speeds (0.3-2.7 Hz). We 

found that although no extra reward was given for synchronization with the motion stimuli, the 

monkeys’ movement became faster when the movie was replayed at a faster speed in both 

conditions. This entrainment effect was larger when the monkeys’ line of sight was within a 

range covering the moving lever. Notably, the entrainment effect was greater in the monkey-

motion condition than in the object-motion condition. A further test using regularly blinking 

lights or rhythmic tones showed that the lack of motion stimuli caused no entrainment effect. 

These findings suggest that motion of external stimuli, in particular in social contexts, facilitates 

rhythm entrainment. Thus, macaque monkeys can be a good animal model to elucidate the neural 

mechanisms underlying socially driven rhythm entrainment. 
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Abstract: Social interaction is known to have numerous neuroprotective, cognitive, and 

emotional benefits. Several elements are involved in social behavior, as well as underlying 

mechanisms and manifestations, including social hierarchy, sexual interaction, parenting and 

living in groups or isolated. Socialization has been linked to stimulating and enhancing cognitive 

function, mainly memory and learning processes, reducing the impact of stress, decreasing 

anxiety, and depression-like behaviors. However, the effects depend on several variables, such as 

age, sex, and duration of the condition. Our study aims to evaluate the cognitive and emotional 

effects of continuous or intermittent chronic social interaction. Method: We use sixteen 70 days 

old Wistar male rats that were divided into two groups according with their treatment: the 

continuous social interaction group (housing together), and the intermittent social interaction 

group (2 hrs per week). The condition last for 120 days (approx. 4 months old). After this, the 

evaluation started. We evaluate recognition memory, navigation memory, aversive memory, and 

anxiety-like behavior. The results are being processed, currently there is no differences between 

groups. Conclusion: social interaction continuous or intermittent apparently have similar effects. 
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Abstract: Accurately interpreting and remembering ethologically-relevant events is crucial for 

the survival of an organism. To understand the role of the basolateral amygdala (BLA) during 

ethological events, we recorded from large populations of BLA neurons using Neuropixels 

probes in freely-moving rats during different events - including interaction with social 

conspecifics, moving toys or food. We identified two main groups of BLA neurons, those that 

responded globally to several events (panresponsive) and those that were highly tuned to a single 

type of events (event-specific). These two classes of BLA neurons differed in anatomical spread, 

response onset and neuronal connectivity. A portion of these neurons continued to fire for 

minutes after the end of the eliciting events, potentially acting as an active memory trace of the 

event. Future experiments will further probe the role of BLA neurons in memory. 
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Abstract: NMDA receptors are encoded by GRIN genes GRIN1, GRIN2A-D, and GRIN3A-B. 

Rare de novo mutations in the GRIN genes cause GRIN disorder, a neurodevelopmental disorder 

with symptoms of profound intellectual disability, epilepsy, and visual cortical impairment. 

GRIN disorder can be modeled with Grin1KD mice, which have a 90% reduction in GluN1 

expression leading to NMDAR hypofunction. Cognitive deficits, reduced social motivation, 

impaired sensorimotor gating and seizures has been reported in Grin1KD mouse, making it a 



promising model for GRIN disorder. Bioenergetic deficits in Grin1KD mouse have been reported, 

suggesting deficient glucose uptake to meet high energy demand. We asked whether ketone 

bodies could serve as an alternative energy source in Grin1KD mice, particularly since a 

ketogenic diet is an effective therapy for childhood-onset epilepsy. An emerging hypothesis 

suggests that elevation in beta-hydroxybutyrate (BHB) is key to the therapeutic effect of a 

ketogenic diet. BHB can be consumed as a supplement in water, making it a preferred substitute. 

We hypothesized that both a ketogenic diet and BHB can improve the behavioural consequences 

in Grin1KD mice. Long-term exposure to BHB-supplemented water (NPN 80085843; Natural 

Health Product, USA; 6mg/ml; from 3 to 14 weeks of age) improved the hyperlocomotion and 

sensorimotor gating activity in Grin1KD mice. However, deficits of social behaviour and spatial 

working memory (assessed by Y-maze) in Grin1KD mice were not improved by BHB. We also 

tested the effect of a ketogenic diet (TD.07797, Envigo Canada; from 5 to 14 weeks of age) on 

behavioural impairments of Grin1KD mice. Ketogenic diet improved hyperlocomotion but 

showed minimal effect on social behaviour and spatial working memory function in Grin1KD 

mice. Our results suggested modest effect of BHB and ketogenic diet on socio-cognitive function 

in a mouse model of GRIN disorder. Ketogenic diet is not superior to BHB. In fact, it showed 

unwanted side effects including inadequate weight gain. Our study supports BHB as a preferred 

substitute over a ketogenic diet because BHB produces comparable beneficial effects with fewer 

adverse effects. We are currently investigating myelination morphology in Grin1KD mice which 

is a potential target improved by both treatment interventions. 
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Abstract: Conspecifics carry great influence over an animal’s behavior. The location, actions 

and relative social status of conspecifics must constantly be tracked and integrated with the 

individual’s own internal state. The complexity of the world and the behavioral affordances 

available to an individual will influence how it behaves. Rodent behavioral assays for social 

interaction, such as the three-chamber test, drastically restrict the behavioral affordances of the 

animal in order to focus on specific operationally defined behaviors that are easily analyzed. 

Such approaches eclipse the second-by-second decision making that is found in naturalistic 



behavior that animals express in the wild - and in the laboratory when given the opportunity. 

This work elucidates how individual rats interact and engage with one another in a large open 

field environment over time, where the evolution of social hierarchy development and inter-

personal influence is quantified. Time-dependent modeling is then used to describe how 

individuals influence the behavior of conspecifics and to assess if increased influence is 

correlated to specific behavioral phenotypes. 

To this end, we collected data from each individual animal (N = 16 males, N = 16 females) by 

themselves in an open field (1m x 1m), on a plus-maze and in the three chamber sociability test 

in order to obtain a general phenotypic description of each animal’s behavior as it relates to 

anxiety and social interest. We then introduced groups of four rats of the same sex (N = 4 male 

groups, N = 4 female groups) into an open field (1m x 1.75m) containing several enrichment 

objects for four hours a day for ten days. Video was collected and DeepLabCut was used to 

extract kinematic data on each individual over time. Results showed a large distribution in how 

time was allocated to exploratory or to anxiety-typed behavior; some individuals generated 

behavior sequences that exhibited primarily edge seeking, while others spent considerable time 

traversing the open space. Next steps aim to correlate the level of anxiety expressed in both the 

isolation and group settings to the degree of influence an individual has on conspecifics. This 

will be done through time-dependent analysis aimed to perform weight assignments of 

behavioral cues of an individual. It is hypothesized that rats that exhibit more exploratory 

behavior will have greater influence on conspecifics. This work will give insight into the 

recursive feedback between individuals and the group; that is, how individuals contribute to the 

formation and evolution of a group dynamic while also assessing how the group dynamic 

induces change in the behavior of the individual. 
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Abstract: Observational learning occurs in many species. In humans, learning from another’s 

actions represents a major source of information for updating one’s beliefs about the 

environment. Recent efforts have started uncovering the neural correlates for observational fear 

learning and motor imitation in mice. However, current paradigms have two shortfalls. First, 



current paradigms lack methods to ensure or measure the extent to which observer mice engage 

in observation of the demonstrator. These paradigms generally rely on either un-tracked 

observations in freely behaving animals or passive viewing of head-fixed animals. Second, 

existing paradigms in mice have probed fast learning processes of concrete stimulus-outcome 

associations, such as learning about fearful contexts or motor sequences. As a result, the ability 

to gradually discover abstract rules, a hallmark of higher cognitive function, is largely unstudied 

in mice. Here, we introduce a novel paradigm that surmounts these obstacles to investigate 

observational learning in freely behaving mice. We built an automated apparatus with separate 

compartments for observer and demonstrator mice. In one compartment, the demonstrator mouse 

judges auditory stimuli as high- or low-rate and reports its choice by interacting with a port on 

the left or the right side of the compartment, respectively. In the other compartment, the observer 

mouse hears the stimuli and watches the demonstrator’s behavior. Taking advantage of the 

multisensory nature of our rate discrimination task, we first train future observer mice to be 

experts in visual rate discrimination, such that they are proficient in the task procedure and learn 

to trigger stimuli at the center port and then choose the rewarded side associated with the visual 

stimulus rate, but are naïve to the abstract auditory rate rule. We then teach these observer mice 

to synchronize self-initiated and -terminated observations with a demonstrator. This ensures that 

the observer remains highly engaged and visually attentive. Task observation can also be 

performed with a virtual demonstrator as a control. Observers paired with demonstrators initiate 

91.8 ± 58.6 (mean ± std) trials per session, of which 51.4 ± 34.4 contain information about the 

task rule, while the rest are incompletely watched trials or demonstrations without choice. 

Observer mice reliably respond to visual cues that indicate the end of a trial observation (median 

reaction times of 159 ± 60 ms). These findings suggest that our behavioral paradigm can 

overcome earlier limitations and may provide a tightly controlled framework to study 

observational learning of an abstract rule in the mouse. 
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Abstract: Social recognition (SR) is mediated by both estrogens and oxytocin (OT), as shown in 

studies in which knocking out the genes for the estrogen receptors, OT, or the OT receptor 

(OTR) impaired SR. Also, studies in which 17β-estradiol (E2), estrogen receptor agonists, or OT 

are administered facilitated SR. Since estrogens and OT are needed for SR, it has been 

hypothesized they may interact. A model has been suggested that estrogens will bind to their 

receptors in the paraventricular and/or the supraoptic nuclei (PVN and SON) of the 

hypothalamus, where the majority of OT production occurs, and facilitate the production and 

release of OT. The OT will then reach the medial amygdala (MeA) and bind to the OTR. The 

MeA also receives direct projections from the olfactory bulbs, so olfactory information about 

individuals that are encountered is also sent to the MeA. The model suggests that it is the OT 

facilitated by estrogens, binding to the OTR in the MeA that allows the incoming olfactory 

information to be used to recognize a familiar individual. We have previously shown evidence 

for this interplay through estrogens’ rapid mechanisms by finding that E2 infused into the PVN 

of female mice rapidly facilitates SR and this facilitation can be blocked by simultaneously 

infusing a subeffective dose of an OTR antagonist (OTRA) into the MeA. These findings 

showed support for the proposed interaction between estrogens and OT as well as the PVN and 

MeA in the rapid facilitation of SR. Currently, we are investigating whether this interaction also 

occurs with estrogens in the SON. We have shown that E2 infused into the SON can rapidly 

facilitate SR, and the current experiment is investigating whether the same subeffective dose of 

the OTRA, a dose that doesn’t block SR by itself, can block this facilitation by E2 in the SON. 

Following the infusions, the mice are run through the “difficult” rapid SR paradigm. In this 

paradigm 2 ovariectomized female stimulus mice are presented to the experimental mouse in 2 

sample phases, followed by a test phase where 2 stimulus mice are presented again, however one 

is a novel mouse. Since mice prefer novelty, if they investigate the novel mouse more, it suggests 

they recognize the other stimulus mouse. The paradigm takes place within 40 minutes to test the 

rapid mechanisms of estrogens and was designed to be difficult, meaning the vehicle group will 

not show SR and therefore facilitating effects of the treatments can be observed. If it is found 

that the OTRA in the MeA blocks the rapid facilitation of SR by E2 in the SON, it would show 

support for the idea that estrogens in the SON also interact with OT to rapidly facilitate SR in the 

MeA, similar to the PVN results. 
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Title: Modeling social effects in mice learning in intelligent cages 
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Abstract: The ability to learn by observing others allows individuals to learn about the outcomes 

of actions without directly experiencing their consequences, and may also allow for the 

formation of behaviors that benefit the group as a whole. Here, we study behavior and learning 

of mice in the Intellicage system, which automatically tracks the access to drinking bottles by 

group-housed animals. We designed a paradigm where rewards (access to sweetened water) are 

offered depending on an arbitrary assignment of an animal to one of two groups, either 

“majority” or “minority”. The two groups were assigned different locations with reward 

availability, changing in consecutive phases of the experiment. To assess the effect of following 

others in choosing between locations, we developed a novel model-based approach to analysis of 

the Intellicage data. We combine point-process description of mice activity with reinforcement 

learning of the reward, and validate this approach with simulated data. Using data from the 

Intellicage experiments with different expected social effects and different reward protocols 

(rewards in the same/different corners; reversal learning tasks) we show a range of analytical 

approaches and present their effectiveness. We show that the proposed stochastic models capture 

animals’ behavior well and can be used to estimate the social effects of learning in different 

situations adding extra information for quantitative description of behavior in mice of different 

strains, age, treatment, or genetic modifications. In particular, we compared standard 

reinforcement learning models (like Q-learning and its extensions) where animal is assumed to 

learn based solely on its own experience, with models including also the social effects and 

learning of value through the observation of others, modeling strength and time span of the social 

influence. We show that including the social effects in this experimental context allows to 

account better for the actions taken by animals. Corresponding generative models, through 

simulations, can be used for prediction of mice behavior, for example at early planning stages of 

experiments in which Intellicages are employed. Our approach can easily generalize to other type 

of intelligent cages. 
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Abstract: Social recognition (SR) allows to identify previously investigated conspecifics and to 

emit appropriate pro-social or -aggressive behaviours. Both androgens and estrogens in the bed 

nucleus of the stria terminalis (BNST) can rapidly facilitate social recognition and increase the 

emission of dominant behaviour in male mice. In particular, testosterone (T) and 17β-estradiol 

(E2) regulate SR by rapidly interacting with arginine-vasopressin (AVP) in the BNST and 

inducing increased AVP availability in the lateral septum (LS). The involvement of E2 in this 

modulation suggests that estrogen receptors (ERs) may be the main regulators of SR and 

dominant behaviours. Although the rapid interplay between sex steroids and AVP in social 

behaviour is known, the specific ERs responsible for the behavioural outcomes are yet to be 

established. To elucidate the role of ERα and ERß in SR and aggression, adult castrated (CX) 

male mice were intracerebrally infused with one of four different doses of the specific ERα 

agonist PPT (50, 100, 150, 200nM of PPT in 0.5μl of aCSF/alcohol) or with one of three 

different doses of the specific ERß agonist DPN (50, 100, 150nM of DPN in 0.5μl of 

aCSF/alcohol). Mice were then exposed to a ‘difficult’ SR paradigm, in which CX mice are 

impaired, consisting of two 5-min sample phases with 2 familiar conspecifics, and one test phase 

with the choice between a familiar or a novel mouse. To assess aggression, mice were tested in a 

resident-intruder (RI) paradigm at either 35- or 120-min post-infusion to evaluate rapid and long-

lasting effects. Results revealed that infusing PPT or DPN in the BNST rapidly facilitated SR, 

with treated CX mice spending more time investigating a novel over a familiar CX mouse, with 

an inverted U-shaped dose-response. In addition, PPT increased the dominance score at 35-min, 

but not at 120-min. The expected results on DPN will reveal a similar behavioural outcome to 

that of PPT with a facilitation of SR and increased dominance. These results will confirm the 

ERs mediating E2 rapid facilitation of SR and aggression in male mice, by probably rapidly 

interacting with the AVP system in the BNST. Next step of this project will be to investigate the 

role of the G-coupled protein estrogen receptor 1 (GPER1) and androgen receptor (AR) in the 

BNST in the modulation of social recognition and aggression. Elucidating the AVP-sex 

hormones interplay may lead to new therapeutic approaches for psychopathologies of social 

behavior with marked sex differences. 
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Abstract: Genetic and environmental factors alike can contribute to the development of Autism 

Spectrum Disorder (ASD), making the studies on the underlying neural substrates highly 

complex. In our study, we aimed to develop a “behavioral fingerprint” for the Shank2-/- ASD 

mouse model raised in standard and enriched environments. To this end we employed a wide 

range of both discrete, standardized tests such as: elevated-plus-maze, social chamber, marble 

burying test, Y-maze assay, and open field test; as well as two multi-parametric behavioral 

assays: the Live Mouse Tracker (described in de Chaumont et al., 2019) and Motion Sequencing 

(MoSeq) developed by the Datta Lab. Our aim was to integrate our high dimensional data into 

one single platform, to classify differences in experimental groups along dimensions with 

maximum consistency and discriminative power. We have found that some behavioral 

phenotypes of Shank2-/- mice, such as impaired burying behavior and behavioral flexibility, as 

well as hyperactivity and decreased anxiety-like behavior, were consistently altered whereas 

other features were environment-dependent. Groups raised in enriched housing showed a distinct 

effect on the behavioral phenotype in both the discrete and multi-parametric assays. Shank2-/- 

mice showed a unique phenotypic profile based on housing conditions using both the Live 

Mouse tracker and the MoSeq analysis. The described identity domains captured variability in 

Shank2-/- mice reared in different housing conditions, suggesting the feasibility of reducing 

behavioral test batteries to multi-parametric assays. Together, our results provide a “behavioral 

fingerprint” of Shank2-/- mice, which is shown to be altered by different housing conditions 

during development. 
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Abstract: Several acetylcholine (ACh) neuron populations co-transmit the neurotransmitter 

gamma-aminobutyrate (GABA). ACh/GABA co-transmission occurs at synapses in the 

hippocampus, striatum, and medial prefrontal cortex (mPFC). Altered ACh signaling or ACh 

neuron function through disease or substance exposure has been found in or increased the risk 

for many brain disorders. While ACh transmission is known to have a substantial impact on 

higher brain functions such as learning and memory, the role of co-transmitted GABA from ACh 

neurons in brain function remains unknown. The overarching goal of this study was to assess 

how a systemic loss of GABA co-transmission from ACh neurons affected the behavioral 

performance of mice. In the absence of the vesicular GABA transporter (vGAT), neurons are 

unable to pump GABA into synaptic vesicles and, therefore, unable to release GABA at their 

synapses. All ACh neurons express choline acetyl transferase (ChAT), so we selectively knocked 

out vGAT in ACh neurons by crossing vGAT-flox with ChAT-Cre mice. In a comprehensive 

series of standardized behavioral assays, we compared Cre-negative control with Cre-positive 

vGAT knock-out mice of either sex. Loss of GABA co-transmission from ACh neurons did not 

disrupt the animal’s motor skills and sensation, sociability, or contextual learning. However, in 

the absence of GABA co-transmission, we found significant alterations in memory, problem-

solving and other higher brain functions independent of sex. In addition, male mice showed 

obsessive compulsive-like behaviors previously described in the literature for models of drug 

abuse. Taken together, the loss of GABA co-transmission leads to deficits in higher brain 

functions and behaviors which are associated with hippocampus, striatum, as well as the mPFC. 

Therefore, we conclude that ACh/GABA co-transmission is required to modulate neural circuitry 

involved in the affected behaviors. Future studies will investigate how ACh/GABA co-

transmission shapes neural circuit function in specific brain regions and whether ACh/GABA co-

transmission is disrupted in brain disorders. 
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Abstract: Innovation is related to the generation of new behavior and refers both to a novel 

behavioral pattern and to the process by which an animal generates or modifies a behavioral 

pattern. Innovation helps animals to cope with environmental challenges such as exploring 

environments, foraging food or dealing with predators. In the laboratory, we use the problem-

solving paradigm to study innovative behavior, in which the animals solve problems to achieve a 

goal; frequently, researches use food as the goal of the problem-solving task, however for a 

better understanding of innovation, it is essential to explore the rats’ problem-solving behavior 

using unconventional goals. We explored in wistar rats the effects of a conspecific as goal in a 

problem-solving task. The problem-solving test required the animals to climb a ramp, to cross a 

bridge and to open a container where the conspecific was restricted (Bartal et al., 2011). The 

research used 48 males naïve wistar rats assembled into three groups of order of exposure to the 

test: the trapped rat first group, the empty restrainer first group and the control group (empty 

restrainer). The order of exposure to the test had two moments of four sessions; depending on the 

order of exposure, the animals encountered the test first in presence or in absence of the 

conspecific and then at the second moment they experienced the task with the remaining 

condition. Subjects were ~63 days old and they were housed (2 rats/cage) under standard colony 

room conditions. The procedure had five phases: time-out test, open field test-habituation to the 

arena and movement restrainer, trapped rat test, training of behavioral repertoires and the 

problem-solving test. We found that rats learned to open the restrainer door without training, 

they climbed the ramp and crossed the bridge after training, and finally animals solved the task 

and liberated the conspecific trapped into the movement restrainer. Preliminary analysis suggests 

that order of exposure to the problem may affect the latency and the frequency of the solution of 

the problem. These results show that rats solve problems in the presence of a goal different to 

food, also the results point out that rats may direct a complex action such as the problem-solving 

behavior toward a conspecific. 
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Abstract: Primate group behavior allows individuals to build affiliations and benefit from the 

reciprocation with others but also poses the unique challenge of tracking others’ behavior across 

multiple distinct interactions. These interactions can often also be highly dynamical and change 

rapidly based on the reputation or wealth distribution of others. The single-cellular mechanisms 

that precisely underlie these decisions or that drive the social-economic behavior of groups, 

however, remain poorly understood. Here, we obtained multiple-neuronal recordings from the 

dorsomedial prefrontal cortex (dmPFC) and frontopolar (FP) cortex of Rhesus macaques as they 

performed a structured reciprocity-based social task. In this task three individuals interacted with 

each other over multiple rounds by offering each other reward and which could allow us to 

dissociate computations associated with interactive behavior, social preference, and group 

dynamics. Behaviorally, we find that the monkeys demonstrated a strategic preference for other 

individuals and favored rewarding those who reciprocated. The rate at which individuals 

reciprocated within and across sessions was reflected in distinct levels of reputation. At the 

single-cellular level, we have previously shown that different subpopulations of dmPFC neurons 

tracked the identity of the current actor and reward recipient. Here, we show that the activity of a 

subpopulation of FP neurons correlated with the current actor’s own reputation for reciprocity. 

These findings reveal neurons in the primate prefrontal cortex that encode information about 

specific individuals within social groups and which could help optimize economic benefit during 

interactive group dynamics. Future work in Macaques and Marmosets will expand on how social 

ties impinge on these economic behaviors and their neuronal mechanisms. 

Disclosures:  E.P. Mastrobattista: None. A.J. Wang: None. Z. Williams: None. R. Báez-

Mendoza: None. 

Poster 

569. Social Cognition: Animal Behavior I 

Location: SDCC Halls B-H 



Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 569.19 

Topic: H.06. Social Cognition 

Support: NIH Grant AA013983 

Title: To Fight or not to Fight: Activation of the mPFC during decision to engage in aggressive 

behavior after alcohol consumption in a novel murine model 

Authors: *K. MICZEK1, M. Z. LEONARD1, N. AKDILEK1, V. M. FERREIRA2, L. 

MARINELLI1, H. E. COVINGTON, III1;  
1Tufts Univ., Medford, MA; 2Univ. Federal De Santa Catarina, Florianopolis SC 88.015-420, 

Brazil 

Abstract: Alcohol consumption is a common antecedent of aggressive behavior. The effects of 

alcohol on the decision to engage in aggression in preference over pro-social interaction are 

hypothesized to arise from augmented function within the medial prefrontal cortex (mPFC). 

Objective: In a newly developed procedure we studied social decision-making in male C57BL/6J 

mice based on preferentially seeking access to either sociosexual interactions with a female 

partner or the opportunity to attack an intruder male. While deciding to engage in aggressive vs. 

sociosexual behavior, corresponding neural activation was assessed via c-Fos immunoreactivity 

in cortical, amygdaloid and tegmental regions of interest. A further objective was to investigate 

how self-administered alcohol impacted social choice. Methods: During repeated confrontations 

with an intruder male in their home cage, experimental B6 mice began to engage in species-

specific sequence of pursuit, threat and attack behavior within < 2min. Mice were then 

conditioned to respond at one of two separate illuminated operanda in an experimental chamber 

(octagon) attached to their home cage; completion of 10 responses (Fixed Ratio 10; FR10) was 

reinforced by access to either a female or a male intruder which were presented in the resident’s 

home cage. Brains were harvested following choice between the concurrently available 

aggressive and sociosexual options and processed for c-Fos immunoreactivity across 10 separate 

brain regions. In two separate groups, mice were trained to rapidly self-administer ethanol prior 

to social choice in order to examine the effects of alcohol on social choice, sociosexual, 

aggressive acts and postures, and corresponding c-Fos activity in the mPFC and limbic regions. 

Results and Discussion: Eight out of 57 mice consistently choose to engage in aggressive 

behavior in preference to sociosexual contact with a female when each outcome was 

concurrently available. Self-administered alcohol (alcohol experiment 1: 1.2 + 0.02g/kg, alcohol 

experiment 2: 0.5, 1.0, 1.5 and 1.8 g/kg) increased responding for the aggressive option in mice 

that previously opted exclusively for access to sociosexual interactions with the female. When 

choosing the aggressive, but not the sociosexual option, the prelimbic area of the PFC revealed 

increased c-Fos activity, guiding future detailed inquiry into the neural mechanisms for 

aggressive choice. 
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Abstract: The PHF21B gene belongs to the PHD finger protein family and encodes a histone 

modification reader. Despite being widely expressed in the brain, its functional role in the adult 

brain is unknown. We have recently reported that chronic stress modulates its hippocampal 

expression. Rare variants of this gene are associated with major depressive disorder risk and this 

gene controls an epigenetic program for neural stem cells during murine cortical development. 

Hence, we produced a Phf21b knockdown mouse model to characterize behavior and the 

functional role of this gene.We generated a Phf21b knockdown mouse model lacking exon 4 

using CRISPR/Cas9. We used a battery of behavioral assays to ascertain the phenotypes of 

PHF21B deficiency using male and female wildtype (WT) and homozygous (Phf21bΔ4/Δ4) 

littermates. The functional role of this gene was assessed using analytical tools, including 

histology, immunoblotting, qRT-PCR, RNA sequencing, and electrophysiology approaches.Mice 

with PHF21B deficiency exhibit normal locomotor activity in the open field test compared to 

WT mice. Compared to WT mice, Phf21bΔ4/Δ4 mice did not display anxiety-like behaviors, 

behavioral despair, anhedonia, or spatial memory impairments. These mice had increased 

preference for social novelty in the three-chamber social test (P<0.01) that suggested social 

memory impairment, which was confirmed by the 5-trial social memory test (P<0.05). Brain 

analytical techniques revealed that PHF21B deficiency resulted in thinner cortices (P<0.001), 

reduced neurogenesis (DCX + cells; P<0.0001) and astrocyte numbers (GFAP + cells; 

P<0.0001). Phf21bΔ4/Δ4 mice also had decreased hippocampal synaptic protein expression 

(PSD95 + puncta numbers; P<0.001, and GLUR1 + puncta numbers; P<0.0001), glutamatergic 

neurotransmission (decreased EPSC amplitude in CA1; P<0.001), and GluN2B/Grin2b levels 

(P<0.05 and P<0.01, respectively). RNA seq analyses revealed that PHF21B modulates genes 

involved in neurotransmission in the hippocampus. PHF21B regulates transcription by 

interacting with H3K9ac, H3K9me2, and CREB. It also binds to H3K36me3.In summary, 

PHF21B has a role in social memory, its deficiency impairs social memory. It modulates genes 

involved in neurotransmission in the hippocampus by regulating transcription through H3K9ac, 

H3K9me2 and CREB. We described novel interactions of PHF21B and H3K36me3 and CREB. 
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Abstract: Mice that exist in social groups will naturally form dominance hierarchies which can 

have a significant impact on animals’ health, physiology, and general behavior. An observed 

behavior hypothesized to influence and maintain these hierarchies is barbering, which is when 

one mouse plucks, trims, or removes the fur or whiskers of another mouse. We hypothesized that 

barbering extent would reflect social rank. This study started with one observer taking notes and 

photographs of aged B6129SF2/J male mice and their fur loss. Barbering patterns ranged from 

completely unbarbered to some mice exhibiting significant fur loss. Based on these observations, 

barbering extent of each mouse was scored from 0-5, and cage mates were ranked as a predicted 

hierarchy in which social rank decreased as barbering extent increased. To determine the actual 

dominance hierarchy, cage mates were run for 8 bouts in the tube test in a round robin fashion. 

The wins and losses for each bout were recorded, and David’s Score was used to determine the 

hierarchy for each cage. This hierarchy was then compared to our barbering-based, predicted 

hierarchy. We identified a pattern in which the most barbered mice were the most dominant, 

counter to our prediction and studies of other strains. In 7 cages out of 10, our predicted most 

dominant mouse was found to be the least dominant based on David’s Score and vice versa. 

Results from this study will guide future experiments, which will be conducted with a larger 

population of younger mice to further explore the validity of these preliminary findings. 

Disclosures:  A.K. Klein: None. K.R. Reiman: None. N.J. Andert: None. C.C. Wrenn: None. 

Poster 

569. Social Cognition: Animal Behavior I 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 



Program #/Poster #: 569.22 

Topic: H.06. Social Cognition 

Title: The impact of the LC-NAergic system in controlling empathic fear. 

Authors: *J.-H. KIM1, M. KIM1, H.-S. SHIN1,2;  
1Ctr. for Cognition and Sociality, Inst. for Basic Sci. (IBS), Daejeon, Korea, Republic of; 2SL 

Bigen, Incheon, Korea, Republic of 

Abstract: Observational fear is a useful behavioral paradigm for assessing affective empathy in 

rodents. The anterior cingulate cortex (ACC) is involved in empathic responses to pain or fear in 

a conspecific animal. The ACC receives various neuromodulatory inputs from subcortical 

structures, including the locus coeruleus-noradrenaline (LC-NA) neurons. The LC is the main 

origin of noradrenergic neurons, and NA is a key neuromodulator playing critical roles in various 

higher brain functions in the central nervous system (CNS) including arousal, attention, 

cognition, and memory. However, the relevance of the LC-NA system to empathic behavior is 

not known. Here, we show that the LC-NA system is crucial for maintaining freezing behavior 

during observational fear. We found increasing LC-NA neurons' terminal activity during 

observational fear in the ACC. Additionally, the optogenetic inhibition of LC-NA input in the 

ACC affected only the maintenance of observational fear responses but not the initial response in 

observer mice, indicating that the LC-NA system in the ACC controls the degree of socially 

transmitted fear. By monosynaptic rabies tracing we identified the bed nucleus of the stria 

terminalis (BNST) as the upstream input to the LC- NAergic projections to the ACC. Notably, 

we found that there is no anatomical connection between the ACC and the BNST. Abolishing the 

LC-projecting BNST neurons elicited a failure of contiguous freezing response during 

observational fear, suggesting that the BNST is involved in controlling empathy through the LC-

NA system. This work expands our understanding of the neural circuits involved in observational 

fear beyond the amygdala and the ACC, revealing the role of a novel neural pathway centered on 

the LC-NAergic system in affective empathy. 
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Title: Insular-prefrontal circuit driving compassionate social behavior 
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Abstract: Compassionate behavior, or the ability to help others in need, is a cornerstone of 

prosocial interaction in mammals and humans. To benefit others, it is necessary for individuals 

not only to perceive the internal states or emotions of others but also to take appropriate actions. 

For example, one must identify the distress of another and perform specific actions that will 

relieve their discomfort. Yet, how mammalian neurons precisely link social-specific information 

with such complex adaptive behavior has been a major challenge to understand. Here, we 

developed a place-preference assay that allowed mice to directly control in real-time the 

experience of a nearby conspecific while also allowing the animal’s own actions to be 

dissociated from the other’s identity and experiences. Behaviorally, we found that wild-type 

male mice consistently chose to reduce the aversive experience of familiar but not unfamiliar 

partners, actions that were not observed when visual and olfactory cues were blocked. Their 

decisions were uncorrelated with hierarchical rank, baseline sociability or vocalizations; together 

suggesting that the mice displayed consistent compassionate behavior towards familiar partners. 

By recording from neurons in the anterior insular (AI), we identified cells that encoded task 

relevant information, including the social identity of the animal’s partners and their specific 

experience. Cells in the dorsal anterior cingulate cortex (dACC), by contrast, preferentially 

encoded information about the act of helping their partners, displaying changes in activity prior 

to making their decisions. Further, whereas information about the experience of others could be 

predominantly decoded from AI activity, information about the animal’s prosocial actions could 

be predominantly decoded from dACC activity; demonstrating a partitioning of information 

within the insular-prefrontal circuit. Finally, chemogenetic excitation of AI-to-dACC projectors 

but not dACC-to-AI projections increased helping behavior when the animals were paired with 

unfamiliar partners suggesting that the AI transmitted social-specific information to the dACC. 

Inhibitions of both dACC to AI as well as AI to dACC projectors, on the other hand, decreased 

helping behavior with familiar partners - further suggesting that the dACC controlled 

compassionate decisions based on information from the AI. Taken together, these findings 

identify a putative insular-prefrontal circuit for driving compassionate behavior and a mechanism 

that could allow insular neurons to instruct social-specific actions through prefrontal control. 
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Abstract: The balance between cognitive flexibility and rigidity is impaired in a wide range of 

psychiatric disorders such as depression, substance abuse, and autism. Extradimensional set 

shifting, a commonly used neuropsychological test that evaluates the ability to shift strategies 

based on continuously changing environments, has proven to be clinically relevant and has been 

successfully adapted for research in animal models. The present project aimed to examine 

electrophysiological activity in the prefrontal cortex (PFC) and the striatum, and the connectivity 

between these two regions, while rats performed an extra-dimensional Set-shift task. It is 

hypothesized that the PFC and different sub-zones of striatum may have parallel circuits that 

regulate the process of decision-making through biasing the balance between cognitive flexibility 

and rigidity. Specifically, flexible behaviors may require involvement of dorsal PFC and its 

connection to dorsal striatum, and rigid behaviors may require ventral PFC and its connection to 

ventromedial striatum. We implanted three rats with dual silicon recording probes, covering both 

the dorsal and ventral sub-regions of the medial PFC and the striatum. Electrophysiological data 

were obtained while rats shifted between a cue-driven Light rule and a spatial Side rule to obtain 

food rewards. The task required five consecutive correct responses to proceed to the next rule 

and one test session had a total of eight rules (alternating between light and side rules). Local 

field potential and spike data were analyzed and compared while rats were in different behavioral 

states including task time versus interval time, and correct trials versus incorrect trials. The 

dorsal PFC to dorsal striatum pathway had an increased coherence in frequencies between 8-

14Hz during task versus interval and during correct trials versus incorrect trials. In contrast, the 

ventral PFC to the ventral striatum pathway did not show such changes. Analyses on spike data 

revealed that approximately 100 single units could be isolated from each probe, 10-30% of 

which showed task-related changes in firing rates. Spike-field coupling analyses showed that 

spike timing of at least half of the units were less locked to theta/alpha oscillations than to 

gamma oscillations. Taken together, the present study suggests that a dorsal PFC to dorsomedial 

striatum pathway is important in the regulation of cognitive flexibility that is required in the Set-

shift task. Oscillations in theta/alpha bands might be involved. 
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Abstract: The ability to discriminate between threatening and non-threatening environmental 

cues and execute an appropriate behavioral response is crucial for survival and for maintaining a 

healthy balance between avoidance and reward-seeking. The infralimbic (IL), and prelimbic (PL) 

medial prefrontal cortices and basolateral nucleus of the amygdala (BLA), have been implicated 

in reward-seeking and fear-related responses. Their homologues often have altered outputs in 

psychiatric disorders like anxiety and Post Traumatic Stress Disorder (PTSD). Despite abundant 

evidence, little is known about the circuit-level connections between these regions that 

coordinate an appropriate behavioral response. The communication between brain regions may 

depend on synchronized neuronal oscillations. Theta band oscillations (4-8 Hz) are proposed to 

be responsible for long-range communications, specifically in the medial prefrontal cortex 

(mPFC) - BLA circuitry. Changes in theta synchrony between mPFC and BLA are associated 

with psychiatric disorders. Therefore, the aim of this study is to investigate the interaction 

between these medial prefrontal structures and the amygdala during platform-mediated 

avoidance (PMA). PMA is a behavioral paradigm that resembles real-life avoidance scenarios 

and captures approach-avoidance conflict behavior. In this paradigm, rats learn to avoid a tone-

signaled foot shock by stepping onto a platform, with the cost of avoidance being the loss of 

access to food. Adult Long-Evans rats between 5 and 7 months of age received electrode bundles 

or tetrode implants in the IL and PL of the mPFC and BLA regions after training in the PMA 

task. We will analyze the correlation between the oscillatory synchrony in the theta frequency 

band between IL to BLA, and PL to BLA, and behavioral responses such as time spent in 

different zones (platform zone, reward zone, and out of platform zone) or bar press rates during 

PMA high conflict performances. This study is an exploratory study that may provide a 

neurobehavioral correlation during motivated decision-making. The outcome of this study could 

allow us to find specific targets that are altered in anxiety disorders like PTSD and serve as a 

basis to develop simulation-based therapeutic interventions for these disorders in humans. 

Supported by NIMH grant MH119384. 
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Abstract: Deep brain stimulation (DBS) has been used to alleviate symptoms in treatment-

resistant neuropsychiatric disorders, including obsessive compulsive disorder (OCD) and major 

depressive disorder (MDD). Despite DBS’ therapeutic success, its mechanism of action is not 

well understood. MDD and OCD can be characterized by impairments in cognitive control—the 

ability to selectively organize, plan, and schedule mental operations in different environments. 

Cognitive control depends on distinct subregions of the prefrontal cortex which project to and 

receive projections from the striatum. Further investigating cortico-striato-thalamo-cortical 

(CSTC) circuits, which are often implicated in these disorders, may provide insight into better 

understanding how DBS can aid in the treatment of neuropsychiatric disorders. Therefore, we 

submitted Long-Evans rats (n=5) to a probabilistic reinforcement learning paradigm (i.e. bandit) 

to determine the behavioral effects of mid-striatal DBS. Rats received chronic biphasic electrical 

stimulation (300 µA, 0.05 ms pulse width, 130 Hz), delivered continuously for one hour prior to 

and during the bandit task. The task consisted of daily alternate sham and stimulation treatments. 

DBS significantly increased reaction time by 35 ms (t = −4.55, p < 5.26e-7) and the number of 

errors committed (t = −3.89, p < 9.86e-05). Furthermore, DBS disrupted the ability of rats to use 

flexible decision making strategies following high-conflict reversals, marked by reductions in 

learning rates. Continuing to investigate how DBS alters the decision-making processes 

associated with CSTC circuitry may help further our understanding of its therapeutic effects. 
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Abstract: Synchronous oscillatory activity has been shown to correlate with symptom severity 

for psychiatric disorders (obsessive compulsive disorder, treatment-resistant depression) in the 

cortical striatal network, for essential tremor in the cerebello-thalamo-cortical network, and for 

parkinson’s disease in the cortico-basal ganglia thalamic network. In particular, greater power 

within certain frequency bands of a neural population’s local field potential (LFP), or increased 

synchrony within the frequency bands of multiple neural populations’ LFP, correlates with the 

severity of these disorders. Reducing pathological power or synchrony in neural activity can 

provide a biomarker for relieving behavioral and motor symptoms. The symptoms and 

underlying neural rhythms of these disorders fluctuate over time, which may render a static, 

open-loop neuromodulation device ineffective or inefficient for delivering therapeutic symptom 

relief. Phase-triggered, closed-loop neuromodulation using Phase Response Curves (PRCs) could 

provide a subtle way to modulate pathological synchrony between populations of neurons in the 

brain, without disrupting healthy neural oscillations. PRCs are impulse response functions that 

map the phase at which stimulation is delivered within a target neural population’s rhythm to the 

resulting change in phase or amplitude of that population’s neural rhythm. Estimating these 

response functions could enable rational design of phase-triggered stimulation. However, current 

approaches for estimating PRCs from electrophysiological data are offline methods, and current 

PRC-based neural desynchronization algorithms rely on static PRCs. Thus, closed-loop 

neuromodulation devices would benefit from adaptive algorithms that can calculate PRCs in real 

time. We have developed an algorithm for robust, online estimation of PRCs, which would 

enable the development of a phasic adaptive closed-loop controller for neuromodulation. We test 

this algorithm by fitting various PRC shapes, with convergence to a minimal mean square error 

within approximately 100 trials (about 1 2/3 minutes with a 1 Hz average stimulation frequency). 

We use this algorithm to estimate PRCs from computational neural mass models and local field 

potential data using minibatch stochastic gradient descent, with bayesian optimization 

hyperparameter tuning. We show that this adaptive estimation algorithm can, in principle, 

achieve reliable estimates of PRCs on a time scale comparable to an electrophysiological 

experiment or clinical session. A controller using this PRC estimate could update with changing 

patient neurophysiology. 
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Abstract: As a treatment for major depressive disorder (MDD), transcranial magnetic 

stimulation (TMS) is most often targeted at the dorsolateral prefrontal cortex (DLPFC), a key 

hub in decision-making circuitry. TMS of DLPFC may reduce the severity of MDD by 

augmenting decision-making related cognitive control and help patients to redirect maladaptive 

cognitive patterns. Identifiying specific cognitive deficits in psychiatric patients may aid in more 

personalized targeting in neuromodulation therapies for psychiatric disorders. Hence, here we 

examined the decision-making processes of individuals experiencing MDD who do and do not 

respond to TMS treatment. Participants (n = 16) undergoing daily TMS over DLPFC for 

treatment of MDD were each categorized into one of three groups (high-baseline response; low-

baseline response; no-response), based on the severity of their depressive symptomology over 

the course of treatment. Participants completed weekly sessions of the WebSurf task, which in 

each trial, involves watching short entertaining videos after a delay period of 3-30 seconds. 

Participants are given the choice to either accept the delay period offer and wait for the video to 

play, or reject an offer and move to the next video category.Preliminary analyses indicate that the 

two response groups used the contextual value of offers to guide their decisions, whereby their 

decision latencies were shorter for low-value offers. In contrast, the no-response group 

unnecessarily deliberated on, and were less likely to reject offers regardless of their value, 

suggesting that they are unable to use offer value to guide their decisional processing. These 

findings indicate that there may be a sub-group of individuals experiencing MDD who have an 

impaired ability to use value-based contextual information to heuristically optimize decision-

making processes, and that these individuals are unlikely to respond to DLPFC modulation. 

Given the non-responders showed impaired value-guided decision-making, these individuals 

may receive more benefit from modulation of cortical windows targeting orbitofrontal cortex, 

rather than DLPFC. 
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Abstract: Neurostimulation locked to the phase of ongoing brain oscillations appears to be a 

promising treatment strategy for a range of brain disorders, including stroke/trauma, Parkinson 

disease, and psychiatric illness. However, existing phase-locking algorithms require significant 

computational resources. They would be difficult to deploy in wearable or implantable systems 

because the complex number and trigonometric calculations utilized are computationally 

intensive and expensive. Providing such a system in an implant imparts added limitations on 

power consumption, and this work addresses the need for accurate phase extraction within an 

implant feasible power budget. Here, we present a flexible and efficient real-time framework to 

support novel stimulation strategies in neuroscience research, with a translational pipeline 

towards clinically viable therapies for network-based disorders. 

First, we implemented a power-efficient phase-estimation algorithm in an open-source Open 

Ephys GUI (OEGUI) plugin for dissemination to the neuroscience research community. The 

flexibility of the OEGUI will allow the algorithm to be easily deployed for both preclinical and 

clinical studies of phase-locking stimulation. This software version demonstrated comparable 

phase accuracy as previously published algorithms (mean ± std): 3.09° ± 86.87° compared to 

Schatza et al (2022) at 0.42° ± 63.5°. Second, we translated the algorithm to an integrated circuit 

to enable its integration into an implantable neuromodulation therapy. Phase estimation 

accuracy, noise performance, and power consumption are reported compared to available 

systems using both in silico and in vivo neural signals. In particular, we show a power savings of 

52.4% compared to other on-chip processing algorithms for real-time phase estimation. To 

demonstrate the phase-locked stimulation capabilities of the closed-loop system, stimulation was 

targeted at both a specific phase (180°) and a random-phase of theta-band local field potential (4-

8 Hz), which is known to correlate with defense and threat appraisal behavior in the rodent 

model of disease. Taken together, both the software and hardware versions of this work offer a 

translational framework for the development of next-generation neuromodulation therapies for 

network disorders. 
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Abstract: Cortico-striatal circuits are central to several cognitive processes, including cognitive 

control-the ability to regulate and refrain from a learned behavior to achieve a specific goal. 

Deficits in cognitive control are common in many psychiatric disorders including obsessive-

compulsive disorder and major depressive disorder. In clinical studies, deep brain stimulation 

(DBS) of cortico-striatal circuits can benefit patients with treatment-resistant psychiatric 

disorders through a mechanism involving enhanced cognitive control. Prior results from our lab 

have replicated this effect in male, Long-Evans rats (n=9) receiving DBS while performing an 

extradimensional set-shifting task, a task used to assess cognitive control. We observed that rats 

performed task-irrelevant nosepoke behaviors during periods between trials. To further 

characterize the effect of DBS on cognitive control, we reanalyzed the prior data with specific 

focus on these intertrial intervals (ITIs). We found that activity during ITIs was purposeful and 

patterned, with evidence of corrective responses, compulsivity, and pre-commitment/rehearsal 

behaviors. Additionally, we identified two distinct phases of ITI activity corresponding to the 

beginning and last few seconds of the interval. Further analysis revealed that activity in the initial 

phase correlated with increased corrective responses after the previous trial was incorrect. In 

contrast, the final phase was predominantly composed of responses after correct trials, with 

activity predicting a rat’s response on the following trial, indicating pre-commitment. 

Furthermore, we found that stimulation of the mid-striatum specifically increased pre-

commitment behavior at the end of the ITI. These findings could be extended in future work to 

further examine response prediction, compulsivity, and flexibility, thereby maximizing 

mechanistic understanding and future therapeutic benefit. 
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Abstract: Information flow in brain networks may depend on the oscillatory synchrony of local 

field potential (LFP) between regions. For fear-related disorders, the connection between the 

medial prefrontal cortex (mPFC) and basolateral amygdala (BLA) is particularly important. 

Theta-band (4-8 Hz) PFC-BLA LFP synchrony correlates with the ability to learn and recall 

safety memories, but acute stressors alter the oscillatory synchrony between these regions. 

Manipulating that synchrony may thus require strategies that adapt to changes in the circuit 

biology. We sought to assess an adaptive stimulation method to alter PFC-BLA connectivity 

based on stimulation locked to the theta oscillation.Electrodes with 8 recording channels and one 

stimulating channel were implanted into the prelimbic or infralimbic cortex (PL or IL, part of the 

rodent homologue of mPFC) and BLA of Long-Evans rats. Rats underwent 20 phase-locked 

stimulation sessions. Single electrical pulses (45 µs and 100 µA) were delivered to BLA when 

mPFC phase was at 0, 90, 180, 270°, or random at theta band for a total of 4 sessions per phase. 

Each session consisted of pre recordings followed by 30 minutes of phase-locked stimulation, 

and 60 minutes of post recordings. Rats then underwent a three-day tone-shock and extinction 

paradigm with habituation/conditioning, extinction, and recall phases. After the recall phase, rats 

underwent 20 phase-locked stimulation sessions as previously described. We measured 

stimulation induced LFP connectivity changes for targeted phase during pre/post conditioning. 

Prior to conditioning, 180-degree phase-locked stimulation best increased PL-BLA LFP 

synchrony. Yet, post conditioning the 90-degree PL-BLA phase-locked stimulation was most 

effective at increasing LFP synchrony. Since IL and PL are both a part of the mPFC we expect 

IL-BLA LFP synchrony to follow a similar trend. In summary, we have proposed a phase-locked 

electrical stimulation technique to alter brain oscillatory synchrony. The change in optimal 

stimulation phase pre and post tone-shock conditioning shows that the response to stimulation is 

state dependent and altered by emotionally valenced learning (shock conditioning). Identifying 

methods for manipulating mPFC-BLA connectivity that are viable after acute stressors may be a 

necessary step towards developing therapies for patients with treatment-resistant psychiatric 

disorders. 
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Abstract: Rodent defensive and threat-related behaviors are common targets of investigation, 

because they model aspects of human mental illness. These behaviors are typically quantified by 

video recording and post hoc analysis. Those quantifications can be laborious and 

computationally intensive. Depending on the analysis method, the resulting measurements can be 

noisy or inaccurate. Other defensive behaviors, such as suppression of operant reward seeking, 

require extensive pre-training. We sought to identify a method, using commodity hardware, for 

quantifying defensive behavior by 3-axis accelerometry integrated with an electrophysiology 

headstage. Rats were trained to lever press for pellets before surgical implantation of electrodes. 

With a headstage attached, rats underwent a tone-shock conditioning protocol with three phases: 

habituation/conditioning, extinction, and extinction recall. Behavior as measured via 

accelerometry, video based freezing scores, and bar press were assessed for each rat and phase. 

We processed the accelerometry data through converting the 3-axis voltages to total acceleration, 

calculating acceleration change, Gaussian smoothing, and normalizing from 0 to 1. We ran a 

cross-correlation between accelerometry and the other metrics, and then shifted accelerometry by 

any potential lag. We correlated freezing and bar press against accelerometry as transformed 

through seven processing methods: raw, raw change, smoothed raw, smoothed change, smoothed 

shifted, smoothed change shifted, and smoothed normalized change. The best approach to 

tracking defensive behavior from accelerometry was Gaussian filter smoothing of the first 

derivative (change score). Behavior scores from this method reproduced canonical conditioning 

and extinction curves at the group level (r=0.86 between accelerometry and bar press). At the 

individual level, timepoint-to-timepoint correlations between accelerometry, video, and bar press 

metrics were statistically significant but modest (largest r=0.52, between accelerometry and bar 

press). In this work, we developed an approach to detect rodent defensive behaviors based on 

continuous motion sensors. Accelerometer measurements of defensive behavior require less 

specialized software and no additional animal training. The similarities in behavioral tracking 

and modest correlations between each metric suggest that each measures a distinct aspect of 

defensive behavior. Accelerometry is a viable alternative to current defensive measurements, and 



its non-overlap with other metrics may allow a more sophisticated dissection of threat responses 

in future experiments. 
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Abstract: Cortico-striatal circuits are central to several cognitive processes, including attentional 

set-shifting. Deficits in this process are common in obsessive-compulsive disorder, major 

depression, and many other disorders. Prior results from our group have demonstrated 

improvements in rodent performance on an operant set-shifting task when deep brain stimulation 

was applied. To characterize the cognitive basis of this stimulation effect, we fit a series of 

computational models to rodent behavior.Long-Evans rats (n=32) were trained on an 

extradimensional set-shifting task. In this task, rats had to shift between selecting stimuli based 

on side or light to receive rewards. Using Akaike Information Criterion (AIC) as a measure of 

model performance, we fit a set of 11 models to rat behavior. We used Bayesian model selection 

to compare performance and evaluated the ability of each model to replicate rat behavior based 

on a series of task metrics. A feature-specific, forgetful, adaptive reinforcement learning model 

fits the behavior best (r=0.85, φ≈1). Model behavior was not significantly different from rat 

behavior for trials to finish (p=0.04), error rate (p=0.03), and rule-specific error rate (p=0.04 and 

p=0.04). Stimulation specifically in the mid-striatum significantly improved forgetfulness 

(p=0.02), a parameter related to the ability to discount the value of options that were no longer 

being chosen or considered rewarding.Models utilizing only a singular task dimension were 

unable to effectively describe rat behavior. Instead, rat behavior is well described by a feature-

specific, forgetful adaptive reinforcement learning model indicating rats flexibly adapt to 

different reward structures in the environment. Additionally, the effect on forgetfulness suggests 

that mid-striatal stimulation enhances behavioral features requiring cognitive flexibility.  This 

model could be used in future work in rats and humans to determine and eventually predict the 

behavioral effects of psychiatric neuromodulation. 
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Abstract: Sensory perception, memory, emotion, intelligence, creativity and many other brain 

functions are but the symphonies of electrical signals produced by diverse neurons and their 

complex recurrent circuits. Deciphering their operating logic is key to understanding information 

processing in the brain and the emergence of cognitive functions. Here, we use two-photon 

calcium imaging and a single cell specific SLM (spatial light modulator) based optogenetic 

strategy to probe the mechanisms by which patterns of activity are generated in cortical neuronal 

ensembles. Specifically, we use SLM coupled to ChroME expression to manipulate the activity 

in select groups of neurons and study the effect on the nearby circuit. The ultimate goal is to 

decipher the operating logic of cortical circuitries underlying sensory perception. Preliminary 

data showed that, under certain conditions, SLM-guided stimulation of a single SOM+ 

interneuron in Layer 2 of the primary visual cortex surprisingly excited, but not inhibited, a set of 

surrounding neurons within a distance of ~100 µm with activity that persisted for longer than 

30s. The activity propagated outward from the stimulated neuron in a wave-like fashion, 

engaging neurons with latencies ranging from 0.2 to 2.4 s, defined as the time difference between 

the onset of photo-stimulation and the time at 10% peak fluorescence of the engaged neurons. It 

is likely that this pattern of activity was generated by recurrent cortical networks involving 

disinhibition of other interneurons, potentially PV+ cells. In future studies we plan to identify the 

neuronal components mediating the observed phenomenon, as well as to study its potential 

relation to sensory stimulus processing. It remains to be seen whether the response elicited by the 

type of stimulation we used reflects a physiological pattern of activation of the underlying 

circuit, versus an aberrant wave of activity propagating through the cortex. 
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Abstract: Ventral striatum (VS) in the brain is a well-known region where changes of reward 

values are updated, contributing to habit learning. However, a recent study (Kang et al., 2021) 

reported its new role that the posterior part of the VS maintains stable value memory of visual 

objects over a long period of time. This data raises a question of how individual neurons in the 

VS encode flexible and stable value of visual objects. To address this, we recorded visually 

responsive neurons in the VS and tested individual neurons encode different types of values 

(flexible value and/or stable value). For testing the flexible value encoding, contingency of visual 

object and reward value was reversed across each block of 24 trials. Among 79 visually 

responsive neurons in a monkey, 56 neurons (71%) showed discriminative activity for flexibly 

changed values of visual objects and these neurons were found in most regions of the VS. To test 

the stable value encoding in the VS neurons, the monkey first learned the object values in 

learning task and the learned value memory was tested in passive-viewing task. In the learning 

task, the object-value contingency was maintained during days of the learning sessions (> 4days 

of learning). The stable value-guided behavior was tested by habitual gaze of the monkey as 

previously described: the monkey showed gaze bias to previously learned high-valued objects in 

free-viewing state where no reward outcome was given (Kang et al., 2021). Next, to test neural 

representation of the stable value memory, we recorded the neural responses to the learned high- 

and low-valued objects with no reward outcome while the monkey fixated at a central white dot 

(passive-viewing task). Total 19 visual neurons (24%) showed a differentiated value response, 

and these stable value-coding neurons were mainly located in the medial and posterior parts of 

the VS. Among these neurons, 13 neurons showed higher activities for rewarded objects than 

non-rewarded ones (positive value coding), while 6 neurons responded more strongly to non-

rewarded objects than rewarded ones (negative value coding). Interestingly, among these stable 

value-coding neurons, 12 out of 19 neurons (63%) also represented to the flexible change in 

object-value contingency (both value type neurons), but the rest of neurons selectively encoded 

stable values. Our data show that in the VS, there are heterogeneous types of neurons that encode 

three different types of values: stable, flexible, and both value-coding neurons. 
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Abstract: The ability to rapidly learn about and therefore exploit multiple options 

simultaneously as a form of foraging is highly advantageous in many situations, and for many 

species. Studying foraging in the context of multiple (3+) options also allows for greater 

differentiation between models that would otherwise make very similar predictions when only 

two alternatives are available. This also affords the opportunity to investigate underexplored 

strategies relating to the choice of multiple alternatives. With this in mind, we studied freely 

moving mice as they sampled from six ports in a large (7ft x 1.5ft) arena. Each port was 

concurrently rewarded at a deterministic interval, ranging from 30s to 2400s, and mice were free 

to sample ports in any order and frequency across sessions lasting 3 hours. Naive mice quickly 

(< 20 minutes) learned the relative value of all six ports within a single session and were able to 

collect the majority of available rewards by the end of the first session. When port quality was 

subsequently varied across days, mice again rapidly learned the new port values and updated 

their sampling of ports appropriately. To understand the strategy underlying the mice’s ability to 

learn and update their behaviour in this task context, we explored a range of decision models of 

varying sophistication.  We found that mice used the history of visits at each port to learn its 

respective quality and thus match their visit rate to the port in question. As ports were also 

distributed in space, we also investigated the effect of port-to-port distance on sampling 

decisions and found that mice shaped their behaviour according to the time to travel between 

ports. Finally, we also recorded dopamine levels in the nucleus accumbens core or dorsal 

striatum using dLight as mice behaved in the arena, and found differential encoding of port 

quality across mesolimbic and nigrostriatal dopamine. 
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Abstract: Phasic dopamine activity plays a key role in learning and decision-making and serves 

as a teaching signal by encoding reward prediction error (RPE), the difference between predicted 

and actual reward. Although most dopamine neurons encode RPEs, dopaminergic projections to 

their main target, the striatum, have been shown to differ across subregions. RPE coding has 

been extensively studied in Pavlovian tasks or simple probabilistic instrumental tasks, while 

more complex learning paradigms are less abundant. Predictive dopamine signals during cues 

and reinforcing dopamine signals during outcomes are strongly coupled to reward expectations, 

when those are independent of actions (as in Pavlovian tasks) or tied to external reward 

probabilities and magnitudes during well-trained behavior (as in probabilistic instrumental 

tasks). How predictive and reinforcing dopamine signals evolve during the acquisition of 

instrumental associations in a deterministic task without external reward manipulations remains 

elusive. We found that predictive and reinforcing dopamine signals can be uncoupled during the 

acquisition of instrumental associations, when rewards are action-dependent. We trained head-

fixed mice in an auditory decision-making task with rule switches, while we performed direct 

fluorescent imaging of dopamine using fiber photometry in the ventral striatum, dorsomedial 

striatum, and dorsolateral striatum. Depending on the learning state, mice used different 

strategies to perform the task. During learning, but not in the well-trained state, mice showed a 

tendency to repeat previous choices, but no other trial history-related biases. When animals were 

fully trained, they followed only the instruction cue to guide their choice. While dopamine 

outcome responses were inversely scaled with task performance, and thus reward expectation, 

dopamine cue responses were not reciprocally scaled. Predictive and reinforcing dopamine 

signals were uncoupled after rule switches and the RPE signature was intact again when 

associations were re-established, suggesting a mechanism for learning. The strongest effects 

were observed in the ventral striatum, while the dorsomedial striatum preferentially encoded 

predictive signals, and the dorsolateral striatum preferentially encoded reinforcing signals, in line 

with their assumed roles as associative and sensorimotor striatum, respectively. These findings 

contribute to the understanding of specialized dopaminergic mechanisms for the acquisition of 

instrumental associations. 
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Abstract: Striatal cholinergic interneurons (CINs) are the principal source of acetylcholine 

(ACh) in the striatum. They play an essential role in modulating striatal circuits and behaviors 

including reward processing, goal-directed behavior and behavioral flexibility. ACh exerts its 

effects through pre- and postsynaptic muscarinic and nicotinic receptors (NRs). Many studies 

have highlighted the role of muscarinic signaling due to their widespread expression in striatal 

projection neurons (SPNs). However, recent findings have indicated that CINs also form a fast 

synaptic circuitry involving NRs and in particular those containing β2 subunits (β2-NRs), 

expressed selectively by striatal GABAergic interneurons (GINs). Our previous work has 

demonstrated that optogenetic activation of CINs evokes large IPSCs, consisting of two 

components (GABAAfast and GABAAslow), in SPNs due to the direct nicotinic activation of one or 

more subtypes (likely several) of GINs. Nonetheless, the synaptic mechanisms and the functional 

roles of these circuits have not been precisely identified. Using multiple double transgenic mouse 

lines, we found that in addition to NGF interneurons tyrosine hydroxylase interneurons (THINs), 

low-threshold spiking interneurons (LTSIs), fast-spiking interneurons (FSIs) and spontaneously 

active bursty interneurons (SABIs) receive suprathreshold cholinergic input involving distinct 

NR-mediated excitation. Given the striatal connectivity, we suggested the involvement of THINs 

in the disynaptic inhibition of SPNs following synchronous activation of CINs. Using a double 

transgenic/ double optogenetics strategy, inhibition of THINs while simultaneously activating 

CINs produced a significant reduction in both the GABAAfast and the GABAAslow. While the 

former can be explained by striatal synaptic connectivity of THINs, the change in the GABAAslow 

is more puzzling. Our lab previously suggested that NGFs are the primary source of striatal 

GABAAslow. Thus, we hypothesized and demonstrated a functional heterotypic electrical 

coupling between striatal NGFs and THINs. Lastly, using transgenic β2-floxed mice, we were 

able to remove β2-NRs in striatal GINs and test their role in a striatum-dependent behavior, such 

as cognitive flexibility. Our preliminary results indicate that striatal β2-KO mice exhibit a 

difficulty to adapt their behavior when the task contingencies are switched in a reversal learning 

paradigm, hence suggesting a significant impairment in cognitive flexibility. Overall, our results 

elucidate a significant role for striatal β2-NRs in coordinating striatal output activity and 

behavior. 
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Abstract: Gene variants associated with neurodevelopmental disorders, including copy number 

variation at the 16p11.2 region, are known to impact reward learning and corticostriatal function 

in mouse models. These impacts, however, appear to differ across sexes, raising the question of 

how sex modulates the influence of autosomal gene variants on reward processing and striatal 

dopamine neurobiology. We have previously observed robust differences in reinforcement 

learning strategies across males and females in a reward-guided restless bandit task, with male 

animals spending longer exploring options. We are using this task to understand how sex 

modulates the impact of 16p11.2 hemideletion on reward-guided cognition. Training data prior 

to bandit performance suggests that 16p11.2 hemideletion female animals complete an increased 

number of trials compared to sex-matched control animals. In the bandit task, we use a Hidden 

Markov Model to define trials as exploration or exploitation, and preliminary results suggest that 

strategies are modulated by state in a way that is sex- and genotype-dependent. As the nucleus 

accumbens is critical in reward-guided learning such as bandit tasks, we will examine dopamine 

release in the nucleus accumbens core (NAcc) using dLight fiber photometry to determine 

whether dopaminergic signaling differs across sexes and between genotypes, and how that may 

contribute to differences seen in task performance. We hypothesize that 16p11.2 hemideletion 

animals will have increased dopamine release in the NAcc during rewarded trials, and this 

difference will be more pronounced in females. 
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Abstract: Most conceptual and analytical models assume that procedural memory formation in 

animals is dominated by ‘online’ trial-and-error learning. And, yet, ‘offline’ processes are known 

to play a critical role in declarative forms of memory, including episodic-like memory in rodents. 

To what extent do offline processes contribute to procedural learning in rodents? To address this, 

we reasoned that if online processes dominate in a procedural learning task, then reducing the 

number of training trials per session by half would double the number of sessions required to 

reach expert performance. We trained water-restricted mice on an auditory go/no-go task in 

which they had to lick to one tone (S+) to obtain a water reward and withhold licking to another 

(S-) to avoid a timeout. We assayed learning in reinforced and non-reinforced (probe) trials to 

allow us to dissociate between ‘acquisition’ of task contingencies (measured in probe trials) and 

slower behavioral ‘expression’ (measured in reinforced trials). Mice (n=6) that received 140 

reinforced trials per session took 4.1 ± 2.3 sessions to acquire the task contingencies (measured 

in probe trials) and 13.0 ± 4.9 sessions to express those contingencies (measured in reinforced 

trials). We then reduced the number of trials per session to 70 (n=8). Surprisingly, these mice 

acquired (5.0 ± 1.4 sessions) and expressed (11.6 ± 3.0) the task in the same number of sessions 

(p=0.6) despite experiencing only half the trials. These results suggest that offline processes 

contribute to procedural learning. To further test this possibility, we reduced the number of trials 

per session to 35. Mice (n=5) acquired the task contingencies in slightly more sessions (7.0 ± 0.8 

sessions) but still with significantly fewer trials than predicted from the 140 or 70 trial-per-

session tasks (p<0.01). Interestingly, these mice took far more sessions to express the task 

contingencies in reinforced trials with 3 of 5 mice not reaching criterion even after 50 sessions. 

These data support the model that procedural learning exhibits two, dissociable learning 

processes and provides new behavioral evidence that acquisition leverages offline processes to 

enhance learning while expression depends more heavily on trial-and-error practice. 
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Abstract: Much of our behavior is motivated by secondary reinforcers, like money. While 

money cannot directly satisfy needs, it can be exchanged for primary reinforcers, such as food or 

water. Secondary reinforcers can have powerful motivational value, as many species will work to 

obtain them. In the present study, we examined how monkeys learn to make choices to obtain 

tokens in a reinforcement learning task. At the beginning of a block of trials we introduced 

unfamiliar visual images, each of which was associated with a different outcome. In each trial, 

after a fixation period, two of the images were presented. The monkey then made a saccade to 

one of the images to indicate their choice. Each image was associated with tokens, such that 

choice of that image led to a change in the number of orange (juice) or blue (water) tokens. The 

images were randomly assigned to token outcomes such that the monkey received either 2 juice 

tokens, 1 juice token, 2 water tokens or 1 water token after choosing the corresponding image. 

The monkey had to learn over trials which images delivered the tokens for the larger volume and 

preferred fluid and to choose those images as often as possible. Tokens were accumulated across 

trials and cashed out after 4-7 correct trials. During cash-out, the monkey received one drop of 

water for each blue token and one drop of juice for each orange token. Preliminary data from one 

monkey shows that he learned to select images that delivered juice tokens, even when the offer 

pair included an option with more water tokens. Thus, he had a strong preference for juice 

tokens, that were later traded for primary juice rewards. Data was collected from four variants of 

this task: (A) juice 1 (orange tokens) vs. water (blue tokens); (B): juice 1 (orange) vs. juice 2 

(pink); (C) juice 1 (orange) vs. juice 3 (purple), and (D) juice 1 (orange) vs. water (blue) with an 

additional null cue. Data from these task variants show that monkeys can learn to associate 

differently colored tokens with liquid reward outcomes, and they can learn to choose images that 

maximize tokens for preferred outcomes. In addition, Rescorla-Wagner (RW-RL) models were 

fit to the behavioral data and show that the monkey valued tokens associated with preferred 

outcomes more than tokens associated with less preferred outcomes. A Temporal Difference 

(TD) model was developed to assess the contribution of task factors to choices and to make 

predictions about neural responses across cortical and subcortical circuits. This task and 

modeling framework allows us to explore how traditional RL models do and do not capture 

learning from secondary reinforcers when there is more than one, as is typical in a real-world 

environment. 
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Abstract: Learning to maximize reward and avoid punishment is crucial for an effective 

interaction with the environment. This process relies on the brain’s ability to encode a value 

representation of stimuli and/or actions, and to use this representation to select behaviors that 

maximize the future rewards. Reinforcement-learning (RL) models have been particularly 

fruitful in describing behavioral and neural value-related learning processes. These processes are 

typically studied in RL paradigms where choices are made through a single motor system, 

usually either the oculomotor or the skeleto-motor. Here, we trained a macaque monkey in a 

novel version of a two-arm bandit task in which we randomly intermixed blocks of trials that 

required a choice with either an eye or a reaching movement. On each block the monkey was 

presented with two new stimuli associated with a different probability of receiving the reward 

and, by trial and error, the monkey learned to maximize reward by choosing the most frequently 

rewarded stimulus. We found that monkey’s choice behavior was characterized by better 

performance in reaching blocks compared to eye blocks in terms of how often the most rewarded 

stimulus was selected. We then used a standard RL model and estimated the learning rate and the 

inverse temperature parameters during eye and reaching blocks. We found that the RL model fit 

observed monkey behavior well and the learning rate was higher during reaching compared to 

eye blocks. We then used the inverse temperature parameter of the RL model as a measure of 

choice consistency. A high (low) inverse temperature indicates that the monkeys more (less) 

frequently chose the better option. Consistent with the choice accuracy, we found that the inverse 

temperature was higher during reaching compared to eye blocks. Next, we analyzed the reaction 

times (RTs) and the speed-accuracy tradeoff in both eye and reaching blocks. We found that 

during eye blocks the accuracy peaks near the average RT, while during reaching blocks the 

highest accuracy occurred during shorter RTs. This is consistent with the further observation that 

RTs decreased as the learning increased during reaching but not eye blocks. Our results suggest 

that different value-related processes might drive learning in the eye and reaching blocks. One 

hypothesis is that there may be a different value representation across brain regions subserving 

eye and reaching movements. Upcoming neuronal recordings in different cortico-basal ganglia 

circuits will allow us to investigate whether and how these value representations are encoded in 

the brain and make hypothesis on how they drive learning. 

Disclosures:  F. Giarrocco: None. C.J. LeWarne: None. R. Bartolo: None. B.B. Averbeck: 

None. 

Poster 

570. Integrative Behavioral and Circuit-Based Approaches 



Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 570.20 

Topic: H.08. Learning and Memory 

Support: NIMH ZIA MH002928-01 

Title: Neural circuit mechanisms underlying learning from gains and losses in monkeys 

Authors: *H. TANG, R. BARTOLO, B. B. AVERBECK;  

NIMH/NIH, NIMH/NIH, Bethesda, MD 

Abstract: Reinforcement learning (RL) is the behavioral process of learning to associate stimuli 

or responses with gaining and losing positive reinforcers. Recent studies revealed that RL is 

mediated by a broad set of cortical and subcortical regions, which can be grouped into ventral 

and dorsal systems. The ventral circuit is critical for specifying behavioral goals by updating and 

maintaining the value of stimuli, and the dorsal circuit is critical for orchestrating actions to 

obtain the goals (H. Tang et al., 2022). However, how value-relevant information flows across 

the ventral circuit during learning of gains and losses has not been revealed. To address this 

question, we simultaneously collected neural activity in the orbitofrontal cortex (OFC), ventral 

striatum (VS), amygdala, and medial portion of the mediodorsal (MD) thalamus from rhesus 

macaques as they performed a two-armed bandit token reward learning task. In the task, the 

monkeys learned to choose between two images associated with different values (+2, +1, −1, −2 

accumulated tokens). The tokens were periodically exchanged for primary reinforcers. The 

monkeys learned to associate visual stimuli faster for gaining than losing tokens. Among areas, 

OFC neurons show the best discrimination of gains and losses; VS and amygdala neurons also 

represent these well, but the activity in these structures is more relevant to the value of the 

stimuli, not gains vs. losses. The MD thalamus neurons, however, do not encode gains vs. losses 

as well as the others. When choice outcomes were revelated, value information flowed in a 

subcortical-to-cortical direction: from the amygdala and VS to OFC through MD. Our results 

revealed the distributed representation of gains and losses of secondary reinforcers and the flow 

of value information in the ventral frontostriatal system during RL. 
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Abstract: Adaptive behavior requires learning to gain rewards and avoid losses. Most work on 

learning has focused on learning to gain rewards. Therefore, we have developed a paradigm that 

allows us to examine whether the same or different neural systems underlie learning from gains 

vs. losses. We have previously shown that Ventral Striatum (VS) plays a specific role in learning 

to select between rewarded outcomes (Taswell, Costa et al. 2018). In a follow-up study (under 

review) we found that the learning deficits VS monkeys displayed in (Taswell, Costa et al. 2018) 

was due to motivation, and not learning ability. Additionally, in this same study, we showed that 

monkeys with lesions to the amygdala performed as well as controls. These results suggest that 

there is different neural circuitry that underlies learning values associated with gains and losses. 

In the present study, we recorded single and multiunit activity using 3 microelectrode arrays (96 

channels per array) implanted in the orbitofrontal cortex (OFC), dorsolateral prefrontal cortex 

(DLPFC), and ventrolateral prefrontal cortex (VLPFC). In addition to these arrays, we also 

simultaneously recorded single and multiunit activity using 2 microelectrode arrays (64 channels 

per array) implanted in the anterior cingulate cortex (ACC). Activity was simultaneously 

recorded in these areas while monkeys completed the stochastic token experiment presented in 

(Taswell, Costa et al. 2018). In this experiment, we conditioned tokens as reinforcers in a task 

where animals could both gain and lose tokens. We introduced four novel images in each block 

which had associated outcomes of +2, +1,-1,-2 tokens, 75% of the time, the outcome was the 

value of the cue, and 25% of the time, the outcome was 0. Monkeys had to learn over trials, in 

each block, the outcomes associated with each cue, and choose the best cue in each trial. 

Preliminary results show that information about chosen stimuli and their associated value is 

encoded in the OFC, VLPFC, and ACC at different time periods during trials. Additional 

analyses will further allow us to characterize these effects. 
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Abstract: Animals adaptively plan actions to achieve goals. The successful conversion of a goal 

into a sequence of actions to achieve the goal is crucial in adaptive behavior. One critical 

challenge in studying the neural mechanism underpinning goal-action conversion is the 

behavioral dissection of goals and actions. In previous experiments, goals and actions are often 

confounded. For example, in saccade-based learning experiments in macaques, the saccade 

direction (action) is confounded by the location of the chosen image (goal). To address this 

limitation, we designed a spatial sequential learning task in which we explicitly separated the 

choice of image (goal) and the choice of action by allowing multiple routes of actions to reach 

the same goal. 

We trained macaques to choose between two images that deliver rewards at complementary 

probabilities. The images can appear in any two corners of a computer screen randomly. To 

choose an image, monkeys were trained to make horizontal and vertical saccades following one 

of the two L-shaped paths from the screen center to the target image. For example, to choose the 

upper right image, the monkey can either go up and then right, or right and then up. In each trial, 

only one of the two paths leading to each image is available. The path availability is indicated by 

the presence of a white square at the joint of the L-shaped path (L-joint). The monkeys started 

each trial by looking at the central fixation point. The images were flashed for 100ms at two 

random target locations. Then, two white squares were flashed at either the vertical (up and 

down) or horizontal (left and right) L-joints. The monkeys were then asked to make two 

saccades, the first from the center to one of the four L-joints (only 2 are valid), and the second 

from the chosen L-joint (if valid) to the target image. Behaviorally, we showed that our monkeys 

successfully learned the task and are capable of planning actions based on action availability to 

achieve goals on a trial-by-trial basis. 

Neurally, previous research has suggested that goals and actions may be encoded in different 

areas of the brain. Goal values are mostly encoded in the ventral cortico-striatal circuit, whereas 

saccade directions are mostly encoded in the dorsal cortico-striatal circuit. However, how goal 

information is communicated between ventral and dorsal cortico-striatal circuits to drive action 

selection remains unclear. In our study, we plan to record simultaneously from anatomically 

connected nodes in both ventral and dorsal circuits (namely, amygdala and dorsal lateral 

prefrontal cortex) while monkeys perform the task to study the information flow between the two 

areas that underlies goal-action conversion. 
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Abstract: Although cholinergic interneurons (CINs) compose only 1-2% of striatal population, 

CINs exert powerful impact on striatal functions. CINs exhibit a unique burst-pause firing 

pattern in response to salient stimulus. This firing pattern is believed to critically modulate 

striatal outputs and dopamine-dependent corticostriatal plasticity. However, the behavioral 

consequences of altered burst-pause firing of CINs in neuropsychiatric disorders have largely 

been unexplored. Here, we used two different methods to manipulate the burst-pause firing of 

CINs and tested their behavioral consequences in alcohol use disorder. First, using a chronic 

alcohol-drinking animal model we observed the reduced burst-pause firing of CINs and impaired 

behavioral flexibility (failed to learn reversed action-outcome contingencies) in alcohol-drinking 

animals compared to water-drinking animals. Second, we optogenetically stimulated the burst 

firing of CINs and found that CIN excitation enhanced extinction of instrumental learning. 

According to these results we propose a model in which burst firing of CINs is important for the 

extinction of learned action-outcome contingencies by modulating striatal output; pause response 

of CINs is critical for acquiring new action-outcome contingencies by allowing dopamine-

dependent plasticity. Current experiments aim to manipulate the pause response of CINs to 

further test our hypothesis. Our data indicate that chronic alcohol intake altered CIN firing 

pattern, leading to reduced flexibility. These results provide insight into reduced cognitive 

flexibility in alcohol use disorder. 
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Abstract: Place cells are neurons in the hippocampus that fire when an animal occupies a 

particular space within its environment. A subset of place cells, called splitter cells, encode the 

same location differently depending on the route taken to or from that location and the 

contingency of the reward (Wood et al. 2000). Although studies have investigated splitter cells in 

rats running on planar mazes, it remains unclear whether place cells exhibit splitter-like activity 

when trajectories are defined not by different 2D paths but by different complex behaviors 

available to the animal at a specific location in a common path. To investigate the firing 

properties of place cells during such complex locomotor behaviors, we studied Long-Evans rats 

(2 male, 1 female) as they ran across a linear track with an adjustable gap in the middle. The 

animals crossed the gap back and forth to get to the reward locations at each end of the track. 

When crossing, rats had to decide to either jump over the gap (“jumping”) or leap into and out of 

the gap (“ditching”), choices that generated distinct 3D trajectories of the rat but similar 2D 

projections onto the experimental rig. The reward was not contingent upon the animals’ current 

or prior decisions. Hippocampal recordings from CA1 revealed that place cells fired while the 

animals were airborne during jumping. For one animal, we recorded sessions with both jumping 

and ditching behavior and found that, in general, place cells encoded these trajectories 

differently. For example, in one session (n=41 CA1 cells), 18 place cells had firing field 

locations in the gap region, of which 14 displayed splitter-like behavior: 4 were strongly 

selective for jumping and 10 were strongly selective for ditching. Additionally, 6 cells fired 

immediately after the rat crossed the gap, of which 3 fired only after jumping, 2 fired only after 

ditching, and 1 fired in both cases but with different firing rates. In this study, we showed that 

place cells encode 3D trajectories when rats have the option to jump or ditch and that they fire 

while the animal is in midair. Place cells discriminated between jumping and ditching, including 

at the locations on the other side of the gap after the rat crossed it, thus demonstrating 

retrospective coding. This study provides new evidence of splitter cells differentiating 3D 

trajectories, even when the animal’s choices do not affect the reward contingency, and further 

supports the notion that place cells adjust their firing properties to reflect the structure of the task 

at hand (Griffin et al. 2007). 
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Abstract: In an open two-dimensional environment, grid cells in the medial entorhinal cortex are 

known to be active in multiple locations, displaying a strikingly periodic hexagonal firing pattern 

covering the entire space. Both modeling and experimental data suggest that such periodic spatial 

representations may emerge from a continuous attractor network. According to this theory, grid 

cell activity in any stable 1D environment is a slice through an underlying 2D hexagonal pattern, 

which is supported by some experimental studies but challenged by others. Grid cells are 

believed to play a fundamental role in path integration, and so understanding their behavior in all 

environments is crucial for understanding the flow of information through the entorhinal-

hippocampal system. 

We analyze both simulated and experimental data from grid cells on an annulus. In our 

simulations, we find that the spatial frequencies associated with the grid periods are 

overrepresented in the 2D autocorrelation given a sufficiently large circular track, and they 

become more prominent when responses of a population of grid cells are combined. These 

predictions are consistent with our analysis of experimental grid cell data from an annulus. As 

expected, individual grid cells did not provide sufficient data for determining the underlying 

spatial activity pattern. To circumvent this, we pooled together population responses from grid 

cells in the same module, in which the activity pattern is characterized by a specific spacing and 

orientation. We observed a significant peak at the value of the track circumference in the 

autocorrelation of the linearized responses of the grid population, supporting an allocentric code 

in grid cell populations. Despite the limited and noisy nature of the data, the six-peak hexagonal 

pattern is recovered in the population autocorrelation, which has a gridness score significantly 

above controls. In addition, the orientations and period of the population response are consistent 

with the geometry of a hexagonal lattice. These results provide strong evidence that grid cells do 

maintain their regular spatial patterns on an annulus, and they also demonstrate how our novel 

statistical methods could be used to uncover structure in undersampled, noisy data. 
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Abstract: Animals can keep track of their position by integrating their velocities over time 

through path integration, a computation underlying the neural representation of position in an 

internally generated “cognitive map”. Because path integration is intrinsically noisy, in the 

absence of external landmarks it accumulates error, causing the representation of position to 

drift. External landmarks correct drift by anchoring the cognitive map to the environment. 

Recent experiments in a circular VR apparatus have shown that path integration has a plastic 

gain that maps the magnitude of a rat’s movement in physical space to that in its internal map. 

These experiments identified a new role of landmarks in providing a teaching signal for precise 

calibration of this gain (Jayakumar et al., 2019). How do landmarks modulate the dynamics of 

path integration to simultaneously provide drift correction and a teaching signal for the gain 

calibration? 

To garner theoretical insight into this question, we studied the ring attractor model of path 

integration. Without imposing a mechanism for the gain calibration, we first sought universal 

conditions for stable, precise calibration of the gain and found that the instantaneous change in 

the gain must occur in the same direction as the product of the animal’s velocity and path-

integration error. Assuming Hebbian plasticity as the mechanism, we then showed that this 

stability condition translates to a fundamental requirement that some neurons in the network 

must encode the error via a rate code. This encoded error can be the neural correlate of a 

teaching signal provided by landmarks for gain calibration. As a preliminary test of this 

prediction, we analyzed place cells from 5 male, Long-Evans rats in an existing dataset in which 

gain calibration was shown (Jayakumar et al., 2019). In ~60% of these cells (248/400), firing 

rates were correlated with path-integration error, as measured by a slight drift of field locations 

relative to landmarks. Across sessions, the slope of this relationship was negatively correlated 

with the total error accumulated in a session. Finally, to close the loop between data and the 

model, we added afferent connections from visual landmark cells onto the angular rotation 

neurons in the model and reproduced the hypothesized rate code with the same negative 

correlation between slope and total error. This rate code is controlled by landmarks to 

simultaneously provide drift correction and a teaching signal for gain calibration. Although 

alternative explanations exist, our results suggest that an explicit rate code of path-integration 

error is a mechanism of landmark influence over place cells. 
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Abstract: Animals combine information from landmarks in the environment with self-motion 

inputs (such as vestibular cues, optic flow, proprioception, and motor copy) to navigate. The 

process of utilizing self-motion information to derive an estimate of position in a world-based 

(‘allocentric’) frame of reference is termed path integration. Path integration is governed by a 

gain factor that converts distances covered in the real world to distances traveled in the cognitive 

map. Recent recordings from CA1 place cells have shown that the path integration gain is a 

highly plastic variable, and its value can be recalibrated through a sustained conflict between 

landmarks and path integration (Jayakumar et al., 2019, Madhav et al., submitted). The synaptic 

modifications and functional changes in the firing properties of the network that bring about a 

recalibration of the path integration gain are unknown. The medial entorhinal cortex (MEC) is 

one of the primary inputs to the hippocampus and is believed to be the locus of the path 

integration computation (McNaughton et al., 2006), making it a good candidate to explore the 

neurophysiological mechanisms that underlie recalibration. We performed extracellular tetrode 

recordings from neurons in the MEC of Long-Evans rats (n=3) under conditions of persistent 

conflict between landmarks and self-motion inputs (Jayakumar et al., 2019). This conflict was 

produced by gradually rotating an array of landmarks in a virtual reality (VR) environment as a 

function of the rat’s speed, producing the illusion that the rat was moving slower or faster than its 

actual speed. In 12/13 sessions where the firing fields of cells were locked to the position of the 

landmarks, the entire population of MEC cells recalibrated coherently, as demonstrated by a 

predicted change in the path integration gain when the landmarks were extinguished. However, 

in one session in which the firing locations of cells broke away from the landmarks, the MEC 

population split into two subgroups, with one subgroup (n = 3 cells) more closely following the 

landmarks than the other (n = 8 cells). These results show that MEC inputs to the hippocampus 

show a recalibration similar to place cells (Jayakumar et al., 2019) when the landmarks control 

the firing locations of cells. When the firing fields of cells dissociate from the array of 

landmarks, different subgroups of the MEC show varied responses, reflecting the overall 

functional diversity of the MEC. This heterogeneity could arise from each subgroup 

differentially weighting visual versus self-motion inputs. 
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Abstract: The entorhinal cortex is a key structure of the medial temporal lobe system that 

mediates communication between the hippocampus and the neocortex to support spatial 

navigation and episodic memory. It has been postulated that the lateral entorhinal cortex (LEC) 

provides “content” of an experience by representing local sensory information and egocentric 

bearing to items, while the medial entorhinal cortex comprises a “context” pathway and encodes 

allocentric space as the framework of experience. In Alzheimer’s disease, the LEC is affected 

early and profoundly, with significant accumulation of tau tangles. However, it remains poorly 

understood whether functional deficits in LEC arise in parallel with hippocampus-dependent 

memory decline with age and disease. The Long-Evans rat model of aging replicates the variable 

age-related cognitive outcome in humans on the Morris water maze, an assay of hippocampus-

dependent spatial learning, and serves as a useful model system to assess the functional status of 

other brain regions in the context of hippocampal impairment. Notably, alterations in the 

molecular and synaptic markers of neuronal plasticity of LEC in aged, memory-impaired rats 

parallel the early deterioration of LEC in humans with age-related memory impairment. The 

present study aims to relate the age-related, hippocampus-dependent impairment in spatial 

memory with the functional integrity of LEC in supporting associative, episodic-like recognition 

memory. LEC-dependent memory was assessed in 43 male Long-Evans rats (9 young, 21 aged 

spatial-unimpaired [AU], 13 aged spatial-impaired [AI]) by testing their ability to recognize a 

novel object-place-context (OPC) configuration in a spontaneous exploration paradigm. 

Although both young and aged rats showed memory for integrated object, place, and context 

information, the amount of experience needed to form such associations differed. In an initial test 

after 6 exposures to two distinct OPC configurations, young and AU rats successfully recognized 

and preferentially explored objects of novel configurations, whereas AI rats preferred objects of 

familiar configurations, suggestive of an exploration strategy that fails to integrate context 

information. In a replication of this task with new OPC configurations, all age groups 

demonstrated intact associative recognition memory. The results demonstrated similarities in the 

behavioral expression of associative memory between young and AU rats and revealed a slower 



temporal progression of information integration in AI rats, laying the groundwork for future 

studies to elucidate LEC alterations in information processing with cognitive aging. 
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Abstract: Place cells in the hippocampus increase their firing rates when an animal visits a 

specific location in an environment. The orientation of the hippocampal “cognitive map” appears 

to be controlled by the head direction system (Knierim, Kudrimoti et al. 1995). Deshmukh and 

Knierim reported a new form of hippocampal CA1 place cell called a landmark vector cell 

(LVC) that fires when the animal is located at a certain distance and angle relative to a local 

landmark (Deshmukh and Knierim 2013). However, how landmark vector cells respond when 

the salient, distal cues are rotated in the environment is unknown. To investigate how head 

direction system information is integrated into the LVCs, we employed miniscope technology to 

perform single-cell calcium imaging in the CA1 region of 8 freely moving, Long-Evans rats (5 

males and 3 females) while they randomly foraged for food in a square platform containing 1-4 

objects. A polarizing cue card was located on the curtains surrounding the recording chamber 

and it was rotated 90° between sessions. Consistent with previous studies, 7.3% (101/1366) of 

active CA1 pyramidal cells were identified as LVCs in calcium imaging recordings. The firing 

fields of place cells rotated relative to the center of the platform to follow the cue card rotation, 

whereas the firing fields of LVCs rotated by the same amount as the place cells but relative to the 

local nearby objects. We also observed ~12% of landmark vector cells (12/101) that encode both 

place cell information and the vector relationship between the rat’s position and the local object, 



in that they split their firing fields in two in the cue-rotation session; one subfield rotated around 

the platform center and the other subfield rotated around the object. Tracking the same neurons 

across multiple days also reveals that landmark vector cells can be generated from place cells. 

The firing fields of place cells and LVCs are both thought to be strongly coupled with the head 

direction system, but place cells were anchored in the world-centered frames while the LVCs 

were anchored in the landmark-centered frames. Taken together, these data demonstrated the 

capacity of CA1 neurons to encode both world-centered spatial information as well as animals’ 

location relative to the local landmarks, with a common directional anchor presumably provided 

by the head direction system. 
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Abstract: Spatial navigation is thought to be mediated in part by place cells in the hippocampus, 

which increase their firing rates when animals occupy specific locations of an environment. As 

the animal traverses through these place fields, the spiking activity of place cells advances to 

increasingly earlier phases of the local field potential (LFP) theta oscillation, a phenomenon 

known as theta phase precession. Thus, spike timing relative to LFP theta encodes the location of 

the animal within a place field. Theta precession results in the formation of theta sequences, 

where the spatial order of place cells with overlapping fields is re-instantiated temporally within 

a theta cycle. However, it is unknown whether and how phase coding adapts to a constantly 

changing environment. To investigate the dynamics of phase coding, we recorded the activity of 

place cells (n = 261) from hippocampal CA1 as 5 male, Long-Evans rats ran around a circular 



track inside a planetarium-style VR environment (the “Dome”). An array of visual landmarks 

was projected onto the wall of the dome and was rotated as a function of the rat’s movement. 

The motion of the visual landmarks was controlled by the experimental gain G, which specified 

the ratio of the animal’s motion in the landmark frame to its motion in the lab frame. In G > 1 

sessions, landmarks moved in the direction opposite to the rat’s movement, causing an illusion 

that the rat was moving faster than it actually was; in G < 1 sessions, landmarks moved in the 

same direction as the rat, causing the rat to perceive its motion as slower than it was. In 40/51 

sessions, place fields were stable in the rotating landmark frame, enlarging or shrinking relative 

to the rat’s physical position on the track (Jayakumar et al., 2019). In these sessions, place cells 

maintained their theta-phase coding in the landmark frame. The overall relationship between the 

theta phase and the position in the landmark frame was constant across gain values, even though 

the size of place fields in the lab frame of reference was altered dramatically. The stable phase 

code was achieved by place cells flexibly adjusting their theta-modulated burst frequencies 

(precession rate ~ 0.16G); place cells decreased their burst frequencies and slowed down phase 

precession when the fields were enlarged and increased their burst frequencies when the fields 

were shrunk. As a result, theta sequences were preserved across different gain values. This study 

elucidates the ability of place cells to flexibly modulate their spiking activity to maintain phase 

coding under altered gain conditions and points to a possibly dominant role of intrinsic place cell 

sequence dynamics in stabilizing the coding scheme. 
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Abstract: Hippocampal place cells are an ideal system to investigate the interaction between 

sensory input, endogenous neural dynamics, and behavioral output, as they are influenced by 



both self-motion (idiothetic) signals and by external sensory landmarks. To continuously update 

its position on an internal "cognitive map", the hippocampus performs path integration of self-

motion signals over time. In the absence of stable, external landmarks, path integration can 

accumulate error and cause the internal representation of position to drift relative to the external 

environment. We previously demonstrated that, in addition to their known roles in preventing 

and/or correcting path-integration error, external landmarks can be used as a putative teaching 

signal to recalibrate the gain of the path integration system (Jayakumar et al., 2019). However, it 

remains unclear whether idiothetic cues, such as optic flow, exert sufficient influence on the 

cognitive map to enable recalibration of path integration, or if instead an unambiguous 

allocentric frame of reference, anchored by polarizing landmark information, is essential for path 

integration recalibration. Here, we use principles of control theory to demonstrate systematic 

control of place fields by pure optic flow in freely moving animals. We recorded place cell 

activity from the CA1 region of 2 male and 2 female Long Evans rats as they ran on a circular 

track inside an immersive virtual reality system. We developed a closed-loop integral controller 

that adjusts the gain of the optic flow signal based on real-time decoding of the gain of the 

hippocampal spatial map (H), in order to drive it to a desired value. In 18/25 sessions from 4 rats, 

the closed-loop controller was able to clamp the value of H at or near the desired value. Control 

was much stronger when the desired value was greater than the baseline value of H compared to 

when it was below baseline, demonstrating an asymmetry in the ability to control H to values 

greater than vs. less than its normal value. For the 3 rats with strong closed-loop control, we 

tested for recalibration of the path integrator gain by measuring H after the stripes were 

extinguished. In all 3 rats, there was a linear relationship between H measured after the stripes 

were extinguished and the desired value, showing that optic flow cues alone could recalibrate the 

path integrator gain. This finding demonstrates that the brain continuously rebalances the 

influence of conflicting idiothetic cues to fine-tune the neural dynamics of path integration, and 

that this recalibration process does not require a top-down, unambiguous teaching signal from 

landmarks. 
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Abstract: The spatial map in the rodent hippocampal formation combines information from both 

landmarks and self-motion cues to create a representation of the animal’s environment. We 

previously used a planetarium-style, virtual reality dome (Madhav et al., 2022) to examine the 

relative influence of these two classes of information on the firing fields of hippocampal place 

cells (Jayakumar*, Madhav* et al., 2019). A persistent conflict between landmarks and path 

integration inputs was introduced by moving the array of landmarks as a function of the rat’s 

speed, producing the illusion that the rat was moving slower or faster than its actual speed. As a 

result of this persistent cue conflict, the brain recalibrated the relationship between self-motion 

cues perceived by the rat during movement and the updating of its position on its hippocampal 

“cognitive map”. This relationship, called the path integration gain, was thus shown to be a 

plastic variable learned via feedback from salient landmark cues over relatively short time scales. 

Head direction cells are thought to be involved in creating the directional component of the 

velocity vector that is integrated in path integration. Thus, to begin to address the network 

mechanisms that underlie the recalibration of path integration gain, we performed extracellular 

tetrode recordings simultaneously from neurons in the CA1 region of the hippocampus and head 

direction cells in the retrosplenial cortex and/or the anterior dorsal thalamic nucleus of Long-

Evans rats (n=3, 2 male, 1 female) under conditions of persistent conflict between landmarks and 

self-motion inputs. The head direction and place cell populations stayed locked to the moving 

landmark frame of reference in 17/23 sessions. When the landmarks were extinguished in these 

17 sessions, the head direction cells showed recalibration of the path integration gain, similar to 

the simultaneously recorded CA1 place cells. These results demonstrate a coherent response 

between place cells and head direction cells and open the possibility that the recalibration 

demonstrated by place cells may be, at least in part, a reflection of plasticity mechanisms in head 

direction cells or other networks that are upstream of the hippocampus. 
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Abstract: In the mammalian brain, constitutive neurogenesis takes place in the dentate gyrus 

(DG) of the hippocampus throughout life. Adult-born neurons make a significant contribution to 

information processing and hippocampal memory, including encoding, retrieval, and memory 

consolidation. Acute hippocampal slice recordings suggest that adult-born neurons exhibit 

increased excitability and plasticity from roughly 4-6 weeks after their birth. However, little is 

known about the properties of adult-born neurons in vivo and how they influence local circuitry 

in the DG, due to the technical challenges of identifying adult-born neurons during extracellular 

single unit recordings. By combining optogenetics with in vivo recording, we identified 

immature newborn neurons of known cellular age in freely behaving mice and found that 

newborn neurons are more active than mature granule cells both during behavior and sleep. 

Interestingly, newborn neurons up to 11 weeks old still exhibited elevated firing rates and the 

proportion of units involved in spatial representation is higher for newborn neurons than mature 

granule cells. When the mice were exposed to different environments, mature granule cells and 

immature newborn neurons remapped to a similar extent. Further, we recorded from DG cells 

while optogenetically inactivating adult-born neurons at different maturational timepoints. 

Inactivation of adult-born neurons between 4 and 11 weeks old affected the neural activity of 

mossy cells. Adult-born neurons older than 22 weeks had a minimal impact on mossy cell 

activity, suggesting an age-dependent role of this population on local circuit activity. Taken 

together, our electrophysiological recordings of single dentate gyrus cells in behaving mice 

support predictions of higher activity levels in adult-born neurons and reveal a modulatory role 

of this population on the activity of mossy cells. 
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Abstract: Inference is a remarkable cognitive ability that allows animals to deduce novel 

relationships between bits of information without having to explicitly learn their relationships. 

Previous studies using humans and rodents have demonstrated that the hippocampus and 

prefrontal cortex are critical to successful inferential reasoning. However, the neural systems 

level processes that underlie inference are not well understood. A possible mechanism to create 

new relationships between stimuli are hippocampal sharp wave ripples (SWRs). During SWR 

events, hippocampal neuronal sequences, coordinated with prefrontal neural ensembles, are 

reactivated during periods of rest. We hypothesize that SWRs could reactivate distinct 

representations in order to form novel associations between them and thus support inference. In 

order to test our hypothesis, we developed a rodent spatial transitive inference task in order to 

speed up training times compared to odor-based tasks and facilitate the analysis of SWR replay 

events. Single unit and local field potential (LFP) activity was recorded with custom high-density 

ShuttleDrives consisting of 64-tetrodes. Male and female rats (Sprague Dawley, 3-12 months 

old, N=7) readily learned the transitive inference task and demonstrated clear inference-like 

behaviors when tested. Specifically, rats were trained to discriminate overlapping pairs of stimuli 

based on a task value set (A>B>C>D>E>F). Rats were then tested on novel combinations of 

stimuli and successfully inferred the most valuable stimulus. Hippocampal place cells had 

diverse selectivity profiles with some cells firing on single arms while others had fields on 

multiple arms. Sharp wave ripples events were prominent on the track during inference testing 

and showed clear reactivations of neural ensembles. Overall, these results demonstrate a novel 

space-based transitive inference task for use in rodents that leverages their innate spatial 

navigation abilities. The task paves the way for future studies on the hippocampal-prefrontal 

mechanisms that support inferential reasoning. 
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Abstract: The ability to generalize learned knowledge for guiding behavior in novel contexts is 

thought to rely upon the interactions between the hippocampus and prefrontal cortex (PFC; 

Schlichting and Preston, 2015; Preston and Eichenbaum, 2013). Emerging evidence suggests 

that both regions maintain representations of task space (Zielinski et al., 2019; Hasz and Redish, 

2020; Sauer et al., 2022; Tang and Jadhav, 2022). However, the intrinsic structures of these 

representations and their dynamics across contexts have not been well characterized, leaving it 

unclear whether and how they differ in their functional contributions to memory generalization. 

Here, we simultaneously recorded hippocampal and prefrontal neural ensembles (n = 214 and 

215 cells, respectively) as rats (n = 5) generalized behaviors of a hippocampal-prefrontal 

dependent memory task across different environments. We show that although the hippocampus 

and PFC both encode task information with a manifold-like representation, these areas have 

major differences in their representational geometry. Specifically, the geometry of the PFC 

representation enabled generalization across locations and contexts where similar behaviors are 

task-appropriate, whereas the hippocampal representation provided characteristics of distinct 

spatial contexts. Furthermore, the context-general patterns in PFC were prominently reactivated 

with context-specific hippocampal ensembles during sharp-wave ripples (SWRs). Notably, 

following training in two different environments, the SWR events replaying recent and remote 

experiences were both enhanced and overlapped substantially in the hippocampal-prefrontal 

network. Together, these findings elucidate how task knowledge is structured and transformed 

into representations with distinct geometries in the hippocampal-prefrontal network to 

concurrently support memory specificity and generalization across experiences. 
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Abstract: Navigation is an active process that requires combining knowledge of “here and now” 

with upcoming and former states. Previously, it was noted that animals encode a span of 

spatiotemporal locations in the hippocampus (HPC) that bias toward the future (Dotson & 

Yartsev, 2021). More broadly, the hippocampus functionally coordinates with the prefrontal 

cortex (PFC), which influences firing around nonlocal hippocampal (HPC) representations (Yu 

& Frank, 2020; Berners-lee, Wu & Foster, 2021). Both HPC and PFC are required for memory-

guided navigation, but it is unclear whether different task demands-- such as cue- and memory-

guided states --reorganize nonlocal coding and hippocampal-prefrontal coordination thereof . To 

investigate this question, we implanted 64 tetrode drives in rats performing a task exhibiting both 

cue- and memory-guided phases in a 2-d maze. Animals were shown a rewarded location for two 

consecutive trials and then tested with two uninstructed trials to ascertain their memory of the 

location, with the reward location switching randomly in subsequent trial blocks. Surprisingly 

animals exhibited different distributions of nonlocal coding in hippocampal and prefrontal 

ensembles under these cue- and memory-guided regimes. This may imply flexibility in 

predictive and postdictive coding under various task demands. 
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Abstract: Memory formation and recall underpin cognitive abilities such as decision-making 

and spatial navigation. Intact hippocampal function is necessary for memory encoding and 

retrieval, and coordination with extrahippocampal regions through rhythmic network patterns 

such as sharp-wave ripples and theta oscillations are essential for spatial learning and decision-

making. During sharp-wave ripples, hippocampus “replays” memory sequences, condensing 

neural activity patterns from behavioral timescales into a timescale amenable to Hebbian 

plasticity. Hippocampal research has focused on hippocampal subregion CA1 as the main 

hippocampal output, but anatomical connectivity suggests subiculum (SUB) is equally vital. 

SUB receives strong inputs from CA1 and entorhinal cortex, and its outputs largely mirror and 

complement those of CA1. SUB also has extensive outputs to downstream regions such as 

prefrontal cortex and nucleus accumbens. Despite extensive anatomical connectivity, little is 

known regarding CA1/SUB coordination during memory-guided navigation. We hypothesize 

that during rhythmic network activity, neurons in SUB and CA1 with overlapping spatial firing 

fields will be active, jointly “replaying” previous experience and linking categorical SUB 

representations with CA1 ensembles encoding specific experiences. Here, we recorded dorsal 

CA1 and SUB single cell activity using in vivo electrophysiology while adult male Long-Evans 

rats navigated a novel complex environment. Through the use of dynamic barrier locations, we 

adapted the available paths to rewards over learning. SUB and CA1 ensembles do indeed show 

coordination during sharp-wave ripples during learning. Differences in field patterns between 

SUB and CA1 were also observed. Overall, this work adds to a growing body of evidence that 

SUB plays an important part in hippocampal output during navigation. 
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Abstract: The recurrent connectivity of the CA3 region of the hippocampus is thought to be 

important for storing patterns of activity corresponding to spatial and episodic memories, but it is 

not well understood how the preexisting structure of the network shapes and constrains the 

expression of future neural activity. During movement through an environment, the firing of 

place cells in the hippocampus correspond to an animal’s current location. During pauses in 

movement and rest, the hippocampus replays sequences of place cells that correspond to spatial 

trajectories through the environment. The hippocampal place code changes with each different 

environment. Although plasticity modifies this representation with experience, a new place code 

is immediately expressed in a novel environment and hippocampal replay has been observed 

after single laps on novel tracks. Additionally, correlations to future place codes can be found in 

spontaneous activity during rest, a process known as preplay. This suggests that the preexisting 

structure of the network shapes the future place code. Here, we demonstrate how an untrained 

randomly connected, recurrent clustered network can produce preplay events correlated with a 

place field code generated by a combination of minimally placed landmarks, an environmental 

context signal, and history-dependent activity. We simulated the model to represent the CA3 

region of the hippocampus, with recurrent connections that were randomly clustered. All clusters 

in the network were comprised of randomly assigned excitatory cells, such that cells could 

inhabit multiple clusters, while connections between excitatory cells depended, probabilistically, 

on shared cluster membership. Inhibitory cells provided feedback inhibition through random but 

non-clustered connections. The only spatially tuned input to the network was via two location 

cues that monotonically varied with distance from the two ends of a linear track. All excitatory 

neurons received input from both location cues with randomly selected strengths. We find that 

the recurrent connections shape activity such that place field peaks tile the track, despite the 

simplicity of the spatial input. The relative strength of the feed forward and recurrent inputs must 

be balanced to preserve both place field-like spatial receptive fields and spatially correlated 

preplay events. This simple model demonstrates how preexisting structure can constrain the 

expression of spatially modulated neural activity in a manner that generates spatially correlated 

spontaneous burst events. 
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Abstract: Goal-directed behavior arises through an interplay of contextual representation and 

action outcomes, e.g., reward. The hippocampus (HPC) and medial prefrontal cortex (mPFC) are 

known for their complementary functions in spatial working memory and navigation. The 

dopaminergic (DA) neurons in the ventral tegmental area (VTA) represent reward prediction 

error (RPE) and contribute to reinforcement learning. Yet it remains unclear how reward 

information is associated with specific context representation for model-based learning, and 

further utilized to support decision-making processes in dynamic environments. We hypothesize 

that VTA, HPC and mPFC coordinate during hippocampal sharp-wave ripple (SWR) associated 

replay to fulfill the function of value assignment to specific trajectories, and assist in 

navigational planning. In support of this idea, VTA neurons are known to be activated during 

hippocampal replay (Gomperts et al., 2015), and reward changes are known to influence reverse 

replay occurrence (Ambrose et al., 2016; Singer & Frank, 2009). In addition, our prior work has 

shown that interregional HPC-PFC replays are biased toward actual past and future trajectories, 

(Shin et al., 2019), providing a possible mechanism to associate trajectory reactivation with 

reward. To test our hypothesis, animals were trained to learn and perform a rule-switching W 

maze task, during which the change of rules was only indicated by reward outcomes without 

external cues. We recorded from the three brain regions simultaneously in behaving animals and 

optogenetically tagged DA (TH+) neurons in the VTA. TH+ neurons responded robustly to 

different reward outcomes. As RPE decreased along with performance improvement, the firing 

rates of the majority of TH+ neurons decreased. A subpopulation of VTA neurons showed firing 

rate modulation during SWRs, suggesting heightened communication between the HPC and 

VTA during replay. Further experiments and analysis will be performed to investigate how 

interregional communication is facilitated at a fine time scale to support learning and goal-

directed behavior. 
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Abstract: Maintenance of memory specificity is critical for our daily life while loss of memory 

specificity or overgeneralization can lead to abnormal or pathological memories, such as post-

traumatic stress disorder (PTSD). Memories encoded during waking need to go through memory 

consolidation, mostly during sleep, before they become stabilized and resistant to interference. 

This process is slow that takes days, weeks, or even longer. Therefore, multiple memories are 

consolidated inevitably overlapping in time or in parallel. Yet, it remains unclear how memory 

specificity is maintained during consolidation of multiple memory traces. We have previously 

shown that the median raphe (MnR) plays a key role in regulating hippocampal ripple activity, a 

fast oscillation (~200 Hz) that occurs predominantly during sleep and is critical for memory 

consolidation. In particular, one subtype of MnR neurons fires synchronously at the termination 

of ripple events and suppresses subsequent ripple occurrence. In the current study, we aim to 

determine the identity of this MnR neural type and its specific role during memory consolidation. 

We hypothesized its activity is essential for controlling memory specificity during consolidation 

by separating ripples and associated reactivation contents. Combining electrophysiology 

recording and optogenetics, we confirmed that the MnR Vglut3 neurons play a causal role in up-

or down-regulation of ripple activity. Using the ripple trigged closed-loop approach during slow-

wave sleep, we precisely increased or decreased hippocampal ripple density via Opto-stimulation 

of Vglut3 neurons. In our ongoing experiments, we employ a contextual fear discrimination task 

and aim to determine if the closed-loop Opto-inhibition of MnR Vglut3 neurons during the post-

training sleep leads to a failure in subsequent discrimination of the fear and neutral contexts. 

These results suggest that the MnR Vglut3 neurons play an important role in regulating 

hippocampal ripple activity and controlling memory specificity during consolidation. 
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Abstract: Memory consolidation is a process where newly learned experiences are incorporated 

into pre-existing brain networks to become permanent. Understanding how memories are 



consolidated is important for designing improved interventions for amnestic, psychiatric, or 

pathologic states. It is well-established that slow-wave sleep is essential for this consolidation 

process, where delta oscillations (1-4 Hz) coordinate communications among various cortical, 

hippocampal, and thalamic regions. These delta oscillations have periods of Up and Down states, 

with the latter previously thought to represent complete cortical silence; however, new evidence 

suggests that these silent Down states may serve important functions for information exchange 

during consolidation. Here, we study a key memory processing region, the retrosplenial cortex 

(RSC), in the delta oscillation and memory consolidation. We employed multi-channel in vivo 

electrophysiology and advanced data analyses, including cell assembly analysis, to study RSC 

neuronal activity in freely behaving mice during consolidation. We discovered that the RSC 

contains a discrete assembly of neurons (~20%) that started to fire at the Down state and reached 

maximal firing at the Down-to-Up transition. Therefore, we termed these RSC neurons the Down 

state assembly (DSA), and the remaining RSC neurons as non-DSA. This DSA activity preceded 

the activity of RSC non-DSA, hippocampal, and other cortical neurons, leading to our hypothesis 

that the DSA initiates and maintains subsequent non-DSA network activity crucial for memory 

consolidation. In support of this, DSA activity increases during consolidation of a contextual fear 

experience. Our ongoing experiments aim to explore and manipulate direct inputs to the RSC 

that can selectively target the DSA. Specifically, we explore two major RSC inputs, one from the 

anteroventral thalamic Shox2 neurons, and the other from the claustrum, both of which have 

been implicated in regulating neural oscillations and memory functions. Altogether, these 

findings will provide insight on the mechanisms of memory consolidation, which could shed 

light on how detailed information is integrated and organized into brain networks, along with 

better interventions for memory disorders. 
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Abstract: The ability to regulate internal emotional states is necessary to express appropriate 

behaviors in most situations. This is especially true in fearful or dangerous contexts where an 

internal state of fear informs what behavior would be most conducive for a higher chance of 

survival. Despite this central idea, the exact circuitry involved in this is not fully understood; 

however, an emerging brain region of importance is the Lateral Septum (LS). A specific function 

of the LS remains elusive as it has been implicated in a variety of behaviors due to its extensive 

connections to multiple brain regions. Here we investigated hippocampal-to-LS projections, one 

of the most prominent LS connections. We found that manipulation of the dorsal (d) versus 

ventral (v) hippocampal CA1 projections to LS subregions led to divergent behaviors during a 

contextual fear paradigm: the dCA1-to-dLS pathway promoted fear while the vCA1-to-vLS 

pathway suppressed it. Using in vivo electrophysiology, we found neuronal populations, within 

both the dLS and vLS subregions, that fired specifically to a fear associated context compared to 

other contexts that evoke either a neutral or positive valence. Between the dLS and vLS, these 

populations had distinct, identifiable firing properties where dLS neurons tended to increase and 

vLS neurons tended to decrease their firing rate in response to contextual/affective changes. Our 

findings demonstrate that the LS plays a critical role in differentially regulating fear due to 

anatomically different hippocampal inputs in addition to opposing firing rates in response to 

fearful and other affective contexts. 
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Abstract: Systems consolidation involves the transformation of impermanent, hippocampus-

dependent memories into permanent, long-term memories stored throughout cortical regions. 

The underlying mechanism which facilitates systems memory consolidation remains limited. 

Sharp-wave ripples (SPWs; ripple events), short (50- 100ms), 100-250Hz neural oscillations 

originating from the dorsal CA1 (dCA1) pyramidal cell layer of the hippocampus during slow 

wave sleep (SWS) have emerged as a possible mediating factor of system consolidation. These 

oscillations have been shown to reactivate hippocampal cells and cortical engrams (neural units 

encoding memory) during SWS in the same manner seen during wakefulness; this reactivation is 

necessary for memory consolidation. Previous evidence has implicated the anterior cingulate 

cortex (ACC) as potential cortical target with correlated communication between the ACC and 

hippocampal dCA1 cells during SWS SPWs. This has been believed to be a feature of a dCA1 ➝ 

ACC pathway, however, we have recently found, through dual-site electrophysiology, evidence 

to suggest that this communication is bidirectional. Using a general linear model, we have 

discovered that ACC activity preceding SPWs predicts the activity of dCA1 cells during 

subsequent SPWs. Utilizing a contextual fear learning paradigm, we have found that the 

predictive strength of ACC neuronal activity on dCA1 activity, as well as previously reported 

correlated activity, is increased during post-learning SPWs as compared to pre-learning SPWs 

suggesting a potential role of ACC ↔ dCA1 activity in memory consolidation. Interestingly, we 

discovered that ACC neural activity during SPWs specifically correlates to and predicts the 

activity of deep cells, a sublayer of dCA1 pyramidal cells. Deep cells are thought to be involved 

in ripple dependent learning, exhibiting dynamic differences in activity before and after learning 

during SPWs. Together, these findings establish a bidirectional pathway of communication 

between the ACC and dCA1 deep cells during SPWs which adapts to fear learning. These results 

provide foundational evidence which demonstrates a novel memory-related pathway that may be 

critical for systems consolidation. 
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Abstract: The medial temporal lobe (MTL) of the brain encodes individual experiences into 

memory so they can be flexibly used to guide future behavior. Although experiences and 

memories are rooted in a sense of time, it remains unknown how the MTL memory system 

encodes elapsed time on the order of seconds to minutes, called interval time. Numerous recent 

studies have uncovered a role of the medial entorhinal cortex (MEC) in interval timing tasks, 

suggesting this region helps the MTL track time. However, these studies also demonstrate that 

MEC is not always necessary for performance of interval timing tasks, raising uncertainty about 

the role of MEC in timing. To date, it is unknown under what circumstances MEC is necessary 

for interval timing. To address this gap, we propose that multiple memory systems are capable of 

driving interval timing behavior, depending upon timing demands. MTL structures including 

MEC may be necessary when animals quickly and flexibly learn and recall durations, while tasks 

requiring more rigid temporal responses may instead be mediated by a procedural memory 

system. We are examining this framework by testing the hypothesis that MEC is necessary for 

interval timing when animals must quickly and flexibly encode durations in a manner suited to 

the demands of the MTL memory system. Due to the lack of behavioral paradigms designed for 

studying MTL timekeeping in mice, we first established a novel temporal Delayed Non-Match to 

Sample (tDNMS) task in which mice quickly and relatively flexibly make decisions based upon 

relative stimulus durations. To test the necessity of MEC, we then trained mice expressing either 

a control virus or inhibitory DREADDs on the tDNMS task (n = 16 control mice; n = 15 

DREADD mice; a mix of male and female C57BL/6). Administration of the DREADD agonist 

DCZ selectively impaired the ability of DREADD mice to learn the tDNMS task but did not 

affect performance post-learning. Results show a clear necessity of MEC in learning the tDNMS 

task, supporting the hypothesis that MEC is necessary for timing when behavioral demands are 

appropriate. In parallel we have used cellular-resolution Ca2+ imaging experiments to determine 

the neural dynamics in MEC that may underlie tDNMS performance. Our preliminary results 

indicate that populations of MEC neurons fire in regular, time-locked sequences across trials. 

Interestingly, we find that many time cells display context-dependent timing activity that is able 

to decode trial-type. Together, this work supports the overarching hypothesis that MEC plays a 

role in interval timing behavior through regular sequential neural activity across populations of 

MEC time cells. 
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Title: Prefrontal cortex represents nonspatial event sequences as an ordinal schema 
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Abstract: The prefrontal cortex (PFC) plays a fundamental role in the temporal organization of 

memory and behavior, though the specific neural mechanisms supporting this capacity remain 

unclear. Previous research suggests PFC activity contains information about the ordinal position 

within a sequence of events. We hypothesize this form of coding reflects a schematic 

representation of the key task structure and demands, which would be consistent with PFC’s 

known role in abstracting and schematizing information. To test this hypothesis, we recorded 

neural activity from the medial PFC of rats as they performed an odor sequence memory task, in 

which they had to determine whether each presented odor occurred in the correct ordinal position 

in the sequence. Then, we quantified the information contained in the ensemble activity using 

Bayesian decoding techniques, focusing specifically on sessions in which animals were 

concurrently tested on two different sequences (one sequence consisting of odors ABCD, the 

other of odors WXYZ). First, we found that the dynamics of ordinal coding were nearly identical 

during the two sequences, suggesting a shared representation. In both sequences, ordinal 

information was decoded at all time points throughout the inter-trial and trial periods as well as 

across all item positions. In fact, individual neurons were selectively active during specific trial 

periods across both sequences, and modulated their activity levels during these time points 

according to the trial’s ordinal position. Notably, the influence of ordinal information also varied 

during the trial period for both sequences, where it was strongest during the pre-trial and early 

trial period. Second, we found that item-specific information also emerged late in the trial period, 

suggesting PFC also extracts a representation of the differences between the two sequences. 

Specifically, activity late in the trial, when the animal has made its decision but is waiting to be 

instructed to respond, also contained information about the identity of the presented odor (e.g., B 

vs X). Collectively, these results suggest PFC supports the temporal organization of memory and 

behavior by providing a schematic representation of the expected series of task events. 
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Abstract: Timing is a critical ability across species and behaviors: prey must feint predators at 

precisely the right moment; drivers must judge whether or not to go through a yellow light; 

musicians must keep rhythm when playing in a band; and language users must produce and 

comprehend sequences of syllables in a temporally structured manner. However, very little is 

known of the circuit mechanisms that give rise to timing in these and other subsecond contexts. 

To elucidate the mechanistic underpinnings of timing, we recorded from V1 using 2-photon 

calcium imaging in water deprived, awake-behaving mice while they performed a go/no-go 

discrimination timing task that was composed of patterns of subsecond audio-visual stimuli. 

Mice reached a d’ of 2 or greater in 10.67 ± 2.66 sessions. Learning was primarily driven by 

changes in response to the nonpreferred stimulus in that correct rejection rates increased. 

Additionally, mice’s licking behavior demonstrated greatest changes across sessions in the 

nonpreferred stimulus, in which they learned to inhibit licking approximately 500 ms prior to a 

water reward. Consequently, licking profiles were highly predictive of stimuli in learned but not 

naive days, which also confirmed learning. Our imaging data showed that in both conditions, 

activity was temporally coordinated with the preferred stimulus. However, while network 

activity increased in the preferred condition, network activity was increasingly suppressed in the 

nonpreferred condition over the stimulus period. We hypothesize that the same excitatory 

network is recruited in both conditions, but that interneuron activity increases in the nonpreferred 

condition which broadly inhibits the network. Our results demonstrate that sequential timing can 

be accomplished by local networks and suggest inhibition as its neural mechanism. Additionally, 

we suspect that inhibitory dysfunction would cause timing deficiencies, particularly in disorders 

characterized by excitatory-inhibitory imbalance, such as autism spectrum disorder (ASD), in 

which temporal processing deficits are a common symptom. 
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Abstract: The prefrontal cortex (PFC) is important for the temporal organization of behavior 

and memory, but its underlying mechanisms are unclear. To investigate this, we implanted rats 

(n=5) with tetrode hyperdrives targeting medial PFC and recorded neural activity as they 

performed a complex odor sequence memory task. This task requires rats to identify whether 

odors are presented at the correct ordinal position across a sequence of trials. We previously 

found that PFC ensembles contain sufficient information, both during and between trials, to 

identify the rat’s current ordinal position in the sequence. Here we seek to understand how this 

ordinal information is coded and when it is updated using a cross-temporal decoding analysis 

with naïve Bayesian classifiers. We find that different forms of coding are used during inter-trial 

and trial periods. Specifically, ordinal information is represented using a persistent code between 

trials, while a dynamic code is used during trials. During the inter-trial period, ensemble states 

are stable over longer periods of time resulting in broad cross-temporal accuracy where activity 

from any timepoint is equally accurate decoding itself, or almost any other timepoint during the 

inter-trial. In contrast, during the trial period, ensemble states change more rapidly resulting in a 

more dynamic, temporally constrained code where activity is only accurate for a ~200ms. 

Evaluation of cross-epoch accuracy suggests these persistent and dynamic codes reflect 

representational maintenance and updating respectively. First, ordinal information during the 

inter-trial period contains more retrospective than prospective content. Specifically, post-trial 

activity is significantly more accurate at decoding the trial period than the pre-trial period 

(although cross-epoch decoding between the inter-trial and trial period was poor in general). 

Second, ordinal information changes around the trial period. Models trained on pre-trial activity 

decoded post-trial activity as the next position, while models trained on post-trial activity 

decoded the pre-trial period as the previous position. Collectively, these results demonstrate 

distinct forms of coding represent ordinal information at different times and suggest these forms 

support an evolving representation of ordinal position in PFC. 
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Abstract: The hippocampus is critical to the temporal organization of our experiences. Although 

this fundamental capacity is conserved across modalities and species, its underlying neuronal 

mechanisms remain unclear. Accumulating evidence from the place cell literature points to 

sharp-wave ripple (SWR) associated replay as a potential mechanism supporting this capacity. In 

fact, such replay of sequences of spatial locations has been linked to the formation and 

consolidation of spatial memories and to the planning of future trajectories, however, it remains 

to be determined if this form of sequence coding extends beyond the domain of spatial 

information. To address this important issue, we re-analyzed an existing dataset in which CA1 

ensemble activity was recorded in rats performing a nonspatial sequence memory task. Briefly, 

the task involved repeated presentations of a sequence of five odors (odors ABCDE), and 

required the rats to determine whether each odor was presented in the correct order to receive a 

water reward. We focused our analysis on the intervals between odor presentations during which 

the reward was delivered and SWR events were observed. In order to identify potential odor 

replay events, we adapted a “sequenceness” metric previously developed to quantify nonspatial 

replay in a human MEG study (Liu et al., 2019, Cell). Consistent with evidence from spatial 

studies, we observed forward replay when testing a familiar sequence. More specifically, replay 

events rapidly reactivated remaining odors of the sequence (e.g., replay of BCDE during interval 

preceding odor B). Notably, these replay events were not limited to moments when SWRs were 

detected - they are distributed throughout the intervals between odor presentations. We also 

observed reverse replay events during these intervals (e.g., replay of CBA during interval 

preceding odor C), though they were less prevalent than the forward replay events. Ongoing 

analyses are examining whether the replay content and direction varies with learning and 

whether it predicts the accuracy of upcoming odor judgments. Together, these preliminary results 

suggest that the phenomenon of sequence replay, observed in the hippocampus during offline 

moments, extends to the processing of nonspatial information. 
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Abstract: Associating events across time is essential for the formation of episodic memories. 

The hippocampus is thought to support this ability by generating neural activity sequences which 

tile the temporal gap between events to be linked. Here, we investigate hippocampal dynamics 

while mice learn and retrieve associations between temporally disparate events. We used two-

photon calcium imaging to record the activity of hundreds of CA1 neurons in mice performing 

an olfactory delayed paired-associates task. During this task, mice had to form specific 

associations between pairs of odors that were separated by a 5 s mnemonic delay. Presentation of 

the first odor activated stimulus representations that launched trial-type specific activity 

sequences maintaining stimulus information across the temporal gap. Upon presentation of the 

second odor, a group of neurons was modulated by first odor identity, suggesting that these 

neurons might be involved in integrating information about both stimuli across time to inform 

choice. In order to study the rapid formation of novel stimulus associations independent of 

learning the general task rules, we next let expert mice perform the same conceptual task with 

new odors. Mice were able to generalize the task rules and learn the associations between new 

odor pairs within two days. Interestingly, mice that ran learnt the new associations faster than 

mice that did not run. Furthermore, runners exhibited more reliable sequences consisting of a 

higher number of neurons, suggesting that running organizes the activity of hippocampal 

sequences. Finally, we investigated whether new memories are acquired by binding event 

representations onto hippocampal sequence templates. We used an all-optical approach 

combining two-photon imaging with simultaneous holographic two-photon optogenetics to drive 

an arbitrary sequence across the mnemonic delay while mice learned novel associations. We 

hypothesize that this arbitrary sequence might acquire meaning to the brain by starting to encode 

the new associations and becoming incorporated into the endogenous activity. In summary, our 

study provides important new insights into the mechanisms by which experiences are organized 

into episodic memories. 
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Abstract: We can control and plan our actions in a temporally organized sequence. This ability 

depends on time perception. “Time cells” in the hippocampus, which are known as time-

associated neurons, were found as a neuronal population that sequentially fire during forced 

delay. Subsequently, several lines of evidence revealed that time cells encode implicit temporal 

information as they retain memory across time and provide a temporal component of episodic 

memory integrated with spatial and contextual information. Recent reports suggested that time 

cells were found in the hippocampus and entorhinal cortex during tasks that require explicit 

perception of the passage of time, such as temporal discrimination task of sensory stimulus or of 

a target duration. While most neural correlates studies of time have examined neural activity to 

passively provided sensory stimulus or delay, the neural activity of the hippocampus during the 

active generation of specific time events has not been examined in detail. In this study, we 

established a behavioral task that requires active tracking of the passage of time. Using the task, 

we examined the neural representations of the hippocampus to the active and explicit time 

perception by means of extracellular multiple single-unit recording. First, we designed a 

behavioral task in which rats actively timed in an L-shaped track. Rats were able to start the 

timer counting by placing their nose into a nose-poke hole at one end of the L-shaped track. 

Second, the rats could stop the timer and the treadmill rotation by placing their nose in the nose-

poke hole on the right side of the treadmill during running. When they were able to stop the 

timer within a 5-10s time window, they were rewarded at the opposite end of the L-shaped track. 

Four rats that achieved over 70 % correct response rate for 2 successive sessions (100 trials per 

session) were implanted with 16 tetrodes in the hippocampal CA1. The activity of putative 

pyramidal neurons in the CA1 recorded simultaneously from the start to the end of the treadmill 

running was ordered by latency of their peak firing rate. Pyramidal cells activity sequence was 

observed until about 2 s elapsed, but thereafter the cells showed no transient activity at a specific 

moment during treadmill running. Results suggest that the role of hippocampal time cells in time 

perception may be different from the findings of previous studies. In this presentation, we will 

report and discuss the differences in the neural underpinning of active and passive time 

perception tasks, focusing on the role of the hippocampus. 
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Abstract: There is a growing body of research demonstrating striatal involvement in establishing 

temporal control over behavior. However, due to limited investigation of detailed circuit 

anatomy in the striatum, the contribution of different striatal cell types and subregions to 

temporal cognition remains largely unknown. To begin addressing this question, we used a 

virally mediated chemogenetic approach to remotely and temporarily inhibit neural activity 

selectively in the indirect pathway spiny projection neurons (iSPNs) in the dorsomedial striatum 

(DMS). We achieved this by injecting a Cre-dependent virus expressing the Designer Receptor 

Exclusively Activated by Designer Drug (DREADD), hM4Di, (or a control virus) in the DMS of 

A2a-Cre mice. After recovery from surgery, mice were trained on a timing task that required 

them to wait for a certain minimum amount of time before making a lever press to earn food 

rewards. In two experimental phases, all mice were tested with either a short (4 s) or a long (8 s) 

criterion value. After they learned to withhold responding for the appropriate amount of time, 

mice were tested 30 minutes after intraperitoneal injection with a DREADD ligand, JHU37160 

(0.2 mg/kg or 0.8 mg/kg), or saline. Our analysis of wait times revealed that chemogenetic 

inactivation of iSPNs in the DMS resulted in earlier and more variable response latencies in a 

dose-dependent manner. The administration of the higher JHU37160 dose had a more 

detrimental effect on the accuracy and trial-to-trial variability of wait times. The magnitude of 

leftward shifts in wait times was not the same absolute amount of time in the 4- and 8-s 

conditions. Instead, responses distributions changed in proportion to target wait times (15-25%) 

in both conditions. Therefore, the observed reduction in wait times cannot be the result of a 

simple motoric effect. Our findings provide evidence for a significant role of the indirect 

(striatopallidal) pathway in key information-processing mechanisms of temporal cognition, such 

as time-keeping and criterion-setting. Currently, we are also testing the effects of chemogenetic 

inactivation of direct (striatonigral) pathway spiny projection neurons in the DMS on waiting 

behavior. This will delineate the contribution of dopamine D1 and D2 receptor-expressing 

striatal neurons to temporal processing. 
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Abstract: Precisely controlling the timing of movement is a critical human faculty that is 

impaired in many neuropsychiatric disorders. Timing depends on dopamine (DA) activity in the 

dorsomedial striatum and manipulating striatal dopamine levels causes changes in temporal 

estimation. However, dopamine has differential effects on direct (dMSN) and indirect (iMSN) 

pathway spiny projection neurons. Canonically, these distinct pathways are thought to play 

oppositional roles in movement, and therefore we sought to characterize their roles in timing. We 

tested timing behavior using a task which requires mice to respond at either a short or a long port 

based on their estimation of the duration of an interval. We optogenetically stimulated or 

inhibited dMSNs or iMSNS by delivering pulses of light to dMSN terminals in the substantia 

nigra pars reticulata or iMSN terminals in the external globus pallidus. We found that inhibition 

of both pathways led to an increase in the estimation of time. Activation of the direct pathway 

also led to similar overestimations, but activation of the indirect pathway led to an 

underestimation of temporal intervals. Our results suggest a heterogenous role for striatal DA in 

timing, and complexity in dMSN and iMSN response. We will test this hypothesis by recording 

from neuronal ensembles in downstream targets of each pathway, and through optogenetic 

manipulations of these structures. Our work may lead to targeted, cell-type specific, and novel 

pharmacological interventions for disorders of dopamine like Parkinson’s Disease. 
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Abstract: Temporal control of movement is an essential component of everyday behaviors and 

relies on cognitive processes including working memory and attention to the passage of time. 

Parkinson’s disease patients display deficits in estimating temporal intervals and optogenetically 

manipulating substantia nigra dopamine neurons in rodents disrupts time estimation, indicating 

that dopamine can directly modulate judgement of time. Dorsal striatal medium spiny projection 

neurons display time-related ramping activity across temporal intervals. However, how 

dopamine release in dorsal striatum regulates striatal projection neuron temporal encoding is 

unknown. We investigated this question by recording dorsal striatal dopamine dynamics using 

fiber photometry and the genetically encoded optical dopamine sensor, dLight, while 

simultaneously recording dorsal striatal neuronal ensemble activity as mice performed an 

interval timing task. In this task mice are required to ‘switch’ from one response port to another 

if a reward has not been delivered after a specific interval of time has passed. We found that 

dLight progressively increased across the temporal interval until reward delivery only in trials 

where the mouse correctly ‘switched’. This progressive increase was greater in trials when mice 

‘switched’ earlier in the interval. Therefore, the magnitude of the dLight signal may predict trial 

performance and is temporally-locked with striatal projection neuron activity. Ongoing work is 

exploring how optogenetic manipulations of substantia nigra dopamine neurons influence striatal 

neuronal activity during interval timing. These results will provide a mechanistic understanding 

of how nigrostriatal dopamine regulates time estimation, and more broadly cognitive processing, 

which will inform development of novel therapeutic interventions for cognitive deficits in 

Parkinson’s disease and other dopamine-related disorders. 
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Abstract: There are still no effective treatments for amphetamine and other substance use 

disorders (SUD). Developing novel treatments for the heterogeneous population of people 

suffering from SUD requires understanding the mechanisms that underlie the differences 

between SUD populations. For example, females report more adverse withdrawal symptoms and 

have higher cue-induced relapse rates. Cognitive dysfunction during withdrawal contributes to 

the maintenance of SUD. However, the mechanisms underlying cognitive impairments during 

withdrawal and if these impairments differ based on sex are unknown. Dorsal striatal dopamine 

is implicated in both sex differences in SUD and cognitive dysfunction. Amphetamine-induced 

dopamine release is enhanced following administration of estradiol, a hormone that fluctuates 

during the reproductive cycle, in females and lesioning dorsal striatal dopamine impairs 

performance on cognitive tasks. To examine sex differences in SUD-related cognitive 

dysfunction, male and female mice were administered amphetamine (2.5 mg/kg i.p. daily) for 14 

days followed by a forced withdrawal period of 14 days during which they were tested in an 

interval timing ‘switch’ task. In this task, mice determine if a light-tone cue has been presented 

for more than six seconds by ‘switching’ from one response port to another. This task relies on 

cognitive processes such as working memory and attention and is dependent on striatal 

dopamine. During withdrawal, both females in the diestrus stage of the reproductive cycle and 

males displayed later ‘switch’ times compared to saline controls. However, when females were 

in the estrus stage, ‘switch’ times did not differ from saline controls. This suggests that 

amphetamine produces a change in time perception during withdrawal in an estrus cycle-

dependent way. To determine if this effect is dopamine-dependent, we will use fiber photometry 

and the fluorescent dopamine indicator, dLight, to observe dopamine dynamics in the 

dorsomedial striatum during interval timing. We hypothesize that during amphetamine 

withdrawal, task-related dopamine dynamics will be dampened in females in diestrus and males 

compared to amphetamine naïve mice. However, females in estrus will have similar dopamine 

dynamics compared to amphetamine naïve mice. These data will uncover the sex-specific 

mechanisms underlying cognitive impairments during amphetamine withdrawal, which will be 

key in finding more effective treatment options for SUD. 
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Abstract: Time-based decision-making requires nigrostriatal dopamine signaling. Striatal 

medium spiny neurons (MSNs) are strongly modulated by dopamine, and MSNs display 

prominent ‘ramping’ activity during timing tasks. Parkinson’s disease (PD) involves the 

degeneration of dopaminergic nigrostriatal projections, and patients with PD suffer from deficits 

in temporal processing. However, how the dopamine-depleted striatum encodes time, and how 

Levodopa treatment modulates time-related neuronal activity remains poorly understood. Here, 

we selectively lesioned nigrostriatal dopamine projections via focal stereotactic injections of 6-

hydroxy-dopamine (6-OHDA) (2mg/ml), and implanted 4x4 multielectrode arrays targeting the 

dorsal striatum (AP +.5mm, ML +1.4mm, DV -2.7mm) in mice trained to perform a novel 

interval timing task. We report 3 main findings. Firstly, 6-OHDA lesioned mice saw an increased 

latency to ‘switch’ compared to a saline control cohort, suggesting disrupted temporal 

processing. Second, the proportion of dorsal striatal MSNs exhibiting time-related ‘ramping’ 

activity was reduced amongst 6-OHDA lesioned mice compared to saline control mice. Finally, 

we report that treating both lesioned and control mice with Levodopa (10mg/kg) and 

Benserazide (12mg/kg) resulted in a reduction in ramping activity compared to control saline 

administration days, hinting that ramping may require phasic rather than tonic dopamine 

signaling. Our findings may provide explanatory power for PD-related deficits in timing and 

cognition more broadly which are notoriously resistant to first-line therapies such as Levodopa 

treatment. 
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Abstract: Parkinson’s disease (PD) patients can experience debilitating cognitive symptoms and 

deep brain stimulation only targets motor dysfunction; currently, there are no effective 

treatments for PD-related cognition. PD patients with mild cognitive impairment or dementia 

reliably display deficits in interval timing, or the ability to estimate time over seconds, and lower 

cognitive scores are associated with greater interval timing variability (Singh et al., 2021). 

Previous work has shown that depleting dopamine in the rodent ventral tegmental area (VTA) 

increases interval timing variability and optogenetically stimulating the frontal cortex D1-type 

dopamine receptors ameliorates these deficits (Kim et al., 2017). However, stimulation of an 

acute frontal cortex region only targets a proportion of terminals originating from the VTA. 

Therefore, we hypothesized that stimulating the source (VTA) can more powerfully improve 

interval timing in dopamine depleted mice. We first trained dopamine transporter (DAT)-Cre 

mice (n=8; counterbalanced across sex) to perform an interval timing switch task in which 

internal processes guide the animal’s time to switch from one response port to another. We then 

bilaterally depleted dopamine in the VTA (AP: -3.3, ML: +/-1.1, DV: -4.55) using 1 or 2 µg/µL 

6-hydroxydopamine (6OHDA) and injected Cre-dependent channelrhodopsin (ChR2) in the 

same location. After one week of recovery and two-three weeks of retraining, we bilaterally 

stimulated VTA-ChR2 at either 4 or 20 Hz for the first two seconds of interval timing trials. Our 

preliminary results show that both 4 and 20 Hz stimulation of the remaining VTA neurons 

decreases interval timing variability, suggesting that VTA stimulation can modulate interval 

timing in dopamine depleted mice. We are currently training more animals to increase 

experimental power. These findings are of particular interest in understanding the neural 

circuitry that underlies PD-related cognition. Further, this work provides insight into how brain 

stimulation has the potential to mitigate cognitive dysfunction associated with PD and other 

dopamine-related neurological and neuropsychiatric disorders. 
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Abstract: Neuronal diversity in the cortex is the largest amongst GABAergic neurons. In the 

hippocampus, GABAergic cells have been sorted in several groups based on their morphology, 

firing patterns, connectivity, molecular profiling, and RNA content. It is thought that these 

specialized GABAergic groups aid specific circuit computations. Identification and manipulation 

of these distinct neuron types is a prerequisite to deciphering not only their role in circuit 

dynamics and behavior but also the computational mechanisms of the cortical networks they are 

embedded in. To catalog the interneuron diversity in the hippocampal area CA1, we first grouped 

the virtual totality of GABAergic neurons into four major families, based on novel and standard 

genetic markers. Parvalbumin (PVALB)-expressing neurons, Somatostatin (SST)-expressing 

neurons, Vasoactive intestinal polypeptide (VIP) and Inhibitor of DNA binding 2 (ID2)-

expression GABAergic cells comprised around 97% of CA1 GABAergic diversity. We then 

generated double and triple transgenic mice lines expressing channelrhodopsin (ChR) under the 

control of our four target genes (PVALB::Ai32, SST::Ai32, VIP::Ai80, and ID2/Dlx::Ai80). 

When necessary, we restricted the expression to only GABAergic cells by the intersection with 

distaless homeobox (Dlx) 5/6 to avoid expression in non-GABAergic cells. Using chronically 

implanted silicon probes coupled with optic fibers, we recorded and optogenetically identified 

large numbers of interneurons from these main four families in freely behaving mice (n = 3, 2, 3 

and 4 mice for PVALB, SST, VIP and ID2/Dlx, respectively, more than 30 opto-tagged units per 

group). The four interneuron families show distinct intrinsic features and exhibited specific 

activity dynamics during NREM and REM sleep, theta oscillations, sharp-wave ripples, reward 

consumption and spatial exploration. Further subclasses within these four main families were 

identified by triple transgenic intersections (including ID2/Nkx2.1::Ai80, VIP/CCK::Ai80 and 

VIP/CR::Ai80), and validated with in vitro recordings and morphological reconstructions. 

Finally, we built an automatic classification tool based on the observed levels of complexity 

(waveform and auto-correlogram features, soma location, network interactions and brain state 

dynamics) which enable ground-truth-based classification of interneurons from hippocampal 

extracellular recordings. These experiments provided a high precision physiological 

characterization of interneuron types, a prerequisite for understanding their collective 

organization for supporting circuit computation. 
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Abstract: The nervous system richly represents spatial relationships and uses this information to 

solve cognitive problems such as planning a trip via a new route. However, it is not known how 

these representations are put to use to perform flexible computation. To address this question, we 

developed a task for monkeys in which the animals travel virtually (via a joystick) between two 

points on a 1-dimensional path containing a sequence of 6 equidistant images. On each trial, 

animals had to deflect the joystick in the correct direction and for the appropriate duration to 

move from a start image to an end image along the path. Crucially, the task had to be solved 

mentally; i.e., without sensory feedback about the intervening images. 

This task can be solved either through online simulation of images based on their ordinal 

position (mental counting), or by inferring the temporal distance between the start and end image 

and producing that interval without simulating the intervening images (timing). These strategies 

have distinct behavioral signatures. Counting predicts lower behavioral variability compared to 

timing, especially for higher counts. Using a rigorous behavioral modeling approach, we found 

that animals’ behavioral variability was better accounted for by counting. These strategies also 

have distinct neural signatures. Counting starts from a common initial point (count of 0), goes 

through intermediate states with a periodicity that matches the inter-image interval, and 

terminates at different points depending on the ordinal distance (1, 2, 3, ⋯). In contrast, timing is 

governed by dynamics that start from different initial conditions and advance at different rates 

toward a common threshold [Wang et al. 2018]. We recorded from the entorhinal cortex (EC) 

and posterior parietal cortex (PPC) to test these predictions. We found single neurons in both 

areas whose profile was either more similar to counting or timing. However, at the population 

level, EC and PPC signals diverged. EC neurons had hallmarks of counting. They had a weak 

representation of distances before joystick deflection, a striking periodic activity during 

navigation, and terminal points representing the total ordinal distance. PPC, in contrast, had 

distance-dependent initial states and ramping activity with different slopes reaching a common 



terminal point. These findings suggest that the brain may solve mental navigation tasks using 

complementary computations, one that occurs before navigation to generate a plan based on an 

initial inference and another that unfolds during navigation and simulates intermediate states. 
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Abstract: The ability to successfully navigate in a dynamically changing environment relies on 

adaptive mechanisms which allow to encode and predict the timing of external events. 

Since Darwin, comparative research has shown that most animals share basic timing capacities, 

such as the ability to process temporal regularities and produce rhythmic behaviors. What seems 

to be more exclusive, however, are the capacities to generate temporal predictions and to display 

anticipatory behavior at salient time points. These abilities are associated with subcortical 

structures like basal ganglia (BG) and cerebellum (CE), which are more developed in humans as 

compared to nonhuman animals. The current work adopts a comparative and translational 

approach, by examining the phylogenetic trajectories of human’s rhythm cognition as well as the 

causal involvement of cortico-subcortical structures. We made use of a unique dataset including 

2 macaque monkeys, 20 healthy young (HY), 11 healthy old participants (HO) and 22 stroke 

patients, 11 with focal lesions in the BG and 11 in the CE. We recorded EEG while participants 

listened to isochronous equitone sequences presented at a rate of 1.5Hz. We examined whether 

neural oscillatory activity in the delta-band (1-3Hz) internalized the timing of external events, by 

encoding temporal regularity. Next, we tested whether delta-activity showed an anticipatory 

phase-alignment to expected tone onsets, which would indicate the ability to predict the precise 

timing of events. Interestingly, macaque monkeys showed striking similarities with human 

participants: they showed a clear peak in the Fourier spectrum at 1.5Hz, thus confirming the 



ability to encode temporal regularities. Furthermore, healthy participants’ and macaque 

monkeys’ delta-band activity displayed a coherent and anticipatory phase-alignment to expected 

tone onsets, as indexed by mean vector length (MVL). HO and patients showed a similar peak in 

the Fourier spectrum at 1.5Hz, but significantly differed in their MVL: BG patients showed a 

stronger phase-alignment to tone onsets as compared to the other groups. When compared to HY, 

however, HO and CE patients showed lower MVL, while BG patients were comparable. Our 

phylogenetic and translational approach demonstrates that, similarly to humans, macaque 

monkeys are able to encode temporal regularities and formulate temporal predictions. We further 

show that ageing and CE lesions, but not BG, alter temporal predictions, reducing the ability to 

track environmental rhythms. These observations provide crucial evidence for a differential but 

complementary role of CE and BG in the phylogenesis of human’s rhythm cognition. 
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Abstract: In this work we investigate how speed patterns might be behaviorally significant in 

rats during sequential multigoal spatial navigation and how cortical networks might encode this 

information. We show how variations in speed patterns can teach the rat different goals while 

following the same spatial trajectory in the same overall time. We use a novel experimental 

paradigm, where we train rats to follow a small baited robot in a large open-field megaspace 

where the velocity of the robot is used to precisely control the speed of the rat. We show that rats 

can make spatial navigation decisions based on the navigation speed pattern they just 

experienced. Based on these results and previous research we show that recurrent reservoir 

networks can appropriately represent spatio-temporal structures. We test reservoir networks in 

simulated navigation contexts and demonstrate they can discriminate between traversals of the 

same path with identical durations but different speed patterns. We then test the networks in an 



embodied robotic setup, where we use place cell representations obtained from physically 

navigating robots to evaluate the model. To demonstrate that this capability is inherent to 

recurrent networks, we compare the model against linear integrators. Results show that reservoir 

neurons can display a form of statistical mixed selectivity as a complex interaction between 

spatial location and speed that was not as abundant in the linear integrators. This mixed 

selectivity is characteristic of the cortex and reservoirs generating specific predictions about the 

neural activity that can be recorded in rat prefrontal cortex in future experiments. 
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Abstract: Spatial navigation is a complex form of goal-directed behavior that depends on 

cognitive processes such as memory, attention, and perception. A key center for spatial memory 

and spatial navigation is region CA1 of the hippocampus, where place cells enhance their firing 

at a certain position in a (physical or virtual) environment. Spatial signals have been found in 

many other brain regions, including regions that were considered purely sensory such as the 

visual cortex. The interaction between sensory and spatial input is unclear. Also, the extent to 

which spatial coding is distributed across other brain regions is unknown. Using Neuropixels 

probes we are investigating the distribution of spatial coding across the brain. Additionally, we 

aim to understand how spatial signals interact with sensory signals. 

We recorded and extracted single-unit activity from different brain regions in mice (N=13) 

navigating a linear corridor with two sensory identical halves (Saleem et al Nature 2018). The 

visual contrast of landmarks in the corridor varied across trials, and in a subset of trials, the 

landmarks were also the source of an auditory stimulus. 

Most single units (70-90% for most areas we recorded from) were significantly modulated by the 

position in the virtual corridor (p<0.05, Rayleigh’s test). This modulation could be a 

consequence of spatial preference, sensory modulation (responses to the auditory and visual 

landmarks), or other factors such as motion. More than 60% of units in hippocampal and cortical 

regions (and a smaller fraction in thalamus) exhibited spatial preference, meaning that they 



responded differently in the two identical halves of the corridor. Hippocampal regions showed 

less sensory modulation than other areas. 

These results show that many units across the brain are modulated by sensory input as well as 

subjective position in the virtual corridor. We are currently investigating whether the spatial 

modulation on sensory input is additive or multiplicative. 
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Abstract: Both orbitofrontal cortex (OFC) and hippocampus have been implicated in 

representing task state. Place cells in the hippocampus encode state as defined by spatial 

locations, while neurons in OFC encode more abstract features of state, integrating information 

about responses, reward expectancies, value, and other attributes. Theoretical work has argued 

that OFC is particularly important in situations where no single piece of information 

unambiguously signals the current state. Here, we examined representations in OFC and 

hippocampus of male rats (n = 7) as they performed a behavioral task that required them to learn 

about unmarked spatial goal locations in an open field arena. Pausing in either of two hidden 

goal locations caused one food pellet to be delivered, but the two goals differed in where they 

caused food to be delivered. Pausing in the “fixed” goal dispensed a pellet to a consistent 

location in the arena while pausing in the “random” goal dispensed a pellet to a random location 

in the arena. Both goal locations were randomly assigned for each behavioral session. Rats were 

able to learn both goal locations, earning an average of 36 pellets per session from the random 

goal and 33 pellets per session from the fixed goal. Further, rats learned to distinguish the fixed 

and random goals, as evidenced by the development of increasingly fast and direct trajectories 

between the fixed goal and the fixed reward location over the course of behavioral sessions. Rats 

did not, however, prefer one goal type over the other. Each rat was implanted with one bundle of 

sixteen microwire electrodes targeting the lateral orbitofrontal cortex, and one bundle of 8 

stereotrodes targeting the dorsal hippocampus. Over 101 behavioral sessions, we recorded 847 

OFC units and 661 hippocampal units. A large fraction of hippocampal units showed spatially-

specific firing. Place fields did not cluster around goal locations relative to non-goal locations, 

and approximately equal numbers of fields occurred near the fixed and random goals. Consistent 

with previous reports, many OFC neurons showed clear reward responses. In addition, many 

OFC neurons show reliable changes in firing rate as rats entered and waited at goal locations, 



with a sizeable fraction of goal-modulated neurons discriminating the fixed and random goal 

locations. 
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Abstract: Reorientation, the process by which lost navigators regain their bearings, is 

fundamental for navigation. Under oriented conditions, navigators use both external and internal 

cues to navigate. However, during disorientation, the internal sense of direction is unreliable and 

lost navigators must rely on external cues to reorient. Studies have shown that geometric cues are 

especially important for reorientation. However, over time, learned associations of goal 

locations/rewards with non-geometric, featural cues (odors, textures, sounds, etc.) are formed 

and lost navigators begin to rely on these associations over geometric cues to minimize errors in 

geometrically similar locations. The retrosplenial cortex (RSC) has been shown to be important 

for coding the shape of environments. The RSC also receives inhibition from long-range 

GABAergic projections originating in hippocampal area CA1 (H-RSC), providing a potential 

pathway for attenuating the use of geometry to bolster the use of reinforced cues. Disoriented 

mice were trained to find a reward hidden in one out of four cups placed near one corner of a 

rectangular chamber with visual cues. Using chemogenetic silencing of RSC neurons during 

distinct stages of reorientation, we demonstrate that the RSC is required early during 

reorientation, when lost subjects reorient using geometry, but not late in training, when mice 

have learned the directional value of featural cues and use them to reorient. Optogenetic 

activation of H-RSC during reorientation during early and late training periods display distinct 

impacts on behavor. We also conducted single-unit and calcium imaging recordings of RSC cells 

during reorientation, finding alignment of RSC representations to environmental geometry. We 

are currently characterizing bi-directional head-direction cells and egocentric boundary tuning to 

explore how these spatial representations change as mice gain experience with the task. We 

hypothesize that the spatial properties of these representations will change as animals switch 



geometric strategies to featural ones. These results will be critical to understand the role of the 

RSC in reorientation and will help to elucidate how different aspects of the environment control 

single cell activity in this region. 
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Abstract: Retrosplenial cortex (RSC) plays a key role in the neural coding of location and 

orientation relative to environment boundaries as well as left/right tunning actions within path 

networks. RSG is anatomically interconnected with multiple cortical and subcortical brain 

regions, including sensory cortices, the hippocampal/parahippocampal formation, and the 

anterior thalamus. Prior work has suggested that the encoded spatial information from the 

hippocampal formation is integrated with RSC and then is transformed into the action-related 

secondary motor cortex. However, neural circuit mechanisms for the transformation of spatial 

information into planned action through pathway-specific circuitry remain largely undefined. To 

address this, we used Cre-dependent retrograde monosynaptic rabies virus and adenovirus 

mapped and compared circuit input connections of layer-specific RSC excitatory neurons, M2-

projecting, anterior thalamus-projecting, and postsubiculum-projecting RSC neurons in mouse 

brain. We find significant stronger inputs from the subiculum, visual cortex, somatosensory 

cortex, auditory cortex, and thalamus to M2-projecting RSG neurons while AD-projecting RSC 

neurons receive stronger inputs from the cingulate cortex, motor cortex, and media septal 

nucleus. Moreover, we developed a spatial place-based cross-maze task that required mice to 

make left/right choices depending on where they were located in the room. We find that genetic 

inactivation of the projection of RSG to M2 impairs the accuracy of space-based L/R turn 

decision-making. These results provide an anatomical circuit basis to understand RSG 

neurophysiological function and its role in the transformation of spatial cognition to action 

planning. 
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Abstract: We hypothesize that the iHPC-mPFC interactions are critical for an animal to navigate 

a space in a goal-directed fashion. To test this, we trained rats (n=6) to navigate to an unmarked 

goal location in a VR environment to receive water rewards. The rat navigated a circular VR 

arena by running on a ball-shaped treadmill. The rat started from the center of the arena, facing 

either north or south, to visit the unmarked reward zone on the west (WRZ). Rats typically 

showed a stereotyped turning behavior (turning to the right) as a trial started and then adjusted 

the length of the trajectory depending on the starting heading direction. Once the rat was trained, 

the rat was trained to go to a new reward zone on the east (ERZ). Afterward, a 24-tetrode-

carrying hyperdrive was implanted, targeting the mPFC and iHPC. After recovery, tetrodes were 

lowered to the target regions and rats were retrained. As the main recording commenced, the rat 

was required to visit the WRZ. Then, rats were required to reverse the goal zone again to the 

ERZ until they reached the performance criterion. When we checked how accurately the rat 

arrived at the reward zone by measuring the angular difference between the center of the reward 

zone and the first contact point of the circular boundary of the arena, there was a significant 

difference between the sessions in which rats performed below and above the performance 

criterion (p<0.0005, Kruskal-Wallis test). However, a similar analysis on the departure angle at 

the start point did not result in performance-related correlates, suggesting that rats used 

allocentric visual scenes encountered during the navigation to adjust their travel paths for 

wayfinding to the goal zone in our task. This allocentric strategy was also confirmed when we 

examined the navigation patterns of rats at different learning stages. Specifically, rats tended to 

show an egocentric strategy by entering the closest reward zone (ERZ or WRZ) associated with 



each start heading direction (ERZ and WRZ when heading north and south at the start, 

respectively) before learning. However, as rats learned the task (reaching the goal zone > 75%), 

they inhibited the egocentric tendency to travel to the nearest goal zone to take a longer path to 

reach the goal zone on the opposite side in those trials in which their initial departing orientations 

carried them farther from the goal zone as they started their navigation in a stereotypic way (i.e., 

right turn). Such a strategic shift made the rat’s hitting rate for the goal zone significantly higher 

after learning compared to the pre-learning stage (p<0.0001, Chi-square test). We plan to analyze 

spiking activities of single units recorded from the iHPC and mPFC in this task. 

Disclosures:  S. Park: None. S. Jin: None. H. Hwang: None. J. Shin: None. H. Lee: None. I. 

Lee: None. 

Poster 

573. Spatial Cognition 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 573.07 

Topic: H.09. Spatial Navigation 

Support: NIH grant MH119391 

Title: A circuit for spatial based decisions - Oscillatory dynamics of the medial prefrontal cortex, 

dorsal and ventral hippocampus 

Authors: *K. S. KIDDER1, J. T. MILES2, S. J. Y. MIZUMORI1;  
1Psychology, 2Neurosci., Univ. of Washington, Seattle, WA 

Abstract: Past evidence from electrophysiological analyses and experimental manipulations 

have suggested that decision-making which involves spatial working memory, relies on 

information exchange between dorsal hippocampus (HPC) and the medial prefrontal cortex 

(mPFC). However, in the last decade evidence has arisen which suggests ventral HPC and its 

communication with the mPFC as well as dorsal-ventral HPC communication may also be 

important for successful spatial working memory performance. To better understand the 

interplay between these three areas, we implemented tri-site neural recordings of the mPFC, and 

both (dorsal/ventral) hippocampal regions as rats performed a spatial delayed alternation task. 

We then analyzed neural data by task epoch (delay, choice, return). Preliminary analyses reveal 

prominent theta peaks in both dorsal and ventral HPC during the choice epoch of the spatial 

delayed alternation task. Additionally, theta coherence between each pair of structures is highest 

during the choice epoch. These results suggest that the broader “dorsal HPC - ventral HPC - 

mPFC" circuit communicates at select timepoints during the successful execution of decision 

making involving spatial working memory. 
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Abstract: The neural mechanisms of goal-directed behaviors remains an open question. The 

hippocampus is associated with path integration and replays. RL-based algorithms address the 

problem of seeking goals by learning a Q value landscape, but when the rewarded state (I.e. 

goal) changes, the Q-values must be recomputed, which makes switching goals inefficient. The 

GOLSA model (Zarr & Brown, 2019; Fine et al. 2020) suggested how the orbitofrontal cortex 

and hippocampus work together to reach arbitrary goal states efficiently when the goals vary. 

Still, the GOLSA model requires a one-hot representation that fails to scale up to large problems. 

Here we revise the GOLSA model by replacing the one-hot representations with a deep network, 

which takes as input both the current state and the goal state representations. Planning then 

becomes an iterative directed search for how to achieve the goal state. The model orbitofrontal 

cortex represents the value of the planned state transitions with respect to the current goal, while 

the model hippocampus performs replays that represent planned path integration toward the 

specified goal. 

We trained the model on various tasks involving short planning sequences. We found that it can 

plan nearly optimal paths from arbitrary starting to arbitrary goal states. Furthermore, additional 

training on longer planning sequences converged more quickly if the model was pre-trained on 

shorter sequences. 

Also, we noticed the emergence of grid-like representations in the path integration network and a 

series of subgoal-like representations in the decision network. As such, this implies a more 

flexible and biologically plausible model for goal-directed behaviors, and the representation that 

emerged matches empirical results in animal navigation and human goal-directed behavior 

studies. 

The model as a whole provides a scalable proposal for how the hippocampus and orbitofrontal 

cortex might work together to plan and evaluate actions aimed at achieving arbitrary and time-

varying goals, both spatial and non-spatial. 
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Abstract: Hippocampal theta and gamma rhythms are hypothesized to play a key role in the 

physiology of higher cognition. Prior research has reported that an offset in theta cycles between 

the entorhinal cortex, CA3, and CA1 regions potentially promotes independence of population 

activity across the hippocampus (HPC). In line with this idea, it has recently been observed that 

CA1 pyramidal cells can establish and maintain coordinated place cell activity intrinsically, with 

minimal reliance on afferent input. Counter to these observations is the contemporary hypothesis 

that CA1 neuron activity is driven by a slow gamma oscillation arising from CA3 and a fast 

gamma reflecting the input from the medial entorhinal cortex (MEC), with both rhythms 

providing a millisecond-level of synchrony across regions. In reinvestigating this, we recorded 

local field potentials simultaneously in the HPC and MEC from rats during maze-running and 

REM sleep. We found theta dominates cross-frequency coupling between the MEC and 

hippocampus, with gamma coupling falling to levels expected by a regional independence 

model. 
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Abstract: Higher cognitive function is supported by functional connectivity between several 

brain regions that work together to support complex behaviors. These regions are highly 

vulnerable to neurodegenerative diseases and aging and can limit the ability of older adults to 

live independently. The prefrontal cortex, hippocampus, lateral entorhinal cortex, and perirhinal 

cortex have been identified as areas crucial for learning and memory, and degeneration of these 

regions is associated with Alzheimer’s Disease and other dementias. However, their individual 

and combined function in paired associate learning that involves integrating information about 

identity and location of a stimulus is not yet understood. This current study uses a version of the 

CANTAB paired associate learning (PAL) task adapted to a rodent model to further elucidate the 

role of each of these brain regions in a paired associate learning (PAL) task and how this 

learning is influenced by age. Pilot data suggested that hippocampus and perirhinal function are 

correlated to PAL performance, but prefrontal cortex and lateral entorhinal cortex inactivation 

did not significantly affect behavior. The current study builds upon this finding by using 

Designer Receptors Activated by Designer Drugs (DREADDs) to specifically target muscarinic 

G-protein coupled receptors in the perirhinal cortex through infusion of actuators into dorsal 

hippocampus to selectively inactivate perirhinal-hippocampal connections and evaluate 

behavioral changes due to loss of functional connectivity between these two key regions. 

Preliminary data suggests that the ability to learn object-location associations and subsequent 

performance on the PAL task relies upon communication between the perirhinal cortex and CA1. 
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Abstract: Common neurophysiological approaches in rodents tend to implement intercortical 

electrodes to measure the local field potentials (LFP). Human neurophysiological monitoring, on 

the other hand, is often measured through the use of non-invasive scalp EEG recordings. While 

EEG recordings can also come from rodents, there is a dearth of approaches that relate scalp 

EEG to the intracortical LFP. Our experimental goal is to derive a relationship between these 

approaches by demonstrating how EEG recorded through stainless steel screws placed on the 

skull surface can correlate with the hippocampal LFP obtained from intracranial silicon probes. 

After training five male Fisher Brown Norway hybrid rats to appetitively run on a circular track 

for a food reward, they were implanted with an intracranial silicon probe in the CA1 region of 

the dorsal hippocampus (AP: -3.2 ML: 1.5 DV: 4.0), and three screw electrodes were adhered to 

the skull surface, without fully penetrating the bone: One screw over the contralateral prefrontal 

cortex (AP: 3.3 ML: -0.7), one over the ipsilateral prefrontal cortex (AP: 2.7 ML: 0.7), and one 

over the ipsilateral parietal cortex (AP: -4.5 ML: 4.0). After a recovery period, the rats were 

reintroduced to the circular track, and data was then collected from each site. We observed that 

signals from the CA1 pyramidal layer, the CA1 stratum lacunosum moleculare (LM) layer, the 

prefrontal cortices, and the parietal region were modulated by running speed. Theta power 

increased as a function of velocity across all regions, and power-power correlations showed a 

strong coupling between theta frequencies and their harmonics. Interestingly, there was little 

variability between the cortical recordings, despite their spatial distance from each other, 

suggesting a correlation between hippocampal LFP and cortical EEG. We believe that further 

exploration of these findings may advance diagnostic inferences of hippocampal integrity using 

scalp EEG. 
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Abstract: A decline in some executive functions, such as working memory and cognitive 

flexibility is associated with normal aging, with the onset of deficits observed during middle age 

in both humans and non-human primates. These higher-order capacities are primarily mediated 

by the prefrontal cortex and involve layer 2/3 cortico-cortical connections in the lateral prefrontal 

cortex (LPFC) and in the anterior cingulate cortex (ACC). While previous work on the LPFC of 

rhesus monkeys has shown an age-related increase in excitability, alteration in synaptic currents, 

and reduction in spine density in layer 3 (L3) pyramidal neurons, the effects of aging on the 

structure and function of ACC pyramidal neurons are unknown. To this end, we characterized 

the morpho-electric properties of L3 pyramidal neurons in the ACC of rhesus monkeys across 

the adult lifespan (n=22, 6.0-27.5 yrs, 9 males and 13 females) using whole-cell patch clamp 

recordings and morphological reconstructions. Linear regression analysis show that input 

resistance increased (R2=0.042, p<0.05) from young age (6 yrs) through the onset of old age (21 

yrs). Resting membrane potential increased (R2=0.07, p=0.0014), while rheobase decreased 

significantly with age (R2=0.081, p<0.001). These changes in passive and active membrane 

properties indicate increased excitability that may be associated with changes in ion channel 

expression levels and in the structural compartments of the neuron. Whole-neuron 

reconstructions revealed no significant effect of aging on apical dendritic length, but a significant 

increase in the basal dendritic length of ACC pyramidal neurons across age (R2=0.212, p=0.018). 

Neither apical nor basal dendritic branch number differed with age, but basilar branch density 

was significantly lower for aged neurons (R2=0.346, p=0.0016), which implies decreased 

complexity. In addition, we observed reduced spine density (R2=0.187, p=0.0243) on the apical 

but not the basal dendrites of aged compared to young neurons, with a significant decrease 

specifically in the number of thin and mushroom spine subtypes. Since postsynaptic spines are 

the sites of most excitatory synapses and are important in synaptic plasticity, an age-related 

reduction in spine density in the dendritic arbors of ACC neurons would be expected to 

significantly affect the signaling properties of these neurons during aging. Changes in LPFC 

pyramidal neuron properties significantly correlate with working memory deficits in aging. It is 

imperative to assess whether alterations in the morpho-electric properties of ACC neurons will 

correlate with similar or distinct aspects of age-associated impairment in executive function. 
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Abstract: Working memory, vital for complex cognitive tasks, is often impaired with aging in 

human and non-human primates. Behavioral studies involving spatial working memory have 

shown cognitive decline across the adult life span in rhesus monkeys. The action potential (AP) 

firing activity of pyramidal neurons in the dorsolateral prefrontal cortex (dlPFC) of these animals 

is crucial for spatial working memory. These neurons undergo structural and physiological 

changes with aging, some of which are associated with cognitive decline. Computational 

modeling can help to evaluate how various changes affect the function of individual neurons and 

networks that they form. This study quantifies how specific myelin dystrophies (namely 

demyelination, remyelination, and occasional excess myelination), which have been observed 

with aging in the rhesus dlPFC, affect AP propagation. Using the NEURON simulation 

framework, we integrated two published neuron models into a multicompartment model with a 

soma, dendritic arbor, and detailed axon with nodes and myelinated segments comprising 

paranodes, juxtaparanodes and internodes each with tight junctions. We identified a broad cohort 

of these models with plausible combinations of morphological and biophysical axon parameters, 

constrained by empirical data including conduction velocity (CV) of propagating APs and in 

vitro firing rates (FR). Subsequently we simulated several dystrophic myelin conditions, having 

perturbation magnitudes consistent with past empirical observations. When simulating 

demyelination alone, with 25% of internodes losing half of their myelin lamellae, CV was 5% 

lower. Complete demyelination of affected segments occasionally led to AP failure. During 

remyelination, a fraction of myelinated segments are replaced by shorter and thinner ones. When 

simulating this condition, remyelinating 45% of segments resulted in CV being 8% lower. 

Empirical observations suggest that aged axons exhibit both remyelinated internodes and 

occasional internodes with increased myelin lamellae. Our simulations of this scenario revealed 

that the additional lamellae partially compensate the CV reduction, therefore reducing 

conduction delay. Finally, we incorporated these conduction delays and AP failures into a 

spiking neuron network model of spatial working memory, and found some of these changes 

were sufficient to disrupt working memory precision. Future studies will combine myelin 

changes with other structural and physiological changes known to occur with normal aging in 

dlPFC pyramidal neurons. 
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Abstract: Healthy aging is accompanied by spatial memory declines, with animal studies 

suggesting that some of these age-related differences in spatial memory may relate to differences 

in hippocampal “remapping.” Hippocampal remapping involves changing representations to be 

consistent with the current environment, which previous studies suggest may be deficient in 

older rats. This idea, however, has not been tested in aged humans. To address this issue, 

younger and older adults watched videos of virtual environments to learn the locations of stores. 

They then retrieved the details of stores[BCA(1] within a single environment during high-

resolution functional magnetic resonance imaging (fMRI). Behavioral results demonstrate 

significant impairment of spatial memory in older adults. [MOU2] [MOU3] Using 

representational similarity analysis (RSA), we found that younger adults showed environment-

specific neural codes (remapping) in CA1 whereas this effect was not observed in older adults, 

consistent with differences in hippocampus remapping in healthy older adults. In addition, older 

adults showed greater variability of in pattern similarity than did younger adults in CA1. This 

less stable neural representation in CA1 is a possible contributor to the underlying failure of 

remapping in older adults. Moreover, using a principal component analysis, we also found that 

older adults showed reduced intra-regional heterogeneity compared to younger adults, which was 

further negatively correlated with pattern similarity and memory performance. Together, these 

findings indicate that lower representational complexity resulted in worse behavioral 

performance in the task. Finally, using informational connectivity to assess inter-subfield 

interactions, our results revealed increased inter-regional coupling between MTL subregions in 

older compared to younger adults. These findings again suggested that the neural representations 

across MTL subregions were more homogeneous in older adults than in younger adults. In 

particular, the higher inter-regional coupling between PRC and ERC or ERC and CA1 was 

associated with worse memory performance. Taken together, these observations help to provide 

a better mechanistic understanding of spatial memory declines in normal aging, suggesting both 

age-variant and age-invariant differences. 
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Abstract: The Locus Coeruleus (LC) is a noradrenaline (NA)-producing brainstem nucleus with 

wide projections throughout the cortex. NA acts via 3 classes of receptors (α1, α2, β) and this 

signaling is critical for optimization of cognitive performance. Some histological studies have 

suggested age-related decreases in NA fiber and varicosity density in the cortex, and 

autoradiography studies have shown age-related decreases in α1 and α2 receptor densities. NA 

fiber density has not been investigated with density of all 3 NA receptor types, and no protocol 

exists for histological analysis of NA receptors in primates. In our studies we establish such a 

protocol for analysis of the NA system in rhesus macaques, while will be of great use for 

normative aging research. Our research utilizes coronal brainstem sections from a colony of 30 

adult and aged rhesus macaque monkeys. We use commercially available primary antibodies: 

anti Dopamine Beta Hydroxylase (DBH, a marker for noradrenergic innervation), anti-α1 

receptors, anti-α2a receptors, and anti- β1 receptors. Antibodies were tested at various 

concentrations, with and without antigen retrieval protocols, and with various types of secondary 

antibodies. We performed extended controls provide evidence of specific staining with each 

antibody. Receptor and DBH stains were then stained together in sequential sections for 

colocalization analysis. Reliable staining of NA fibers and varicosities were found 

homogenously projecting in all layers of the hippocampus using anti DBH antibody (1:1000, 

Millipore Sigma AB1537). α1 receptors (1:250, Millipore Sigma A270) were found on cell 

bodies in all layers of the hippocampus. α2a receptors (1:250, Abcam AB85770) were found 

predominantly on cell bodies and extended fibers, as well as colocalized with DBH+ fibers. β1 

receptors (1:500, Abcam AB3442) were found predominantly on cell bodies and were the least 

dense of the three receptor types. Tests showed no undesirable interactions between layers of 

primary and secondary antibodies. Control tests indicate specific staining for each antibody. 

Thus far, we have developed a staining protocol for the visualization of noradrenergic fibers and 



varicosities and receptors in the primate hippocampus. This protocol also includes markers for 

astrocytes, microglia, vessels, and DAPI for visualization of receptors on different cell types and 

in different cell layers of the hippocampus. A serial staining protocol such as the one developed 

here will allow for analysis of age-related changes in the LC-NA system of primates. 
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Abstract: It is known that cognitive performance declines with normative aging in several 

domains, but few studies have attempted to tease apart the specific regions that may be more 

susceptible to or robust against age-related changes over time. The temporal order memory 

(TOR) task is a simple and efficient test used to assess recognition memory, specifically the 

ability to recall when an object or event was committed to memory. In aging humans, prefrontal 

cortex-dependent memory exhibits some of the most dramatic and early changes relative to other 

brain functions (Park et al., Psychology and Aging, 2002, 17:299). Previous work has shown that 

lesions to the medial prefrontal cortex (mPFC) significantly disrupt performance on this task in 

young rats (Barker et al. J. Neurosci, 2007, 27:2948). Although the TOR task has been utilized in 

many studies, there has been little to no research on the effect of age on performance. We 

therefore investigated the sensitivity of the TOR task to detect age differences in a rodent model 

of normative aging. We tested male Fischer 344 (F344) rats of two separate ages, young (9mo) 

and old (23-27mo). Animals were exposed to the test box for 10 minutes for two consecutive 

days. On days 3 and 4, they were exposed first to two identical objects (i.e., A and A) for 4 

minutes. One hour after this, the rats were exposed to two different identical objects (i.e., B, B) 

for 4 minutes. Two hours following the second sample phase, the test phase began during which 

the rat was presented with one copy of both objects (i.e., A and B). In adult rats, the object from 

the first sample phase (A) is explored more, indicating that the rat recognizes that this object was 

explored during a temporal window that was more remote than the second object explored. Our 

results indicate a trend for the aged rats to be impaired compared to the younger animals in their 



ability to recognize which object was most recently experienced. This simple temporal order 

memory task will be extremely useful for further exploration of the differences between young 

and aged individuals, particularly in combination with high-density cell recordings in the mPFC 

and related structures. 
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Abstract: Animal models play an important role in preclinical and translational studies of the 

human brain. Magnetic Resonance Imaging (MRI) is a non-invasive technique that has the 

potential to provide reliable anatomical measures of the brain. Atlas-based tools for neuro-

informatics can be utilized in studying age-dependent changes in brain anatomy associated with 

cognitive function in both animal models and in humans. Here we present results from a large 

cross-sectional study employing a rodent model of normative aging to investigate the correlates 

of healthy cognitive aging. Initial analysis of MRI data utilized a rat brain template and 

associated atlas (Goerzen et al. 2020, Sci Rep 10:6952.) for comparison of rodent brain volumes 

both globally and regionally at 3 ages across the lifespan and at 3 levels of cognitive status 

within each age category. Male Fisher 344 rats (n=114) were acquired at young adult (6 months, 

n=48), middle aged (15 months, n= 38) and old adult (23 months, n= 28) ages. These rats 

underwent a battery of behavioral tasks over the course of 6 weeks resulting in each age group 

being sub-divided into 3 categorized subgroups of high, average, and low cognition using a 

corrected integrated pathlength score from the spatial version of the hippocampus-dependent 

Morris watermaze task. At the end of the 6 weeks, body weights were measured, and 

neurological MRI was carried out. Whole-brain T2-weighted images were collected at 150μm 

isotropic resolution. Images underwent brain extraction using a semi-automated process as well 

as bias correction due to non-uniform surface coil sensitivity. A Fischer 344 T2-weighted 

template image (60 µm isotropic voxels) and its labeled atlas (115 regions) were registered to 

each individual animal in the study using linear and non-linear registration. Two factor ANOVA 



models were used to assess differences in regional brain volumes, and total intracranial volumes 

across age and cognition groups. Significant main effect for age group was observed for total 

intracranial volume (p<0.0001) and hippocampus volume (p<0.0001). No significant interaction 

effects, or main effects of cognitive status were observed. While there are many other ROIs to 

consider further, these initial findings indicate that intracranial volume and hippocampus volume 

are good predictors of the age of the animal, the intracranial volume is still increasing through 

middle age while the hippocampus continues to significantly increase into old age, however, the 

volume of the hippocampus is not related to cognitive status of the animals in these analyses. 

Disclosures:  L. Do: None. M.A. Zempare: None. A.S. Bernstein: None. P.K. Bharadwaj: 

None. N. Carey: None. C. Nguyen: None. G.E. Alexander: None. C.A. Barnes: None. T.P. 

Trouard: None. 

Poster 

574. Neural Mechanisms of Aging II 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 574.07 

Topic: H.12. Aging and Development 

Support: McKnight Brain Research Foundation 

NIH grant AG049465 

Title: Identification of transcriptional patterns in hippocampus CA1 subregion associated with 

differential cognitive aptitude across the entire lifespan of rats 

Authors: *M. CHAWLA1, Y. J. CHEN1, M. ZEMPARE1, C. A. BARNES1,2, A. 

DALMENDRAY1, K. YOUNG1;  
1Evelyn F. McKnight Brain Inst., Tucson, AZ; 2Dept. of Psychology, Neurol. and Neurosciences, 

Univ. of Arizona, Tucson, AZ 

Abstract: Each hippocampus primary cell type has a unique transcriptomic composition. 

Therefore, it is possible that CA1 and CA3 pyramidal cells or DG granule cells may have distinct 

age-sensitive trajectories. Additionally, these trajectories of cognitive decline may depend on the 

cognitive status of individual rats. Here we utilize the immediate early gene Arc to assess the 

transcription pattern in cognitively categorized rats. Male Fisher-344 rats (6 mo, 15 mo, and 23 

mo old), were given a battery of cognitive tests and were categorized into three groups - low, 

average, or high performers depending on their performance on the spatial version of the Morris 

watermaze. Rats were given two-5 min exploratory sessions separated by a 20 min rest in the 

home cage and brains from behavior as well as two additional controls (caged, a negative 

control, and maximal electroconvulsive shock-treated, a positive control) were quickly extracted, 

hemisected and rapidly frozen until sectioning and processing for in situ hybridization. In situ 

hybridization was performed as described previously (Guzowski et al., 1999), and slides were 

imaged using an SP5 Leica or a Zeiss LSM 880 confocal microscope. Three different areas of 



CA1 were imaged: distal CA1, which receives input primarily from the lateral entorhinal cortex; 

proximal CA1, which receives inputs primarily from the medial entorhinal cortex; and middle 

CA1, which receives a mixture of entorhinal inputs. Cells with Arc mRNA expression in the 

nucleus, cytoplasm or both compartments were counted using Image J software. Since cell-

counting is still ongoing, we can report that Arc mRNA expression is following a pattern similar 

to that of previous studies; that is, very low Arc expression in caged controls, robust expression 

in maximal electroconvulsive shock-treated rats and intermediate in behavior-treated rats. Using 

compartment analysis of temporal activity using FISH (catFISH) we can determine the reliability 

of cell firing in brain networks by two experiences in the same environment separated by 20 

minutes. In this manner, we can assess the circuit stability of these specific brain regions, across 

age and across different cognitive competences. The overall goal is to identify the circuit 

characteristics associated with successful cognitive outcomes during normal aging. 
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Abstract: The Locus Coeruleus (LC) is a brainstem nucleus with the largest group of 

noradrenaline producing neurons. Dysregulation of LC systems contributes to cognitive 

dysfunctions in both healthy aged brains and brains that succumb to Alzheimer’s disease. 

Notably, the LC is heterogeneous along the rostral-caudal and dorsal-ventral axes with respect to 

neuron morphology, projection targets, and vulnerability to the impact of normative brain aging 

and neurodegenerative disease. In previous studies in our laboratory, we identified three distinct 

subnuclei in the macaque LC: a medial nucleus that was confined to the central gray area, a 

lateral nucleus that lies outside of the gray area laterally and blends within the mesencephalic 



tract (me5), and a compact area within the medial nucleus. In this study, we describe in detail the 

3D anatomy of the LC nucleus using the Nissl, Tyrosine hydroxylase (TH)-immunoreactivity, 

and MRI data of one macaque. Next, we describe the neuroarchitecture of the long-range 

processes of TH-positive LC neurons in the midbrain. Finally, we establish a protocol using 

AMIRA software for counting cells along the rostral-caudal axis and within the described 

compartments of LC. AMIRA software was employed to reconstruct the LC from the TH-

immunofluorescence and Nissl sections that were aligned with previously collected in vivo 

structural MRI data. The macaque LC proper nucleus extends approximately 2.4mm along the 

rostro-caudal axis with an overall volume up to 3mm3. We also found that the extranuclear LC 

processes extend laterally to an adjacent area in the midbrain and surrounds the lateral and dorsal 

superior cerebellar peduncle. AMIRA software was also used to analyze the cell counts in each 

compartment. To accomplish this, LC TH-positive cells were first segmented manually to 

determine the range of possible cell dimensions to use for later segmentation. Next, all TH-

positive neurons and processes were segmented using automatic AMIRA procedures, and the 

previously established cell dimensions were used to select putative cells within LC 

compartments. These automatic cell counts were compared with manual cell counts from within 

the LC nucleus to verify their accuracy. In conclusion, this analysis pipeline will allow us to 

standardize our data on adult and aged macaques to find out the specific sites of vulnerability 

along the rostral-caudal axis of the LC compartments. Further neuronal analyses will be aimed at 

understanding the mechanisms responsible for LC vulnerability and its impacts on cognition in 

normative aging and disease. 
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Abstract: Hypertension (HTN) is associated with an increased risk of cardiovascular disease 

(CVD) and cognitive decline in aging humans, with the onset occurring around middle-age. 

While prior research has suggested an association between CVD and cognitive decline in the 

elderly, it is also critical to investigate how this dynamic may evolve from middle to older age 

and the related changes in brain region-specific anatomy and function prior to and after onset of 

HTN. We have carried out diffusion weighted MRI (dMRI), a powerful non-invasive 

translational tool that can be utilized to analyze microstructural changes to the brain, and 

cognitive evaluation before and after induced HTN in transgenic rats. In this study, Cyp1a1-

Ren2 xenobiotic-inducible transgenic rats (n=50) were used to model the gradual rate and age-

of-onset of HTN observed in humans. 15-month-old male rats were assigned to either control 

(n=21) or treatment (n=29) groups and given a 6-week battery of behavior tests. The battery 

included the hippocampus-dependent spatial version of the Morris watermaze. Following the 

pre-treatment tests, the treatment group received a diet with 0.15% Indole-3-Carbinol (I3C) 

while control rats received the same chow without I3C. A post-treatment behavioral battery was 

given to assess the effect of HTN on cognition. Gradual onset of HTN was confirmed through 

systolic and diastolic blood pressure changes. Shortly after the pre- and post-treatment tests, 

body weights were measured, and neurological MRI was carried out. Multishell (b=1000, 2000 

and 3000 s/mm2), multidirection (64) dMRI, was carried out with a resolution of 300x300x1000 

μm. Fiber orientation distribution functions (FODs) were calculated via constrained spherical 

deconvolution (CSD) and used to register images to a study-specific template space. A T2-

weighted template and labeled atlas (115 regions of the brain) were registered to the study-

specific template space and values of Fractional Anisotropy (FA) and mean diffusivity were 

compared between groups and HTN status. The I3C-treated group showed a significant increase 

in cardiac and renal end organ damage as observed previously (Willeman et al. 2019, Physiol. 

Report, 7:2051). Analysis of the hippocampus region-specific Morris watermaze data indicate no 

significant changes in cognitive performance with renal-induced HTN. Consistent with the 

behavioral results, noninvasive imaging techniques also found no statistically significant 

differences in left (p=0.488) and right (p=0.7078) hippocampus FA of control versus I3C treated 

groups. The protection of brain and cognitive function in spite of HTN, may suggest a novel 

brain resilience mechanism. 
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Abstract: Spatial navigation declines during healthy aging and is exacerbated by age-related 

neurodegenerative disorders, such as Alzheimer’s disease. In humans, age-related navigation 

deficits have been attributed to morphological changes in the hippocampus and neighboring 

medial temporal lobe structures. Spatial computations in these regions are generally assumed to 

support formation of externally referenced (i.e., ‘allocentric’) map-like representations of the 

environment via gradual integration of idiothetic cues and visual landmarks. The few studies in 

humans to examine spatial navigation in older age have often relied on experimental paradigms 

that require using a keyboard/joystick to navigate a virtual environment. These types of 

paradigms restrict natural movements and idiothetic feedback and could be confounded by age-

related differences in computer gaming experience and fine motor control. In the present study, 

cognitively healthy young (N=20) and older (N=20) adults navigated a virtual variant of the 

Morris watermaze task which is presumed to rely on hippocampal mediated allocentric 

navigation strategies. Participants learned the location of hidden targets in each of two 

conditions: a desktop-based condition requiring a keyboard/mouse to navigate and a fully 

immersive virtual reality (VR) condition that permitted unrestricted locomotion. Following a 

learning phase, participants were tested on their immediate and delayed recall of the hidden 

target locations. A significant age x condition interaction indicated that the effect of age on 

spatial memory was moderated by VR modality. Spatial recall was significantly reduced in older 

adults relative to younger individuals when navigating the desktop VR environment. By contrast, 

the two groups did not significantly differ when navigating the fully immersive VR environment. 

These results are consistent with the hypothesis that the effect of age on spatial navigation is 

modified by availability and integration of idiothetic cues and visual landmarks. Our results 

suggest that age differences in spatial navigation may be inflated when testing in desktop-based 

VR environments, which may be less familiar and natural for an older cohort. Reconciling how 

older navigators integrate multisensory cues is critical for understanding the biological 

significance of findings from navigation paradigms that restrict self-motion and body-based 

feedback, such as those used in an MRI environment. 
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Abstract: Neural ensembles in the hippocampus and medial prefrontal cortex (mPFC) play a 

crucial role in spatial working memory, a process susceptible to decline during aging. These 

regions are connected via a monosynaptic, unidirectional projection from the ventral 

hippocampus (vHC) to the mPFC (Jay and Witter, 1991, J. Com. Neurol. 313:574), and damage 

or inhibition of this connection leads to impairments in spatial working memory tasks. 

Performance on spatial working memory tasks is known to correlate with increased synchrony of 

vHC theta (8-12 Hz) rhythms to mPFC neuron activity and is also coupled with mPFC local theta 

and gamma (30-100 Hz) oscillations. Additionally, the temporal offset of mPFC neurons phase-

locking to vHC theta corresponds to the conduction delay between vHC and mPFC neurons, 

suggesting that the vHC-mPFC synchronization is a direct result of this projection. In the mPFC 

of aged rats, the frequency of gamma oscillations has been shown to be reduced. These gamma 

oscillations are known to result from an interaction between fast spiking inhibitory interneurons 

and their local excitatory neuron targets. The interactions between inhibitory and excitatory 

neurons are reduced by 1-2 msec in old rats. Little is understood about how monosynaptic vHC 

inputs engage mPFC, how this changes with age, or how vHC activation differentially affects 

neural activity along the dorsal-ventral axis of the mPFC. To investigate these questions, we 

delivered electrical pulses to the CA1 layer of vHC in anesthetized male F344 young (9 months) 

and old (27 months) rats while simultaneously recording neural activity along the dorsoventral 

length of the mPFC using Neuropixels probes. Recordings were obtained from neurons spanning 

5.5 mm along the mPFC, including the anterior cingulate cortex, prelimbic, and infralimbic 

regions (areas 24b, 32, and 25). Since vHC projections as well as general excitability 

characteristics are not uniform across the mPFC (Liu and Carter, 2018, J. Neurosci. 38:7351), we 

also compare neural activity across different layers of mPFC in response to vHC stimulation by 

recording from layer V and II/III in mPFC. This allows a comparison of the effects of direct vHC 

axonal input onto different layers and cell types within the three mPFC subregions recorded, as 

well as whether these connections are altered by aging. 
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Abstract: The subfields of the hippocampus are highly organized with prominent microscale 

features that may be detectable by diffusion and relaxometry-based MRI techniques. 

Understanding microstructural variations between hippocampal subfields is important to 

assessing subtle structural changes that may have behavioral correlates or lead to the discovery 

of biomarkers in brain disorders. Nonhuman primates are an excellent animal model to 

investigate subregion- specific differences in MRI metrics because of their similar 

microstructural features to the human brain and can be used for radiologic-pathologic validation 

studies. We performed high resolution ex vivo imaging (600μ isotropic) on perfused whole brains 

of 8 behaviorally characterized female bonnet macaques ranging from 10 to 25 years old (30 to 

75 human equivalent years). Multiple MRI metrics from diffusion and relaxometry-based 

techniques offered insight into brain microstructures to quantify myelin, macromolecules and 

iron content: Fractional Anisotropy (FA), Trace (TR), Myelin Water Fraction (MWF), Bound 

Pool Fraction (BPF), and R2* maps. High resolution maps were calculated for each brain and 

manual Region of Interest (ROI) segmentation of the hippocampus subfields: CA1, CA3, 

subiculum, and Dentate Gyrus (DG) were drawn using T2 weighted anatomical (200μ isotropic). 

The ROIs were drawn utilizing a technique utilized in human hippocampal subfield segmentation 

and used to extract values for FA, TR, R2*, MWF and BPF in each subfield. Spearman 

correlations revealed no correlation with age but did find significant correlations between some 

MR metrics for some subfields. FA and TR were significantly correlated in CA1 (R=-

0.83,p=0.01) and DG (R=-0.905,p=0.002). Only 2 of the subfields had significant correlations 

between MWF and BPF: CA3 (R=0.976,p=3.3x10-5) and the subiculum (R=0.833,p=0.01). We 

have previously reported that at the whole hippocampal level, BPF and MWF were significantly 

correlated and this appears to be partially explained by these 2 specific regions that make up only 

20% of voxels in the hippocampus. FA and TR were correlated in only 2 subfields (CA1, DG) 

while MWF and BPF were correlated with the other 2 subfields (CA3, subiculum). By analyzing 

the hippocampus subfields, we were able to identify two regions (CA3,subiculum) that 

potentially gave rise to the previous correlation between MWF and BPF of the whole 

hippocampus. These correlations have the potential offer further insight on the environmental 

landscape of the hippocampus that would otherwise be limited when only investigating 

volumetric changes or exclusively FA changes. 
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Abstract: Graph theoretic metrics have shown that increasing age has been associated with 

decreases in segregation of functional brain systems (e.g., Chan et al., 2014). Recent attention 

though has been given to topological data analysis (TDA) in order to identify the underlying 

shape of brain network connectivity beyond simple pairings of edges (see Sizemore et al., 2019). 

Persistent homology (PH) is one tool of TDA that allows for the computation of topological 

features across different connectivity thresholds, with one focus being on the number of 

connected components of 0-dimension, or Betti-0 numbers, used to create a curve that, when 

integrated over iterations (i.e., area under the curve; AUC), indicates how quickly a single 

connected component is formed; in principle, lower AUC should reflect overall fewer connected 

components and is thus analogous to lower brain segregation (e.g., Gracia-Tabuenca et al., 

2020). In the present study, we applied PH to task-based functional connectivity data from the 

Reference Ability Neural Network (RANN) longitudinal lifespan cohort in order to 1.) test for 

individual factors that might predict change in the AUC of Betti-0 curves over time, 2.) predict 

change in behavioral performance based on change in Betti-0 curves, and 3.) compare systems 

segregation to the PH approach. One hundred and sixty-three participants were tested in-scanner 

at both baseline and five-year follow-up on a battery of tests comprising four domains of 

cognition (see Stern et al., 2014). Task-based functional connectivity values were calculated 

between a pre-defined set of 264 ROIs (nodes) according to Power et al.’s (2011) parcellation 

scheme. Results showed that, specifically in the Fluid Reasoning domain, the AUC of the Betti-0 

curve significantly decreased with age. Systems segregation also significantly decreased with age 

across all four cognitive domains. However, when investigating the link between connectivity 

and behavior, only the AUC of the Betti-0 curve significantly predicted longitudinal cognitive 

change in the Fluid Reasoning domain. That is, an increase in how quickly a network formed a 

single component between time points was linked to behavioral decline. Furthermore, this 

finding was significant even after controlling for specific demographic factors in addition to 



brain integrity and white matter hyperintensity burden. These results argue for the importance of 

TDA as an investigative tool for functional alterations across time and its link to cognitive 

outcomes. 
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Abstract: A well-known phenomenon in cognitive aging is the seemingly contradictory 

observation that cognitive abilities relying on crystallized intelligence are well maintained until 

as late as past 80 years old while other cognitive abilities that rely on fluid intelligence start to 

decline as early as 20 to 30 years old. Not only are crystallized abilities better preserved in aging, 

they are also more resilient to ADRD pathology than fluid abilities, as demonstrated by the use 

of vocabulary as an estimate of premorbid IQ. It is still unclear what mechanisms underly the 

disjuncture between crystallized and fluid abilities in aging and ADRD. To test the hypothesis 

that crystallized abilities are less vulnerable to AD pathology than fluid abilities, we examined 

the topographic overlap between the fMRI activation patterns with each participant’s amyloid-

ß/tau PET images. For 63 older adults, three vocabulary fMRI tasks were estimated with the 

fMRI patterns for crystallized ability, and patterns for three different fluid abilities (processing 

speed, reasoning, and episodic memory) were each estimated with three fMRI tasks. Any 

overlapping voxels between any of the ability patterns were excluded from the final fMRI 

patterns. Thus, each ability’s fMRI pattern contained only voxels uniquely associated with each 

ability. Amyloid-ß was imaged with 18F-Florbetaben PET scans. Topographic overlap between 

amyloid-β PET standardized uptake value ratio (SUVR) images and the fMRI activation pattern 

for each of the four abilities was calculated using dot product across non-zero voxels after grey 

matter masking. The resulting overlap score was normalized by the number of non-zero voxels 

for each ability. Vocabulary overlap scores were lower than the scores for the three fluid abilities 

with p < .001 for all pairings, and the effect sizes (Cohen’s D) were: 7.36 for processing speed, 



3.36 for reasoning, and .584 for episodic memory. Less topographic overlap between amyloid-ß 

and fMRI patterns for vocabulary than the three fluid abilities provided support for vocabulary’s 

lower vulnerability to AD pathology compared to the three fluid abilities, suggesting that one 

possible mechanism for crystallized abilities’ greater age-resilience may be in terms of 

vulnerability to AD pathology. 
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Abstract: Previous studies have indicated that four latent variables, or reference abilities (RAs), 

can serve as broader elements of cognition that can help frame age-related changes in brain 

activities: these being vocabulary, perceptual speed, fluid reasoning, and episodic memory. Our 

aim is to assess the RA groupings by locating regions in the brain supporting RA or other 

cognitive groupings. We further study whether these cognitive groupings are affected by age. 

Two hundred seventy-two clinically healthy participants performed 12 cognitive tests, three tasks 

for each reference ability while undergoing fMRI scans. The participants were divided into three 

groups: young (ages 20-40), middle (ages 41-60), and old (61-80). We analyzed the fMRI data 

by conducting voxel searchlight and representational similarity analysis on the localized voxel 

responses to each of twelve tasks, generating a 12x12 matrix comparing local task responses. 

Response patterns were analyzed from 5x5x5 voxel searchlight cubes. To identify brain regions 

that group tasks similarly, a k-means clustering algorithm was used on the 12x12 task matrices. 

Across all age groups, we found four frequent task groupings: (a) most commonly, similar voxel 

responses for all tasks; (b) similar voxel response patterns for vocabulary and perceptual speed 

RA, and a separate set of similar patterns for fluid reasoning and episodic memory RAs; (c) 

similar responses for all tasks and for all RAs except picture naming in the vocabulary RA; and, 

(d) similar voxel response patterns for tasks in fluid reasoning RA, and a separate weaker 

similarity among the three other RAs. These patterns were consistent across all age groups. 

These results support not only the existence of the initial four RAs but also suggest the existence 

of cognitive groups spanning multiple RAs. It also suggests localization of different cognitive 

processes in various regions of the brain, complementing past studies identifying cognitive 

ability networks across the brain. 
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Abstract: We were interested to what extent older high-performing people show youthful-

looking activation patterns and focused on the maintenance phase of a working-memory fMRI 

task for which participants studied an array of 1, 3, or 6 letters for 3 seconds, then maintained the 

letters while facing a blank screen for 7 seconds, with a subsequent probe to which the 

participants answered with a button press whether the probe letter was contained in the study 

array or not. 44 younger participants aged 20-30 performed the task, as well as 135 older 

participants aged 55-70. Ordinal Trend Canonical Variates analysis (OrT CVA; Habeck et al., 

2005) derived activation patterns whose pattern scores increased with memory load within 

participant for as many participants as possible. There were 3 performance measures: (1) load-

averaged response accuracy in Sternberg task, (2) load-averaged reaction time in Sternberg task, 

and (3) vocabulary ability. In the older group these measures were residualized with regard to 

age, sex, education, mean cortical thickness, and white-matter hyperintensities, with a 

subsequent median split of the residuals, leading to 3 groups: (1) young group (Y), (2) high-

performing old group (oHigh), (3) low-performing old group (oLow). OrT CVA was applied to 

each group with bootstrap robustness computation of 100 iterations. From these patterns in each 

group, we generated two similarity distributions by computing 10,000 pairwise spatial 

correlations for the two pairings Y-oHigh and Y-oLow. For all 3 performance measures, the Y-

oHigh similarity distribution was shifted to the right of the Y-oLow distribution. (See figure for 

the example of mean accuracy). These findings show that higher-performing older people 

manifest younger-looking activation patterns in a verbal working memory fMRI task. Similar 

findings were obtained when performing the median split in the older participants based on brain 

structure, but not on education which yielded no difference. These findings point to preservation 

of young-like activation patterns as a possible mechanism of Cognitive Reserve. 
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Abstract: Individuals with the 22q11.2 deletion syndrome (22q11.2DS), one of the strongest 

genetic risk factors for schizophrenia, demonstrate cognitive impairments, including episodic 

memory (EM) dysfunction. Our group previously showed that EM is impaired in a mouse model 

for the 22q11.2DS (Df(16)A+/-). Place cells, cellular representations of EM, are under strong 

inhibitory control by heterogeneous subtypes of GABAergic interneurons, which have been 

implicated in the pathophysiology of schizophrenia. In this study, we examined the contribution 

of pyramidal cells and hippocampal interneuron subtypes to local microcircuit dysfunction in 

CA1. 2-photon imaging of CA1 pyramidal neuron population dynamics were performed in vivo 

to characterize plasticity during novel context exposure in a virtual environment in Df(16)A+/− 

and WT mice. Wild-type and Df(16)A+/- mice performed goal-oriented learning and random 

foraging tasks on a cued belt while undergoing large-scale, unbiased 3D GCaMP-Ca2+ imaging 

of in vivo CA1 interneuron dynamics. Molecular identification of major interneuron subtypes 

was performed post-hoc utilizing immunohistochemistry. Interneuron subtype activity was 

assessed through Pearson cross-correlations with velocity and through peristimulus time 

histograms around behavioral indicators. In Df(16)A+/− mice we observe a significant decrease in 

somatic bursting rate during context switch compared with WTs, suggesting that plasticity is 

suppressed in vivo. Interneurons exhibit subtype-specific alterations in activity during behavior. 

Results examining CA1 principal neuron dynamics and plasticity collected in vivo and in vitro 

suggest that inhibitory circuits are either over-compensating in vivo or are intrinsically deficient 

themselves. We identify subtype-specific alterations in interneuron dynamics, contributing to 

microcircuit imbalances. 
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Abstract: Memory impairments are common to a variety of neuropsychiatric disorders including 

schizophrenia. A leading hypothesis is that such impairments arise from attenuated signaling 

activity of N-Methyl-D-aspartate (NMDA) receptors. Indeed, studies have found that various 

molecular alterations associated with schizophrenia (e.g. Dysbindin, DISC-1, erbB4) act to 

modulate NMDA receptor function. Intriguingly, these risk factors likely alter NMDA receptors 

through a common mechanism, the regulation of Sarcoma tyrosine kinase (Src). Src is highly 

expressed within the hippocampus, specifically in the CA3 and dentate gyrus region, further 

supporting a role for Src in schizophrenia-related memory deficits. Correspondingly, previous 

studies by our group have found that Src-deficient mice show deficit recall, but not learning in 

trace fear conditioning. We have also observed alterations to evoked gamma oscillations in these 

animals. A growing body of literature supports a crucial role for CA3 gamma oscillatory activity 

in facilitating the recall of episodic memory. Therefore, we hypothesized that Src-deficient mice 

(Src heterozygous) would show alterations to gamma oscillatory activity, particularly CA3- 

associated low gamma. In this study we recorded activity from the dorsal CA1, ventral CA1, 

CA3 and the medial prefrontal cortex (mPFC) of Src heterozygous mice (n = 8; 4 male, 4 

female) and wild-type littermates (n= 9, 4 male, 5 female) as they performed a novel object 

recognition (NOR) task. While we observed no differences in the power of CA3 or CA1 theta, 

low gamma, or high gamma, we did find that the frequency of CA1 low gamma was reduced in 

Src animals compared to wild-type controls, while no differences were observed to in the peak 

frequency of theta or high gamma. Examining CA3 to CA1 coherence, we found increased low 

gamma coherence for Src animals. These results suggest that Src deficiency may alter the 

function of CA3 and its communication with CA1, perhaps underlying associated deficits in 

memory recall. 
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Abstract: A current interest in translational neuroscience is the development of psychiatric 

biomarkers. In the case of schizophrenia, several electroencephalography-based (EEG) 

biomarkers have been proposed, such as evoked potentials, entropy, or oscillatory power. 

Gamma band oscillations are of special relevance since the glutamatergic and gabaergic 

pathophysiological models of schizophrenia predict disruptions in gamma activity, as evidenced 

by MEG studies from visual perception of Mooney faces. However, it remains unknown if 

similar alterations appear in more ecological conditions, such as free exploration of natural 

images. This study investigates gamma-band power on EEG recordings while participants freely 

explored natural scenes. We analyzed 11 medicated patients with schizophrenia diagnosis (SZ), 

and 9 age-paired healthy controls (HC). They explored Natural Images (NI) and control images 

(Pink noise (PN) and Gray images (GI), among others). We extracted EEG power using a time-

frequency representation. Then we compared power from the two groups with a cluster-test. This 

last step was performed for each image category and for each frequency band. At each category 

the clusters with the biggest differences were used to train a decision tree (J48). The algorithms 

trained with gamma-clusters obtained an Accuracy of 95% for control images and 94.9% for NI 

images, validated by 10-fold Cross-Validation on this dataset, and beta-clusters obtained similar 

accuracies. Interestingly, the direction of the gamma-band alterations was opposite between 

distinct conditions: NI elicited gamma power deficits in patients compared to controls, while PN 

and GI conditions elicited greater gamma power in patients than in controls. Although both 

gabaergic and glutamatergic models of schizophrenia correctly predicted the gamma power 

deficit of patients on the NI condition, the power augment relative to controls in the GI condition 

only has a precedent in the glutamatergic model research, which reported gamma power 

alterations in both directions in conditions of NMDAR antagonists pharmacological 

administration, in both non-human and human animals. In conclusion, the processing of natural 

images elicits cortical activity with diminished gamma band in patients but augmented for 

images without semantic content (PN and GI), which resembles an effect found in the 

glutamatergic model of schizophrenia; and the activity elicited by each image category allows, 

by itself, the detection of patients from controls based on their EEG signal. 
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Abstract: Schizophrenia (SCZ) is one of the most disabling and poorly understood 

neuropsychiatric disorders, in large part due to the polygenic and heterogeneous nature of its 

pathogenesis. Converging studies highlight the influence of astrocyte pathology on the synaptic 

pathology of schizophrenia. Previously, we identified impaired astroglial differentiation with 

attendant phenotypic abnormalities in mice engrafted with childhood-onset SCZ human iPSC-

derived glial progenitor cells (hGPCs). Subsequent in vitro and in vivo analyses revealed the 

impaired astroglial differentiation and disrupted potassium buffering of SCZ astroglia, which 

could be rescued in part by targeting the dysregulated expression of the REST transcriptional 

repressor. Nonetheless, the specific influence of SCZ-astroglia on neuronal and synaptic 

function, and that of dysregulated REST expression on astroglial calcium signaling, remain 

enigmatic. To address these issues, we first used CRISPR-Cas9 to generate stable knock-in 

control- and SCZ-derived hiPSCs expressing GCaMP7, a fluorescent calcium sensor. GCaMP7-

expressing iPSCs were then differentiated into GPCs, which were CD140 FACS-sorted, 

validated as expressing the canonical hGPC markers PDFGRα and OLIG2, and transplanted into 

neonatal hypomyelinated and immunodeficient shiverer x rag2-/- mice. Electrophysiological 

assessment 19 weeks later revealed that those cortical and striatal neurons apposed to 

transplanted GCaMP7-expressing SCZ glia were hyperexcitable and manifested deficient 

intercellular astroglial calcium signaling relative to controls. With that background, we then 

evaluated the impact of regulating glial REST expression on astrocytic calcium signaling in 

vitro. GCaMP7-expressing GPCs were differentiated into astrocytes, then FACS-sorted on CD44 

and their astrocytic phenotype validated by the expression of AQP4 and GFAP. In SCZ 

astrocytes, lentiviral REST knockdown (REST-KD) rescued otherwise deficient ATP-elicited 

calcium events in vitro (SCZ REST-KD vs SCZ: p<0.01; SCZ REST-KD vs CTRL: p=NS). 

Along the same line, control astrocytes overexpressing REST mimicked the deficient calcium 

signaling of SCZ astrocytes (CTRL-REST vs CTRL: p<0.05; CTRL-REST vs SCZ: p=NS). 

Taken together, these findings highlight the impact of astroglial impairment on the synaptic 

pathology of schizophrenia and provide tangible targets for its potential glial-based treatment. 
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Abstract: Complex tasks requiring cortical processing of dynamic stimuli are associated with 

specific electroencephalographic (EEG) signatures, including the P300 event-related potential 

(ERP). P300 generally peaks at midline electrodes several hundred milliseconds after novel or 

salient stimuli, and is modulated by intensity of stimuli (e.g., greater/lesser novelty or salience), 

as well as the participant’s level of effort or ability. While patients with schizophrenia (SCZ) 

generally exhibit decreased P300 amplitudes, under specific conditions, patients with SCZ may 

exhibit greater P300 amplitudes, e.g., when exerting greater effort, or exhibiting reduced 

habituation, than controls. As such, P300 may serve as a marker of cognitive ability or effort for 

treatment studies targeting cognitive impairment in patients with SCZ. To explore this 

hypothesis, we assessed frontal P300 amplitudes during a working memory (WM) task (N-back), 

in participants with SCZ (n = 31), pre- and post-EEG neurofeedback (NFB) training designed to 

improve WM by targeting dorsal-lateral prefrontal gamma activity. In support of this approach, 

in addition to above features, P300 arises from multiple cortical, including frontal, sources. 

Initial clinical and neurophysiologic results were previously reported. In this follow-up analysis, 

we present new results modeling the effects of NFB training efficacy on changes in frontal P300 

amplitude and WM performance during training, and training-related changes in frontal theta, 

alpha and gamma power. In a minimal structural equation model, greater NFB efficacy 

significantly predicted training-related P300 amplitude increases (beta = 0.285, p = 0.05); 

furthermore, greater training-related P300 amplitude significantly predicted greater training-

related WM performance (beta = 0.317, p = 0.035). NFB training was also associated with 

increased frontal theta, alpha and gamma power during N-back (slope = 0.006, 0.01, 0.04; p < 

0.001, 0.008, 0.004; respectively). Including training-related frontal theta, alpha and gamma 

changes in the above model improved the strength/significance of NFB efficacy’s effect on 

frontal neural activity (beta = 0.340, p = 0.035), and strength of training-related frontal neural 

activity on training-related WM performance (beta = 0.327, p = 0.045). These promising early 

results suggest that, in patients with SCZ, frontal P300 may serve as a marker of effective NFB 

training targeting frontal gamma activity and WM. We aim to formally test the specificity of 

such effects in larger, randomized, controlled clinical trials. 
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Abstract: Although various neurobiological abnormalities have been reported as possible causes 

of schizophrenia, the mechanism how they induce symptoms such as delusion and hallucination 

is still unknown. Attempts to fill the large gap between biology and symptoms include 

computational modeling based on the aberrant salience hypothesis, that salience attributed to 

contextually irrelevant stimuli gives rise to psychotic experiences. This hypothesis deals with 

motivational salience derived from dopamine-dependent learning. On the other hand, 

experimental findings regarding schizophrenia also indicate alterations in other kinds of salience, 

namely visual and auditory salience, and in other kinds of neurobiological features including 

excitatory-inhibitory (E-I) balance, structural connectivity, and cortical signal-to-noise ratio. 

Multiple mechanisms should underlie schizophrenia that can be considered as a heterogeneous 

syndrome. In this study, we use computational modeling to investigate how visual salience is 

altered by neurobiological disturbances including E-I imbalance. We implemented a saliency 

map model with neural networks so that the biological features and disturbances can be reflected 

in the model. It consists of feature maps receiving input features extracted from visual stimulus, 

conspicuity maps integrating feature representations for each stimulus dimension, and a saliency 

map as an output. Each map is implemented as two-dimensional arrays of neural populations that 

have local excitatory connections and distant inhibitory connections. These lateral connections 

cause competition between features within a map and thereby make the representations of salient 

visual stimuli stronger than those of non-salient stimuli. We introduced E-I imbalance into the 

model by changing the parameters of the lateral connections. Elevation of E-I balance made the 

salience of non-salient stimuli closer to that of salient stimuli, while reduction of E-I balance 



resulted in salience for non-salient stimuli far smaller than that for salient stimuli. Such alteration 

of visual salience can be regarded as changing sensitivity, which is actually implied by 

experiences reported by schizophrenia patients. It is in contrast to the way contextually irrelevant 

assignment of salience generates abnormal motivational salience as described in the aberrant 

salience hypothesis. Our results suggest that different biological abnormalities can cause 

different patterns of aberrant salience. Since visual salience influences eye movements, our 

model may lead to novel eye-tracking data analysis to infer specific biological abnormality 

underlying each patient. 

Disclosures:  Y. Fujita: None. T. Murai: None. J. Miyata: None. 

Poster 

575. Schizophrenia 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 575.07 

Topic: H.13. Schizophrenia 

Support: DANA 

K23MH108711 

R01MH123639 

MH121790 

Title: Population receptive field mapping of parietal retinotopic areas in schizophrenia 
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Abstract: Deficits in social cognition are a major source of disability in neuropsychiatric 

disorders, especially schizophrenia (SzP). One major domain in social cognition is accurate 

perception of social cues, such as facial expressions of emotion. Detecting visual social cues 

requires an individual to make saccadic eye-movements to scan a scene for salient or 

behaviorally relevant information. Crucially, it has been shown that SzP make about 20% fewer 

saccades to low speed moving facial expressions compared to healthy controls (HC). This failure 

to orient towards changes in expression may either be due to direct perceptual deficits, or a 

deficit in mentalization indicating that these changes in expression are behaviorally relevant. 

Planned eye movements are controlled by the dorsal attention network, which includes parietal 

cortex. 

Here, we use fMRI to scan patients and healthy controls during a rapid serial visual presentation 

(RSVP) task designed to robustly activate visual and attentionally related cortices over a large 

area of the visual field (14.3x14.3 deg). This consisted of ‘bars’ of 6 RSVP streams of pictures of 



objects that refreshed every ~300-600ms and traversed the visual field from left to right (LR), 

top to bottom (TB) and (RL, BT) over 8 locations in each sweep. The subject was instructed to 

fixate while trying to detect an instructed object in each run. Stimulus duration of the objects was 

varied to maintain detection performance between 50-80%. We used population receptive field 

mapping (pRF) to define the potential human homologue of macaque lateral interparietal cortex 

(LIP) in both left and right hemispheres, which is implicated in the planning of eye-movements. 

No group difference was found in either stimulus duration (p = 0.81) or detection accuracy (p = 

0.32). Preliminary analysis indicates these ROI maps were highly heterogenous in location, with 

57% sharing overlapping locations in at least 2 subjects the right hemisphere and 44% in the left 

hemisphere. The density of myelin decreases as a function of eccentricity in both hemispheres of 

HCs and right SzP (preliminary n = 4 and 7, data collection ongoing; all p < 10-4), while trending 

in left SzP (p = 0.054). 

Overall, the current results demonstrate the utility of individually defined areas over group ROIs. 

Furthermore, the preliminary results suggest that the structure-function relationships in human 

homologue of LIP in schizophrenia are relatively intact. 
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Abstract: Schizophrenia is characterized by network dysfunction, which underpins behavioral 

deficits in memory and associative learning. Memory and associative learning are processes 

dependent upon frontal-hippocampal function and underpinned by dynamic changes in brain 



network activity/connectivity. These changes may be particularly acute in paradigms that induce 

non-linear learning: early linear increases in learning, followed by asymptotic performance. How 

are these functional network processes maintained or disrupted in schizophrenia? We evaluated 

two questions in our modeling: 1) are descending pathways from the dorsal anterior cingulate 

(dACC) and dorsolateral prefrontal (dlPFC) cortices contextually modulated by task conditions 

and time, and 2) do estimates of contextual modulation differ between schizophrenia patients 

(SCZ) and healthy controls (HC). Participants (n=90; age: 18-50) provided informed consent and 

were compensated for participation. SCZ (n=52) were stabilized on a regimen of atypical 

antipsychotics. HC (n=38) were free of psychiatric/neurological conditions. Data (3.0T Siemens 

Verio) were processed in SPM12. Network dynamics (negatively accelerated learning) induced 

using an object-location task and modeled using Dynamic Causal Modeling (DCM). A model 

space was constructed on basis of co-activation of task-relevant regions: primary visual cortex 

(V1), superior parietal (SPG) and inferior temporal (ITG) gyri, hippocampus (HPC), dACC, and 

dlPFC. Bayesian Model Selection (BMS) used to determine likely model (and presence of 

contextual modulation of descending pathways by task and time). BMS identified the model sans 

descending connections from the frontal lobe to unimodal regions as more likely (exceedance 

probabilities >0.8). Subsequent analyses focused on main effects (group or time) and interactions 

on parameter estimates of contextual modulation. During Encoding, reduced contextual 

modulation of HPC->dACC (p=0.04) and dlPFC->dACC (p=0.02) pathways in SCZ and main 

effects of time (ps <0.05) on all pathways (except V1->ITG) were observed. During Retrieval, 

reduced contextual modulation (p=0.009) of dlPFC->dACC pathway in SCZ and main effects of 

time (ps <0.05) on HPC->dlPFC and HPC->dACC pathways were observed. A single 

time*group interaction (p=0.009) was observed on the ITG->HPC pathway during Retrieval, 

where contextual modulation decreased in HC but increased in SCZ. 
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Abstract: Schizophrenia is a chronic mental disease with a prevalence of ~1% worldwide. This 

psychiatric disorder is characterized by positive and negative symptoms as well as cognitive 

deficits. Though current medications usually alleviate positive symptoms, they are much less 

efficient in treating negative and cognitive ones. Although the exact causes of schizophrenia are 

unknown, impaired cortical communication and processing seem to be critical for the expression 

of the disease. Establishing a causal link between circuit dysfunction and particular behavioral 

traits relevant to schizophrenia may shed new light on the mechanisms underlying the pathology. 

Here we used a hemizygote knockout mouse of Nr4a2 (also called Nurr1), a gene whose 

mutation represents a genetic risk factor for developing schizophrenia in humans. Though 

NR4A2 is a nuclear receptor contributing to the specification and maintenance of the 

dopaminergic phenotype in the ventral tegmental area and the substantia nigra, it is also 

expressed in glutamatergic neurons of various brain areas such as the hippocampus, cortex and 

claustrum. We monitored the physiological responses of a genetically identified neuronal 

population of the medial prefrontal cortex and compared the behavioral performances of the 

mutant to their wild-type littermates. We observed that basic associative learning and rule 

generalization were not affected in the mutant mice. In contrast, knockout mice exhibited a 

strong impairment in cognitive flexibility, a hallmark of cognitive alteration previously observed 

in patients. Using calcium imaging, we observed that neurons were less active and were more 

desynchronized in the mutant than in the WT network. We demonstrate that alteration of Nr4a2 

expression specifically in a population of glutamatergic neurons and selectively during adulthood 

in WT mice was sufficient to phenocopy the neurophysiological and behavioral alterations 

observed in the KO mouse. Importantly, the opposite manipulations during adulthood improved 

neurophysiological and behavioral impairment observed in the mutant line. Taken together, our 

data support a causal relationship between glutamatergic neuron dysfunction and cognitive 

deficits observed in some psychiatric disorders. 
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Abstract: Negative symptoms in schizophrenia (SCZ) are poorly treated and interfere with the 

function of patients. Studies focusing on structural and functional imaging and non-invasive 

electrophysiology implicate perturbations of the frontocortico-temporal circuits and disruption of 

cortico-striatal loops to negative symptoms in SCZ. GPR139 is an orphan GPCR that is 

specifically expressed in the CNS and enriched in the habenula, a brain structure involved in 

reward and motivation. Structural and functional alterations of the habenula have been found in 

SCZ patients, who show deficits in feedback processing and lack habenula activation in response 

to negative outcomes. Rodent experiments demonstrate the involvement of direct projection from 

the cortex to the habenula controlling social behavior. Alterations in habenula activity have been 

correlated with depression, and normalization of aberrant habenula activity has been proposed as 

therapeutic strategy to reverse anhedonia. Building on data previously reported, we further 

explored modulation of GPR139 receptors and habenula circuitry in vivo as a novel mechanism 

to treat negative symptoms in SCZ. The selective GPR139 agonist, TAK-041, increased cFOS 

expression in the habenula in wild type mice, but not in GPR139 knock out mice. No 

desensitization of cFOS in the habenula was observed after chronic dosing of TAK-041. TAK-

041 reduced amphetamine- and nicotine-induced dopamine release in the NAc in rats. In the rat 

unpredictable chronic mild stress (uCMS) model, acute and chronic treatment with TAK-041 

reversed the anhedonic and anxiolytic effects, as measured by the forced swim test and the 

novelty-suppressed feeding test, respectively. Additionally, uCMS-exposed rats developed a 

disrupted circadian regulation of corticosterone secretion, which was also normalized by TAK-

041 treatment. Furthermore, TAK-041 reversed the uCMS-induced atrophy in the basal dendrites 

of pyramidal neurons in the hippocampus and the uCMS-induced hypertrophy of medium-spiny 

neurons in the NAc. These results suggest a potential benefit of TAK-041 in the treatment of 

anhedonia and possibly depression. TAK-041 also reversed social interaction (SI) deficits in the 

maternal immune activation poly-I:C model of SCZ, the subchronic PCP-SI model and in Balb/C 

and BTBR mice. The GPR139 agonist TAK-041 is proposed as a modulator of habenula 

circuitry to treat negative symptoms in SCZ based on efficacy in reversing anhedonia and social 

interaction deficits in multiple rodent models related to negative symptoms in SCZ. 
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Abstract: Cannabis abuse during adolescence is a risk factor for cognitive impairments in 

psychiatric disorders later in life (Renard et al., 2016). Specifically, early exposure to Δ9-

tetrahydrocannabinol (THC; i.e. the main psychotropic component of cannabis) causes enduring 

cognitive deficits, which critically involve impaired glutamatergic function in the prefrontal 

cortex (PFC; Zamberletti et al., 2014). Remarkably, these adverse effects are qualitatively very 

similar to those caused in developing rodents by experimental increases in brain kynurenic acid 

(KYNA), a neuroactive metabolite of tryptophan degradation (Pocivavsek et al., 2014).To date, 

the possible causal relationship between cannabinoids, KYNA and cognition has not been 

investigated in adolescence. We therefore examined the effect of chronic adolescent THC 

exposure on KYNA levels in the rat brain. Male Wistar rats were chronically treated with vehicle 

or ascending intraperitoneal (i.p.) doses of THC starting on postnatal day (PND) 35 until PND 45 

(Zamberletti et al., 2014). In adulthood (PND 75), cognitive assessment (Y-maze) and 

extracellular KYNA/glutamate levels were measured in the PFC by in vivo microdialysis, before 

and after a challenge with L-KYN (5 mg/kg i.p., the biological precursor of KYNA). By using 

the selective, brain-penetrable KAT II inhibitor PF-04859989 (Kozak et al. 2014), we then 

examined whether blockade of KYNA neosynthesis prevents the cognitive impairment. 

Compared to vehicle-treated controls, extracellular basal KYNA levels were higher in the PFC of 

adult rats chronically exposed to THC in adolescence (p<0.01). No changes were observed in 

extracellular glutamate levels. Following a challenge with L-KYN, extracellular KYNA levels 

similarly increased in both groups (i.e. vehicle- and THC-treated; p<0.001 and p<0.01 

respectively). Chronic adolescent THC exposure negatively affected short-term memory 

(reduced spontaneous alternation), in adult animals (p<0.001), while PF-04859989 partially 

restored the impairment (p<0.05). We propose that these alterations in PFC KYNA signalling 

might be involved in the cognitive dysfunction induced by the exposure to THC during the 

adolescence. In the translational realm, these experiments raise the prospect of prevention of 

KYNA neosynthesis as a promising novel approach to combat some of the detrimental long-term 

effects of adolescence cannabis use. 
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Abstract: NMDA receptor hypofunction is a fundamental and convergent mechanism for the 

pathophysiology of schizophrenia, and transient blockade of the NMDA receptor during early 

development induces schizophrenia-like behaviors in rats. Dysfunction of GABAergic 

transmission has been reported in the hippocampus and prefrontal cortex both in patients with 

schizophrenia and in animal models, both structures are fundamentally involved in multiple 

memory types. In this study, we investigated if the increase of GABA levels by inhibiting GABA 

Transporter 1 (GAT1) could alleviate the deficits of hippocampus-dependent tasks in juvenile 

male rats neonatally treated with MK-801. Male pup rats from postnatal days (P) 7 to 11 were 

daily treated with NMDA receptor antagonist MK-801 (0.2 mg/kg) and evaluated in spatial 

pattern separation (P28-37) and Barnes maze task (P30-P35). We found that MK-801-treated 

animals showed reduced performance in the Barnes maze, indicating an impairment in spatial 

memory. In addition, in comparison with the control group, MK-801-treated animals were 

unable to discriminate minimal changes in the spatial position of identical objects, demonstrating 

an impairment in spatial pattern separation. Next, we analyzed if NNC-711, a selective inhibitor 

of GAT1, could alleviate the spatial memory deficits. NNC-711 treatment at 0.5 mg/kg (but not 

at 1.5 mg/kg) improved the performance of MK-801-treated animals in the Barnes maze. Our 

results suggest that GAT1 inhibition during the early or prodromal phase of schizophrenia could 

be an effective treatment for alleviating hippocampus-dependent memory deficits. 
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Abstract: Schizophrenia (SCZ) is a complex neurodevelopmental disorder with early adult onset 

and typically follows multiple pathogenic factors (multi-hit), including neuroinflammatory 

events. Current antipsychotics prove to be insufficient at treating the full range of symptoms, 

posing the need for novel therapies. To date, the maternal immune activation (MIA) model has 

both high face and predictive validity, making it the most translatable model for the development 

of novel therapies. The endocannabinoid system has long been theorized as a target for novel 

interventions, largely due to its role in neurodevelopment and regulating inflammatory processes, 

however, targeting the main CB1R has proven to be ineffective. Brain-wide CB2Rs are a novel 

target for SCZ treatment and prevention as they are known to regulate inflammatory processes 

that contribute to its pathology. Palmitoylethanolamide (PEA) is an endogenous fatty acid amide 

that binds to PPAR-alpha receptors to indirectly activate CB2R, triggering an anti-inflammatory 

cascade, thus regulating neuroinflammation. Hallmarks of SCZ include a decrease in CB2R and 

PPAR-alpha function, leading to rampant neuroinflammation; therefore, we hypothesize that 

administering PEA during preadolescence will prevent neuroinflammation induced during the 

pubertal period and subsequently prevent SCZ onset. Prior to MIA, we used an acute MK-801 

mouse model to test whether orally administered PEA pretreatment in adult C57BL/6 mice 

would prevent MK-801-induced deficits in the translatable SCZ biomarker Mismatch Negativity 

(MMN), an auditory EEG phenotype evoked by an oddball stimulus seen in both humans and 

rodents exhibiting SCZ-related symptoms. PEA pretreatment prevented MK-801-induced MMN 

deficits in both male and female adult mice (p = 0.02). Next, we used the MIA mouse model to 

explore whether PEA administration during preadolescence would prevent the SCZ phenotype 

from appearing in adult offspring from dams exposed to the immunostimulant LPS on gestation 

day 14.5. LPS mice presented with social deficits (p = 0.02) and novel object recognition 

impairments (p = 0.03), meanwhile, PEA prevented these deficits, restoring the behaviors to 

control levels (p = 0.01). Female LPS-PEA mice displayed control novel object recognition 

behavior (p = 0.02); however, PEA did not prevent social deficits in LPS females (p > 0.05). 

EEG MMN data is currently being analyzed to explore whether PEA also successfully prevented 

characteristic SCZ MMN deficits in adult MIA offspring. This study has thus far provided 

promising data indicating SCZ typical behaviors in MK-801 and MIA mouse models can be 

prevented with oral PEA pretreatment. 
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Abstract: Excitation-inhibition (E/I) imbalance in the prefrontal cortex has been considered as a 

critical pathophysiological mechanism for cognitive dysfunction, a core symptom in 

schizophrenia. However, the cortical network pathophysiology induced by E/I imbalance is not 

well characterized, and an effective therapeutic strategy is still lacking. In this study, we 

simulated imbalanced cortical network by using mice with parvalbumin neuron (PV) specific 

knockout of GluA1 (AMPA receptor subunit 1) (Gria1-PV KO) as an experimental model. 

Applying high-content confocal imaging and electrophysiological recordings in the medial 

prefrontal cortical (mPFC), we found structural and functional alterations in the local network of 

Gria1-PV KO mice. In addition, Gria1-PV KO animals exhibited abnormal theta oscillation and 

deficits in mismatch negativity (MMN), which is consistent with clinical findings in cognitively 

impaired patients. Remarkably, we demonstrated that application of the glycine transporter 1 

(GlyT1) inhibitor, Bitopertin, ameliorates E/I imbalance, hyperexcitability, and sensory 

processing malfunction in Gria1-PV KO mice. Our results suggest that PV-specific deletion of 

GluA1 might be an experimental approach for back translating the E/I imbalance observed in 

schizophrenic patients. Our work offers a systematic workflow to understand the effect of GlyT1 

inhibition in restoring cortical network activity from single cells to local brain circuitry. 

Furthermore, this study highlights that selectively boosting NMDA receptor-mediated excitatory 

drive to enhance the network inhibitory transmission from interneurons to pyramidal neurons is a 

potential therapeutic strategy for restoring E/I imbalance-associated cognitive-related 

abnormality. 
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Abstract: Most translational animal models used to study structural and functional alterations in 

the organization of cerebral white matter in schizophrenia have serious limitations. Rodents have 

a lissencephalic cortex and a grey:white matter ratio that differs from humans; ferrets undergo 

gyrification after birth; and use of nonhuman primates is constrained by ethical and economic 

considerations. By contrast, Sinclair miniature pigs are born with a fully gyrencephalic brain and 

have a grey:white matter volume ratio similar to humans. Pigs mature over a 4-6 month interval 

which is more extensive than rodents but compressed relative to primates, making them well 

suited for longitudinal studies of adolescent brain development. In the present series of 

experiments, we used quantitative diffusion weighted imaging (DWI) and evoked potential (EP) 

recording to assess the maturation of cerebral white matter in adolescent Sinclair miniature pigs. 

Animals underwent four EEG/MRI sessions on PND 98, 138, 166 and 194. Imaging was 

conducted in a Siemens 3 Tesla Prisma scanner and a 15-channel knee coil. A higher resolution 

anatomical (0.5mm isotropic) DWI protocol (1.25mm isotropic), proportionally scaled to the 

resolution used in humans, consisted of 15 b-shells (b = 0-3500 s/mm2) with 32-directions/shell. 

Data were analyzed using diffusion kurtosis and bi-exponential modeling that provide fractional 

anisotropy radial kurtosis, kurtosis anisotropy, axial kurtosis, tortuosity, and permeability-

diffusivity index of cerebral white matter. EEG recordings were acquired with a Neuroscan 

Synamp2 (5 kHz sampling rate; bandpass of 0.1-200 Hz) immediately before imaging from 

subdermal platinum-iridium needles. Following a 5-minute resting EEG recording, monocular 

visual EPs were elicited by light flashes (300 stimuli @ 1 Hz, 10 - 500 ms duration) generated by 

a Lifelines photic stimulator. Auditory EPs were recorded in duration mismatch (80% standard, 

60-ms 1000 Hz tones and 20% deviant 100 ms, tones presented in pseudorandom order) and 

auditory steady-state (75 click trains presented at 2.5 Hz and 40 Hz) procedures. All stimuli were 

applied at 72 dB through inserted earphones (Etymotic ER-1). We expect to observe significant 

changes in DWI parameters consistent with the structural maturation of cerebral white matter 

during adolescence. We further anticipate that these changes will be reflected by coincident 

changes in the amplitude and conduction speed of visual and auditory EPs. These studies provide 

foundational experiments for assessing the role of elevated kynurenic acid in white matter 

abnormalities and related cognitive impairments in people with schizophrenia. 
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Abstract: Schizophrenia (Sz) is characterised by the cellular and cognitive impairment of the 

prefrontal cortex (PFC) and dysfunction of the thalamus. One thalamic nucleus most heavily 

implicated is the medial pulvinar (PM), which has robust bidirectional connectivity with the 

PFC. Previously, we have revealed how another pulvinar nucleus, the inferior pulvinar (PIm), is 

crucial for the normal development of visual cortical areas and visuomotor behavior. Therefore, 

we propose that the PM is critical for the normal development of the PFC. Any perturbation to 

the PM and its connectivity with the PFC in early life will lead to the well-characterised cellular 

and cognitive phenotype associated with Sz. To test our hypothesis, we bilaterally lesioned 

(NMDA injection) the PM of neonatal (postnatal day 14) marmoset monkeys (Callithrix jacchus) 

using an MRI-guided stereotaxic surgery (n=5 lesion, n=3 sham control, both sexes) and then 

longitudinally examined PFC anatomy, connectivity and function into adulthood (>18 months 

age (m.a.)). We selected primarily non-invasive methods akin to those used to assess human 

patients with Sz to maximise clinical translatability. First, marmosets underwent diffusion MRI 

to confirm the loss of frontal thalamocortical connectivity and characterise local changes in PFC 

cytoarchitecture. Next, resting-state epidural EEG was recorded from the PFC using fully 

internalised radiotelemetry implants to examine the function of local PFC circuits. Finally, 

animals underwent regimented behavioral training using a novel, home-cage integrated 

touchscreen platform and were assessed in cognitive tasks challenging PFC function. Diffusion 

MRI tractography revealed a reduction in PM-PFC connectivity in lesioned animals beginning 

from 6 m.a., coinciding with broadly reduced fractional anisotropy (potentially indicating loss of 

microstructural complexity) in PFC areas at 18 m.a. Further, these changes in the PFC coincided 

with a selective reduction of relative power in low gamma oscillations (30-80 Hz; -3.8% (+/-

2.8%)) obtained through resting-state EEG. Behaviorally, lesioned animals exhibited specific 



impairment in maintaining working memory over extended delay periods (>2 s), a cognitive 

operation known to be sustained by gamma oscillations in the PFC. Post-mortem 

immunohistochemical staining of the PFC revealed a ~54% reduction in parvalbumin-expressing 

neurons, known generators of cortical gamma oscillations, in the thalamorecipient layer 3. 

Together, these findings highlight the importance of the PM in the normal development of the 

PFC and how its perturbation is central to anatomical and behavioral sequelae observed in Sz. 
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Abstract: Introduction: Epidemiological studies demonstrate viral infection, resulting in 

maternal immune activation (mIA), during pregnancy is a risk factor for schizophrenia (SZ). We 

hypothesize that the maternal inflammatory response promotes epigenetic alterations in the fetal 

brain leading to changes in expression of key neurodevelopmental genes, which predisposes 

offspring to SZ. To test this hypothesis, we used our validated rat model for SZ, exposing 

pregnant dams to the viral mimetic polyinosinic:polycytidylic acid (poly(I:C)), which increases 

pro-inflammatory plasma cytokines, IL-6 and TNFα. Objectives: Establish DNA methylation 

patterns and associated gene/protein expression changes underpinning cognitive deficits in mIA-

offspring. Methods: Pregnant Wistar rat dams were blindly assigned to receive 10mg/kg 

bodyweight poly(I:C) (mIA) or 0.9% saline (vehicle control) on gestational day (GD) 15 (N=8-

10/group). Adult offspring (Postnatal day (PD) 100) were assessed using the attentional set-

shifting task (ASST) for cognitive function underscored by prefrontal cortex (PFC) activity. 

Offspring PFC were dissected at multiple developmental timepoints (GD21, PD1, PD21, PD35 

and PD100). DNA, RNA and protein were extracted for DNA methylation, mRNA (qPCR) and 

protein expression (WES) analysis, respectively (N=5-10/group). Data were analysed using 

general linear mixed models (GLMM). Results: Adult offspring exposed to mIA showed an 



increased number of trials and errors in the extra-dimensional shift phase of the ASST, indicative 

of a cognitive deficit. Global DNA methylation, Dnmt3a/b mRNA expression and DNMT 

activity were increased in GD21 mIA-fetuses, indicative of epigenetic alterations in response to 

mIA. mRNA analysis across developmental timepoints showed decreases in Reelin signalling 

genes (Reln, Dab1), and both decreases (Camk2b, Dlg4) and increases (Sgk1, Gpc4) in 

glutamatergic modulators in mIA-offspring. Protein analysis across postnatal timepoints showed 

a reduction in AMPA receptor (GRIA1) expression in PD21 and PD35 mIA-offspring but no 

changes in expression of NMDA receptors (NR2A, NR2B). However, we found a decrease in the 

NR2A:2B and NMDA:AMPA receptor ratios in adult mIA-offspring. Conclusions: mIA 

induced early alterations in DNA methylation together with persistent changes in the expression 

of glutamatergic signalling genes and an imbalance of glutamatergic receptor ratios. We suggest 

that developmentally imbalanced glutamatergic signalling in mIA-offspring may contribute to 

adult cognitive deficits, comparable to cognitive symptoms in SZ. 
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Abstract: Post-mortem analyses of brain tissue from human schizophrenia shows evidence of 

impaired dentate gyrus (DG) function, coupled with downstream hippocampal hyperactivity. 

Little is known about the mechanisms of this putative psychosis biomarker. We have developed 

a reverse-translation mouse model to study critical features. 

We expressed an inhibitory DREADD in the granule cells of the mouse dentate gyrus, and 

inhibited the region for 21 days in adolescent (6 week) and adult (10 week) C57BL/6J mice. 

Following this period, we assessed hippocampally-mediated behaviors, and quantified 

hippocampal subfield activity by assessing cFos expression in the mice. We further characterized 

the hippocampal local field potentials prior to, during, and following DG inhibition. 

DG inhibition delivered during mouse adolescence, but not adulthood, results in impaired social 



cognition and augmented fear conditioning, and this phenotype is associated with increased cFos 

expression in CA3 and CA1. Moreover, during the period of DG inhibition, we observed the 

emergence of bursts of EEG activity throughout the hippocampus, which we refer to as ‘hyper 

synchronous events’ (HSEs) when we chronically recorded dorsal CA1-DG axis of hippocampal 

neural activities. HSEs emerged in the second week of DG inhibition, and persist for months 

following the cessation of active DG inhibition. DG inhibition delivered during adulthood results 

in none of these effects. The increased CA3 activity, as well as the observed behavioral 

phenotype seen following adolescent DG inhibition is short-lived, normalizing within four 

weeks, while CA1 activity remains elevated. 

Adolescence in mice appears to be a critical period in which decreased DG activity can induce 

hippocampal hyperactivity in CA3/CA1, characterized by HSEs, an outcome not observed in 

adult mice. This suggests a sensitive period of development in which the brain in sensitive to 

alterations in hippocampal activity and can result in psychosis-like behavioral outcomes as well 

as molecular changes. 
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Title: The role of the basolateral amygdala in prenatal THC induced mesocorticolimbic 

pathophenotypes 
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Abstract: Clinical and preclinical studies indicate prenatal cannabis exposure (PCE) 

pathologically effects fetal brain development and may increase vulnerability to neuropsychiatric 

disorders, including schizophrenia and mood/anxiety disorders. In review research from our lab 

suggests that fetal exposure to Δ9-THC sex-selectively impairs mesocorticolimbic (MCL) circuit 

function. However, there is a distinct lack of focus of PCE models on the BLA. The BLA plays a 



central role within the MCL where it directly interacts with the VTA, PFC and HIPP. 

Importantly, our model exhibits significant VTA hyperdopaminergia, and sex-specific alterations 

to PFC/HIPP glutamate firing, alongside region- and sex-specific changes in dopamine (DA), 

glutamate/GABA molecular markers. These result with outward pathological behavioural 

manifestations with males exhibiting enhanced anxiety and both sexes exhibiting cognitive 

deficits. It is thus necessary to mechanistically explore the effect of PCE on the BLA. The 

present study characterized the interconnected pathophenotype of the BLA-MCL circuit using 

behavioural, electrophysiological, molecular, MALDI IMS, and mechanistic assays. Pregnant 

Wistar rats were assigned to VEH or 3mg/kg THC (daily, i.p.; n=10 dams/treatment; n=4 

progeny/sex/dam) from gestational day (GD) 7 to GD22. A subset of progeny 

(n=8/treatment/sex) were sacrificed on PD21 for molecular assays of the NAc and BLA. 

Between PD70-85, a subset of progeny (n=20/treatment/sex) were assessed for anxiety, 

depression, prepulse inhibition, and contextual fear. Between PD90-120, in vivo 

electrophysiology was used to assess VTA DA-ergic neurons, glutamate, and GABA neurons in 

the posterior/anterior BLA, and NAc GABA neurons. Remaining offspring were sacrificed and 

NAc and BLA punch-outs were obtained for molecular and MALDI IMS assays. A behaviour 

naïve subset (n=10/sex/treatment) received intra-BLA cannulations for mechanistic assays 

between PD90-120. In line with previous results, males exhibit a significant anxiogenic 

phenotype; however, males also exhibited significantly less freezing, suggesting a deficit in 

contextual fear learning, consistent with significant increases in GAD67 expression; males also 

exhibit increases in D1R and GABAARα1. Female progeny did not exhibit any outward 

pathology but did exhibit significantly greater expression of vGLUT2, GABAARα1, and 

GABAARɣ2. These suggest that the anxiogenic deficits observed in males is likely contingent 

on BLA disruptions, while the female progeny is protected from BLA-dependant etiology. 

Electrophysiological, MALDI IMS, and mechanistic assays are currently ongoing. 
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Abstract: Prenatal infection and early life stress are known risk factors for schizophrenia and 

other neurodevelopmental disorders. Following exposure, many individuals never develop these 

disorders. This resiliency is not well-understood and often neglected in animal models. The use 

of unbiased clustering based on behaviour can identify susceptibility at the individual level and 

offers the opportunity to investigate the mechanisms that may underpin it. Our study aimed to 

identify whether neuroinflammation predicted susceptibility in a two-hit rat model for 

schizophrenia. Cognition and social behaviour was investigated in offspring and used to 

determine individual resilience to the manipulation. Fetal brains were also investigated to 

identify prenatal resilience to Maternal Immune Activation (MIA)-induced neuroinflammation. 

We used Wistar rats in a two-hit neurodevelopmental model of schizophrenia. MIA was induced 

following i.p. injection of 10 mg/kg bodyweight poly(I:C), a viral mimetic, on gestational day 

(GD)15 with limited bedding and nesting (LBN) as a second stressor on postnatal days 1-10. 

Maternal cytokine responses were measured as a validation of MIA. Fetal brains were analysed 

at GD15 and GD16 for IL-6, IL-1β, IL-10, and TNF-ɑ. Male and female offspring were tested on 

the novel object recognition (NOR) and social interaction (SI) tasks. To identify inflammatory 

mediators, we analzyed frontal cortices for IL-6 concentration by ELISA. MIA and LBN reduced 

cognition, and LBN affected sociability. Clustering analysis identified two clusters defined by 

either high or low cognition and social preference. MIA affected distribution to these clusters, 

with 50% of MIA offspring in the higher-performing cluster. No changes in adolescent IL-6 

were present in the frontal cortex. Maternal TNF-ɑ concentration predicted an increase in fetal 

brain IL-10, though only as a trend while MIA also increased fetal IL-6 concentrations. 

Clustering identified two groups based on inflammatory profiles. Cluster distribution was 

affected by MIA with approximately equal number of offspring in high and low inflammation 

clusters. Postnatally, MIA and LBN affected offspring behaviour. Half of MIA offspring 

appeared behaviourally susceptible to the insults, and frontal cortex inflammation did not predict 

resilience or susceptibility. This susceptibility may be determined prenatally, as non-response 

can be seen in a population of fetal MIA brains. Further investigation is needed to identify the 

mechanisms which maintain this susceptibility or initiate it prenatally, such as glutamatergic or 

glucocorticoid dysfunction. 
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Abstract: FoxP2 is a transcriptional factor associated to schizophrenia disease in numerous 

studies, including our previous one where we showed the involvement of FoxP2 gene variants 

with reductions in grey matter density and gene expression in various brain regions of patients 

with schizophrenia. Furthermore, it is a gene related to language development. Indeed, deficits in 

FoxP2 function have been observed in individuals with alterations in language processing; also, 

FoxP2 has been associated with psychotic symptoms, such as auditory hallucinations. One of the 

main regions of the brain altered in schizophrenia is the thalamus, a region composed of multiple 

nuclei where sensory, motor, emotional, and cognitive neural pathways relay and connect with 

the cerebral cortex. 

In the present study, we analyzed the expression of FoxP2 and related markers in the thalamus of 

a rat “dual hit” animal model of schizophrenia previously developed by our laboratory. We 

studied the distributions of cells containing FoxP2 protein in the different thalamic nuclei and 

compared the expression, at the cellular nuclei, of this protein with that of proteins related to 

chromatin status and gene expression. 

FoxP2 expression in the rat thalamus is observed mainly in the midline and intralaminar nuclei. 

Specifically in the paraventricular nucleus. There is an increase of FoxP2 expression in the 

medial dorsal and paraventricular thalamic nuclei of the “dual hit” animal model of 

schizophrenia without changes in the FoxP2+ cell number. This increase in expression is 

accompanied by alterations in the intensity and distribution of markers related to the structure of 

the chromatin such as γH2A.X, H3K9ac or H3K27me3, which indicates alterations in the gene 

expression regulation. 

These observations point to a possible role of FoxP2 in the regulation of thalamic nuclei and in 

the pathogenesis and/or pathophysiology of the psychotic phenotype. 
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Abstract: Schizophrenia ranks within the top 15 leading causes of disability worldwide. Despite 

their side effects and treatment resistance, antipsychotic medications continue to be the primary 

treatment option for the disorder. To develop a new generation of targeted therapies, at par with 

modern medicine, we need to isolate discrete neural circuit deficits that underlie different 

symptoms of schizophrenia. In search of alternative therapeutic targets, the cognitive deficits in 

schizophrenia, which often emerge before the psychotic symptoms, have become a focus of 

recent scientific interest. While the cognitive deficits in schizophrenia have been linked to an 

aberrant engagement of the prefrontal cortex (PFC), recent studies have shown that the 

interactions of the PFC with its main thalamic partner, the medio dorsal thalamus (MD), is also 

perturbed. I have discovered genetically identifiable MD neurons that are essential for prefrontal 

control over flexible behavior. Specifically, one MD projection (MDD2) that targets disinhibitory 

vasointestinal peptide (PFCVIP) expressing prefrontal interneurons is required to amplify task 

relevant neural activity and maintain accurate performance in a cognitive task; while another MD 

projection (MDGRIK4) that targets inhibitory parvalbumin (MDGRIK4 to PFCPV) interneurons within 

the PFC suppresses task irrelevant activity to promote behavioral flexibility. Thus, rational 

targeting of MD-PFC sub circuits with neurostimulation might be a viable targeted therapeutics 

for schizophrenia and is the central aim of this project. Here using virus-based circuit tracing, in 

vivo electrophysiology and optogenetic manipulations I uncovered anatomical and functional 

perturbations in MD-PFC sub circuits in a mouse model that recapitulates a genetic deletion of 

schizophrenia predisposition in humans. Compared to wild types these mice showed a strong 

reduction in the suppression of MDGRIK4 driven prefrontal spike rates. Furthermore, in a PFC 

dependent cognitive task that requires flexible switching of attentional control across task 

relevant inputs, these mice show delayed switching compared to wild types. Prior work had 

shown that MD driven suppression of PFC around the switch to a new cue set is causal to 

successful switching in this paradigm. In line with this data, I show that selective drive of the 

MD cell type that projects to PV neurons during switching rescued it to levels comparable with 

wild type mice. In conclusions, given the role of the MD as a primary source of information flow 

into the PFC, my work provides exciting evidence for the MD as a particularly attractive target 

for intervention in schizophrenia. 

Disclosures:  A. Mukherjee: None. M. Halassa: None. 

Poster 

575. Schizophrenia 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 575.23 



Topic: H.13. Schizophrenia 

Support: R56MH112642 from NIMH/NIH (to Uwe Rudolph) 

R21MH104505 from NIMH/NIH (to Uwe Rudolph) 

Harvard Brain Science Initiative Bipolar Disorder Seed Grant, supported by Ken 

and Liz Dauten (to Uwe Rudolph) 

Stanley Center for Psychiatric Research, Broad Institute (to Uwe Rudolph) 

K01MH107787 from NIMH/NIH (to Elif Engin) 

Title: Increased copy number of the glycine decarboxylase (GLDC) gene differentially 

modulates hippocampal subregions in a mouse model of the pathophysiology of psychosis 

Authors: *M. KAMBALI1, Y. LI2,4, P. UNICHENKO5, J. FERIA5, M. WANG1,6, R. 

NAGARAJAN1, J. LYU1,6, J. LIU3,4, V. VONGSOUTHI7,8, C. J. JACKSON7,8, E. ENGIN3,4, G. 

E. HOMANICS9, V. Y. BOLSHAKOV2,4, C. HENNEBERGER5, U. RUDOLPH1,3,4;  
1Dept. of Comparative Biosci, Col. of Vet. Med., Univ. of Illinois, Urbana-Campaign, Urbana, 

IL; 2Cell. Neurobiol. Lab., 3Lab. of Genet. Neuropharm, McLean Hosp., Belmont, MA; 4Dept. of 

Psychiatry, Harvard Med. Sch., Boston, MA; 5Inst. of Cell. Neurosciences, Univ. of Bonn, Bonn, 

Germany; 6Neurosci. Program, Univ. of Illinois at Urbana-Champaign, Urbana, IL; 7Res. Sch. of 

Chemistry,, 8Australian Res. Council Ctr. of Excellence for Innovations in Peptide and Protein 

Sci., Australian Natl. Univ., Canberra, Australia; 9Dept. of Anesthesiol. and Perioperative Med., 

Univ. of Pittsburgh, Pittsburgh, PA 

Abstract: Genomic copy number variants (CNVs) have been implicated in the etiology of 

schizophrenia (SCZ) and bipolar disorder. A rare 9p24.1 CNV in two patients with psychosis 

that included multiple genes, including GLDC encoding the glycine-degrading enzyme glycine 

decarboxylase, has been found by others. We sought to determine whether this CNV is sufficient 

to induce biochemical or behavioral phenotypes in mice and which gene(s) would be underlying 

these phenotypes. We hypothesized that an increased copy number of Gldc would lead to 

increased degradation of glycine, eventually resulting in NMDA receptor hypofunction and 

schizophrenia-like phenotypes. To address this, we developed mouse models with a triplication 

(4 copies) of the 9p24.1 genes, or a triplication (4 copies) of Gldc alone (4cR) or of all other 

9p24.1 genes (4cL). These mice were subjected to molecular (n=5 each genotype), biochemical 

(n=5 each genotype), immunofluorescence (n=5 each genotype), Seahorse assay (n=6 each 

genotype) and behavioral studies (n=10 each genotype) at 2-4-month of age. All genetic mouse 

models with increased copy numbers of Gldc showed increased GLDC protein in hippocampus 

(Hip), prefrontal cortex (PFC) and amygdala. Synaptoneurosomal fractions of hippocampus 

showed decreased BDNF levels and reduced activation of synaptic plasticity-related AKT-

mTOR-CREB pathway in 4cR mice. Using the optical glycine FRET sensor GlyFS and two-

photon excitation fluorescence microscopy, we found that in DG but not in CA1 of 4cR mice 

glycine levels are reduced compared to wild type controls. At the mPP-DG synapses, LTP was 

reduced in 4cR mice. The density of dendritic mushroom spines in DG was reduced in 4cR mice. 

In addition, the epigenetic marker of active gene promoters H3K4me3 was increased in CA1 and 

decreased in DG. A Seahorse mito stress test showed a deficit in mitochondrial function in DG 

but not in CA1. Furthermore, only in 4cR mice with an increased Gldc copy number, but not in 

4cL mice with increased copy numbers of the other 9p24.1 genes, we found key behavioral 

deficits, i.e., startle habituation impairment, absence of latent inhibition to conditioned freezing, 

working memory deficits in both the Y- maze spontaneous alternation test and T- maze forced 



alternation tests and sociability deficits, along with social novelty preference deficits. Thus, an 

increase in the copy number of the Gldc gene is sufficient to induce molecular, cellular and 

behavioral features consistent with a schizophrenia-like phenotype. Our results suggest that in 

the patients with the 9p24.1 duplication/triplication the increase in GLDC copy number may be 

an important contributing factor to pathophysiology. 
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Abstract: Schizophrenia is a severe neuropsychiatric disorder that affects 1% of people 

worldwide. Delusion is one of the defining symptoms. Despite its importance, it has been 

difficult to directly study delusions in animals, presenting a major obstacle to understanding the 

underlying pathology of this severe disorder. Studies on patients have proposed that delusions 

can be explained by impaired belief updating in dynamic environments. Thus, we studied 

delusion by modeling belief updating in mice. Two synergistic approaches were applied. First, 

we developed a novel lever-pressing task for mice, which requires mice to make optimal 

decisions in a dynamic environment. By introducing variations of this task and building 

mathematical models, we identified parameters in the task indicating animals’ belief updating 

rate and uncertainty levels. Second, we used CRISPR/Cas9 to generate a mouse model carrying 

high-risk rare variation in the gene Grin2a identified in schizophrenia patients by recent large 

scale exome sequencing studies. Mutant animals in our novel lever-pressing task showed slower 

belief updating rates and increased uncertainty levels. Using simultaneous in vivo single unit 

electrophysiological recordings in the prefrontal cortex (PFC) and medial dorsal thalamus (MD) 

in animals performing this task, we showed that PFC neurons encode values, essential for 

updating beliefs, while the MD encodes uncertainty in the lever-pressing task. Optogenetic 

inhibition of PFC in wild-type animals during the lever-pressing task dramatically decreased the 

belief updating rate while MD inhibition increased uncertainty, phenocopying the behavioral 

deficits in mutant animals. We further showed, using ex vivo electrophysiological recordings, the 

balance of excitatory/inhibitory (E/I) synaptic transmission on the MD-PFC circuit is impaired in 



mutant animals. Last, we found that restoring the E/I balance on MD-PFC circuit by optogenetic 

approaches improved the behavioral performance of mutant mice in the lever pressing task. 

Overall, our data suggested that the thalamo-prefrontal circuit hypofunction mediates belief 

updating impairment in mice carrying the schizophrenia-associate mutations, paving the way for 

potential therapeutic circuit targets to treat this psychiatric disorder. 
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Abstract: Vitamin D plays an essential role in cognitive functions as well as regulating calcium 

homeostasis and the immune system. Many epidemiological studies have also shown the close 

relationship between vitamin D deficiency (VDD) and the risk of schizophrenia. Cortical 

gamma-band oscillations (GBO) are associated with cognitive functions, such as attention and 

memory. Patients with schizophrenia show abnormal GBO with increased spontaneous GBO and 

decreased evoked GBO. However, the direct effect of VDD on GBO remains unknown. 

Parvalbumin interneurons, which predominantly contribute to the generation of GBO, are 

surrounded by perineuronal nets (PNN). We sought to investigate the associations among VDD, 

PNN, and GBO. Here, we injected a viral vector (AAV5-DIO-ChR2-eYFP) into the basal 

forebrain stereotaxically and implanted electrodes for electroencephalogram (EEG). At baseline, 

the evoked and spontaneous EEG power at the gamma frequency band was measured in 4-

month-old male PV-Cre mice. After six and twenty weeks of vitamin D deficient food 

administration, the power of GBO was measured in the VDD condition. Next, we injected the 

chondroitinase ABC (ChABC) enzyme into the frontal cortex to eliminate PNN. We found that 

the VDD group showed decreased power of both optogenetically- and auditory-evoked GBO, 



whereas the spontaneous GBO increased. Enzymatic digestion of PNN showed similar changes 

in GBO. Taken together, we suggest that VDD could result in decreased PNN and, consequently, 

increase the spontaneous GBO and decrease the evoked GBO, reminiscent of the aberrant GBO 

in schizophrenia. These results show that VDD might increase the risk of schizophrenia and 

aggravate the cognitive symptoms of schizophrenia. 
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Abstract: Connectomes, complete wiring diagrams of entire brains, offer the opportunity to 

connect the detailed circuitry of the nervous system to emergent dynamics and consequent 

behavior. Serial section electron microscopy, the current strategy for mapping connectomes at 

nanoscopic level, has exquisite spatial resolution, but struggles with molecular identification, key 

to interpreting connectomes in terms of physiological properties; in addition, it requires 

expensive hardware and detailed expertise. A simple method for connectomics would enable 

routine analysis of cell connectivity, cell types, and cell states, in everyday neuroscience. By 

optimizing and applying our recent invention of expansion microscopy (ExM), which through 

physical magnification of biological specimens enables nanoimaging to be performed on 

ordinary microscopes (Science, 347(6221), 543-548), such inexpensive and simple molecularly-

annotated connectomics may soon be possible. We are using the nematode Caenorhabditis 

elegans, the only species whose complete connectome has been mapped (by electron 

microscopy), as a testbed. C. elegans is surrounded by a tough cuticle; we developed a way of 



embedding worms in a hydrogel equipped with proteases, to selectively remove the cuticle 

without affecting internal molecules. This allowed us to isotropically expand the worms to high 

expansion factors without losing molecular information. Both exogenously expressed and 

endogenous proteins, including synaptic proteins, could then be revealed at nanoscopic 

resolution by immunostaining. To trace neurons, we are distinguishing densely packed neurites 

by combining Brainbow-style color-coding and lipid staining. For color-coding, we generated 

worm strains that express fluorescent proteins (FPs) with cell-type specificity. These cytosolic 

FPs then differentiate neighboring neurites and encode cell types simultaneously. The color code 

helps physically segment the neurons, potentially facilitating tracing. For lipid staining, we 

devised a molecular tag that labels cell membranes and is compatible with immunostaining. 

Together, we are achieving delineation of neurites and annotation of synapses by expansion 

microscopy in a high throughput fashion. Therefore, our method is potentially capable of 

reconstructing complete connectomes in everyday neuroscience, revealing wiring, molecular 

composition, and thus cell types and states, after functional experiments are complete. 
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Abstract: Electron microscopy is the primary technology currently used to delineate the detailed 

shapes of neurons in brain circuits, down to synaptic resolution, important for connectomics. 

Ideally, however, such imaging would be possible on a conventional light microscope, so that 

anyone could delineate the detailed shapes of neurons, and how they are connected, in neural 

circuits. In addition, ideally, it would be possible to image such neural circuits at scale, and 

identify and localize biomolecules in the detailed ultrastructural context of neural circuits. 

Recently, building from our invention of expansion microscopy (ExM), we have shown that lipid 

stains can be constructed that enable electron microscopy-like images to be taken on ordinary 

light microscopes, and for biomolecules to be identified and localized through fluorescent 

antibody staining, but with a low resolution of ~80 nm or so (bioRxiv 829903). Here we report a 

new generation of lipid stains, as well as a newly optimized ExM protocol, that aim to achieve 

images with comparable resolution to electron microscopy - sufficient to delineate the shapes of 

neurons, with molecular contrast, and pointing the way towards the possibility of dense 

connectomics via light microscopy. In particular, we have now generated two lipid stains that, 

mixed together, delineate the boundaries of neurons with excellent contrast. We also have 

generated a novel lipid preservation process to preserve ultrastructure in the context of fixation 

and expansion steps, as well as an optimized gelation chemistry recipe with an 8x expansion 

factor. Finally, we optimize the entire procedure to maximize the lipid membrane integrity. We 

demonstrate the ability of this novel protocol, which we call ultrastructure membrane expansion 

microscopy (umExM), to map out the shapes of neurons and the locations of key biomolecules 

with ~50 nm resolution, sufficient to resolve axons, with ~20 nm resolution achieved through an 

iterative version of umExM (iumExM), which may be sufficient to facilitate connectomics. 

Combined with barcoding strategies also under development in our lab, we aim to share this 

protocol throughout neuroscience to assist with the democratization of neural morphology 

measurement and connectomics 
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Abstract: Expansion microscopy (ExM) enables, through physical magnification, nanoimaging 

on conventional microscopes, and as such, is supporting the analysis of many cellular and tissue 

components, ranging from proteins to nucleic acids to lipids (Nature Methods 16.1 (2019): 33-

41). Mapping the extracellular space (ECS) is important not only for the study of this key tissue 

structure, which contains various active components in its own right, and governs features like 

the flow of electric charge around cells. In connectomics, ECS mapping would offer the 

possibility of simple, high throughput mapping of neural shapes and wiring, by providing a 

fundamental contrast with the intracellular milieu. Here, we show a 20x ExM protocol and an 

ECS staining protocol that works on fixed tissues, and that is compatible with the expansion 

process. We term this process expansion microscopy with extracellular space staining (ExECS). 

We used hyaluron amine, equipped with polymer-anchorable side chains, a biotin moiety (for 

later fluorescent streptavidin staining), and click conjugation pairs that enable these ECS filling 

molecules to be iteratively added and grown into a network that fills the extracellular space. We 

validate the reagents and the procedure of administering them, and show the kinds of imaging 

that this labeling and expansion microscopy can support, in mouse brain circuitry. 
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Abstract: The ability to study crowded and complex three-dimensional molecular assemblies in 

brain cells remains a challenge, as electron microscopy lacks molecular contrast, and the 

resolution of widely accessible conventional optical microscopy is limited. We recently 

developed expansion revealing (ExR; Sarkar et al., Nature Biomedical Engineering, accepted), a 

novel expansion-based technology that enables super-resolution imaging of brain tissue using 

conventional fluorescent antibodies, which are applied post-expansion, and thus benefit from 

decrowding of proteins from one another. The better labeling that results, in turn enables 

visualization of previously hidden brain nanostructures. Here, we validate and demonstrate 

multiplexed expansion revealing (multi-ExR), a new variant of ExR that enables immunostaining 

and thus visualization of up to 20 proteins in the same tissue sample using conventional 

antibodies, with ~20 nm resolution. We validate multi-ExR by staining for the same target 

synaptic proteins over seven rounds of staining, imaging, and stripping, showing negligible 

bleed-through between rounds, maintenance of high signal-to-noise ratio, and mean registration 

accuracy of ~20nm. Using this technology, we revealed the three-dimensional nanoscale 

organization of ten synaptic proteins at synapses in the mouse primary somatosensory cortex 

(Fig 1a). We further demonstrate multi-ExR in the 5xFAD mouse model of Alzheimer’s disease, 

showing significantly decreased number and intensity of synaptic proteins (PSD95, Homer, 

SynGAP, NR1 and NR2B), down-regulated expression level of CaMKII, and thread-like beta-

amyloid nanodomains in 5xFAD samples compared to wild-type controls (Fig. 1b-e). multi-ExR 

enables high-throughput, low-cost super-resolution imaging of up to twenty proteins in a single 

sample, thus enabling unprecedented access to molecular environments and facilitating the 

discovery of previously undiscovered biological structures. Such multiplexed nanoimaging may 

suggest novel protein-protein interactions. 
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Abstract: Biology is based on nanoscale building blocks, biomolecules, which interact over 

nanoscale distances. Diseases, especially in their earliest stages, are associated with subtle 

changes in the presence and organization of biomolecules in cells and tissues. Expansion 

microscopy (ExM), a method of physical specimen expansion that preserves nanoinformation, 

and thus enables molecular mapping on conventional microscopes, is spreading rapidly through 

biology, with many hundreds of experimental papers and preprints to date. Some early studies 

have also shown ExM to physically magnify small changes found early in a disease, making 

them more obvious to clinical investigators. Here we ask whether this could be adapted to 

become a practical clinical diagnostic tool for early disease, by extending ExM to the imaging of 

liquid biopsies - easily obtained, minimally invasively extracted, specimens from patients (e.g., 

blood, saliva). For a proof of concept, we first adapted ExM to accelerate early detection of 

cancer in liquid biopsies, with a focus on detecting and characterizing circulating tumor cells 

(CTCs), with a hope to eventually use ExM of liquid biopsies (or liquidX for short) to detect 

brain diseases such as Alzheimer’s. The first step was to adapt ExM to cells in suspension, 

beginning with dissociated cells from a fast growing, easy to culture cell line, HEK293 cells. We 

developed protocols for incorporating such cells into expandable hydrogels, followed by 

expansion and imaging. Specifically, we got cells to adhere directly to the bottom of wells 

treated to capture cells in suspension, with a ~70% yield. We also adapted the expansion 

microscopy protocol, tuning the composition of each recipe, to maximize expansion factor and 

minimize distortion and cracking. Having finished the initial protocol development, we are now 

validating the liquidX protocol on small cell lung carcinoma (SCLC) cells, showing that such 

cells, captured as described above, can be processed with many different ExM protocols. We 

have successfully visualized antibodies labeling Tomm20, α-tubulin, N-Cadherin, E-Cadherin, 

and EpCam. In the future, this protocol may be useful for the early detection of a variety of 

diseases, with a minimum of invasiveness. LiquidX may be an avenue for nanoscale exploration 

of other biological components of liquid biopsies, such as extracellular vesicles. Ultimately, this 

protocol holds exciting potential for non-invasive, longitudinal insight into early and subsequent 

changes in brain diseases. 
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Abstract: Many processes in the brain, from learning and memory, to development and aging, to 

disease initiation and progression, involve dynamic changes in gene expression, as well as 

biomolecular interactions that occur in complex cascades, both within and between cells. Ideally 

one would be able to image many such molecular signals at once, in individual cells, to see how 

they interact. Without this ability, it is hard to determine the relationships between signals - for 

example, if when signal A is high in a given cell, signal B is low, and when signal A is low in a 

given cell, signal B is high, imaging of A and B in separate cells would miss out on this 

relationship. Seeing such relationships could lead to a better understanding of how signaling 

cascades and networks govern important biologic phenomena. Recently we published a spatial 

multiplexing method which clusters fluorescent reporters into puncta that we call signaling 

reporter islands (SiRIs), which enable large numbers of fluorescent signals to be imaged at once 

from different points within the same cell (Cell, 183(6), 1682-1698). However, SiRI technology 

relies on the availability of existing dynamic fluorescent indicators and cannot be used to 

monitor gene expression or biological functions for which no fluorescent reporter exists. Here, 

we present temporally multiplexed imaging (TMI), a strategy to use a set of reversibly 

photoswitchable fluorescent proteins (rsFPs), each with a different off-switching rate, to 

represent different biological signals. Due to their distinct clocklike properties, a movie 

recording the fluorescence fluctuations of the rsFPs in a cell can be linearly decomposed into a 

sum of the individual fluorescence fluctuation traces, each weighted by the brightness of its 



corresponding fluorophore; the fluorophore brightness, thus extracted, can be then displayed on 

the computer for each fluorophore channel of the image. In this way, many different cellular 

signals can be imaged at the same time. We demonstrated that TMI allows up to six signals to be 

simultaneously imaged in live cells using a single optical channel of a standard epifluorescent or 

confocal microscope, with low (e.g., few %) crosstalk between the signals. We further show that 

TMI can be used in a wide diversity of biological contexts such as visualizing phases of the cell 

cycle, exploring the circadian rhythm, and measuring multiple kinase activities at once. TMI will 

help systematically explore dynamic changes in gene expression in the living brain over time, 

and many other important biological processes. 
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Abstract: Expansion sequencing (ExSeq, Science, 371 (6528), eaax2656 (2021)), integrates 

expansion microscopy (ExM) with in situ sequencing, allowing RNA transcripts to be identified 

and localized in physically expanded (~3-4X linear expansion) samples. This enables highly 

multiplexed mapping of RNAs with nanoscale precision throughout cells and tissues. The 



targeted form of ExSeq enables hundreds of preselected RNAs to be mapped in the same sample. 

Previously, we reported that targeted ExSeq could be used to map the cell types of the mouse 

primary visual cortex, and study nanoscale RNA localization patterns in subcellular 

compartments in neurons across the mouse hippocampus, including dendrites and dendritic 

spines. We now have improved targeted ExSeq by (i) reducing cost; (ii) improving the 

sequencing chemistry; and (iii) reducing human labor. In more detail: we have developed a new 

small molecule anchor to tether RNAs to the expansion hydrogel, which reduces the cost of the 

procedure multifold. This new anchor binds to other biomolecule types, and in combination with 

optimized tissue softening methods, makes ExSeq compatible with techniques for labeling not 

only RNA, but also proteins and other biomolecule types simultaneously. Importantly, this 

method enables post-expansion staining to be performed in the context of ExSeq, useful because 

of the improved target access observed with post-expansion staining. In our current study, we 

have implemented a sequencing-by-ligation (SBL) chemistry that can be performed under 

isothermal conditions, helpful for simplifying the procedure, and facilitating the automation of 

round-to-round sequencing, which reduces human labor while increasing throughput. Such 

improvements hold the promise to open up avenues for nanoscale spatial mapping of brain 

circuits with higher precision, thus enabling a better understanding of brain function in health 

and disease. 
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Abstract: Observing cellular physiological histories is key to understanding normal and disease-

related processes, but longitudinal imaging is laborious and equipment-intensive. A tantalizing 

possibility is that cells could record such histories in the form of digital biological information 

within themselves, for later high-throughput readout. Here we show that this concept can be 

realized through information storage in the form of growing protein chains made out of multiple 

self-assembling subunits bearing different labels, each corresponding to a different cellular state 

or function, so that the physiological history of the cell can be visually read out along the chain 

of proteins. Conveniently, such protein chains are fully genetically encoded, and easily readable 

with simple, conventional optical microscopy techniques, compatible with visualization of 

cellular shape and molecular content. We use such expression recording islands (XRI) to record 

gene expression timecourse downstream of pharmacological and physiological stimuli, in 

cultured neurons and in living mouse brain. 
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Abstract: Mapping neural circuits with synaptic resolution, ideally at a density sufficient to 

obtain detailed maps of local neural circuits, is challenging, with electron microscopy the 

dominant method currently used.  However, electron microscopy is expensive, slow, and requires 

skill to perform, and struggles with the identification and localization of specific biomolecules in 

these ultrastructural contexts.  Recently, the combination of expansion microscopy (ExM) and 

brainbow, the expression of multiple fluorophores in combinations in brain cells, has enabled 

visualization of small numbers of neurons (e.g., Nature Biotechnology, 34(9), 987-992), but the 

number of color combinations possible is limited.  We here report our progress on developing a 

scalable set of protein epitopes that can be safely expressed in combinations in neurons, so that 

each cell gets a unique combination of epitopes, and can be distinguished during serial staining, 



imaging, and washing steps.  The technology is also compatible with immunostaining against 

synaptic and other proteins, for visualization of key biomolecules within and between 

neurons.We have now identified 10 epitope-labeled proteins that can be combinatorially 

expressed in random sets, e.g. via viral delivery, in mouse hippocampus and cortex.  (In theory, n 

epitopes would enable 2^n different neurons to be distinguished, as an upper bound.) These 

epitopes uniformly label neurons throughout axons and dendrites, and are mutually orthogonally 

stainable with different commercially available antibodies. In more detail, we label each epitope 

with an antibody tagged with a DNA oligonucleotide, which is then anchored to a swellable ExM 

hydrogel.  After expansion is complete, the DNA oligonucleotides can be visualized through 

rapid, highly multiplexed in situ hybridization, followed by imaging, and washing. With 4x-fold 

expansion, resulting in 70 nm resolution, and antibody staining against pre and post synaptic 

markers, we anticipate that this toolkit will be easily deployed in everyday neuroscience for the 

mapping of sparse connectomes in the short term, and in combination with optimized lipid stains 

being worked on by others in the group, may help with the obtaining of dense connectomes. 
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Abstract: Molecular signaling between and within cells plays a key role in normal physiology, 

converting cell inputs into outputs through detailed intracellular molecular networks, and goes 

awry in many diseases. Mapping such signal transduction networks in vivo is critical for 

understanding how cells generate appropriate responses to given input, identifying what 

pathways are impaired by disease, and subsequently identifying therapeutic targets. 

Traditionally, bioengineers have created fluorescent indicators of different colors to map the 

relationship between different signals in a living cell, but recently we revealed a different way to 

increase the multiplexing capacity of live imaging localizing distinct fluorescent reporters at 

different places in a cell, so that they can report signals simultaneously, from their unique 

positions (Cell, 183(6), 1682-1698). By fusing a fluorescent reporter to a pair of self-assembling 

peptides, they can be stably and safely clustered at different points in a cell; then, one can see a 

potentially arbitrary number of signals within a single living cell by imaging all the points within 

the cell with a conventional microscope. Each point reports a different “movie” of the signal 

being measured by the sensors at that point. The indicator clusters, which we call signaling 

reporter islands (SiRIs), can be identified post hoc through immunostaining against distinct 

immunoepitopes fused to each fluorescent reporter. In our earlier work, we performed in vitro 

imaging of SiRIs to map out relationships between Ca2+, cAMP, and PKA signals; in the current 

study, we have focused on adapting the use of SiRIs in vivo in the mouse brain, key to the 

analysis of plasticity, learning, behavior and neurological illness. We have now derived protocols 

for expression, and imaging of SiRIs in awake mice. We first separately expressed SiRI 

indicators for Ca2+ and PKA in layer 2/3 neurons of the mouse visual cortex, and then 

chronically imaged these neurons in awake mice with two-photon microscopy to observe the 

activity and stability of SiRIs. We found that the resulting SiRIs displayed both spontaneous 

activity as well as physiologically evoked responses to visual stimuli (gratings or natural movies) 

and noradrenergic activation. We also found that SiRIs within single cells were stable over 

weeks, a critical point for accurate post hoc identification of puncta after chronic experiments. 

We then co-expressed Ca2+ and PKA SiRIs and found that individual SiRIs could be identified 

and displayed visually evoked activity. These experiments point the way towards the use of 

SiRIs to map multiple signaling pathways in a single cell simultaneously in a living brain. 
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Abstract: SW and TWS contributed equally to this work. Expansion microscopy (ExM) is in 

widespread use throughout biology because its isotropic physical magnification enables 

nanoimaging on conventional microscopes (Science, 347(6221), 543-548), with many hundreds 

of experimental papers and preprints appearing to date. To date, all methods either expand 

specimens to a limited range (typically ~4-10x in linear expansion factor, yielding ~30-70 nm 

resolution; the upper limit in expansion factor is limited by the lower gel density with bigger 

expansion factors, which in turn results in more fragile expanded samples), or achieve larger 

expansion factors through iterating the expansion factor over and over (typically ~15-20x in 

linear expansion factor, yielding ~20 nm resolution). In addition, recent expansion protocols 

such as expansion revealing (ExR; bioRxiv 2020.08.29.273540), which separate biomolecules 

from each other before staining, make target biomolecules more available and enable them to be 

better stained, in some cases converting invisible biomolecules into visible ones. We here present 

a new expansion protocol that supports post-expansion staining, and achieves ~16x expansion 

factor, sufficient to enable ~20-nm-resolution imaging on a conventional microscope, in a single 

expansion step. We show the utility of this protocol, which we call 16ExM, in mapping neural 

architecture in Thy1-YFP transgenic mice and other preparations and contexts of importance in 

neuroscience. 
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Abstract: Since the pioneering work of Ramón y Cajal, neurohistology has largely promoted the 

knowledge over cellular-level pathophysiology of our brains. This trend has recently been 

accelerated by the advent of three-dimensional histology. By combining mount-staining, tissue-

clearing, and light-sheet microscopy, researchers expect to identify cytoarchitectural 

abnormalities in psychiatric disorders which have been undetectable or difficult to detect in two-

dimensional histology. However, the large structural variability of human brains and difficulty in 

standardizing quantitative metrics in histology left challenges to know whether the histological 

differences are reflecting the genuine pathological/anatomical heterogeneity or methodological 

factors. Moreover, the lack of multiplexable and scalable mount-staining methods limit the 

assessment of selective cell vulnerability of diseases. In this study, we devised a rapid and 

scalable staining/imaging technique of a brain using multiplexed fluorescence in situ 

hybridization in 3D (mFISH3D). mFISH3D enables single-cell-resolution imaging of more than 

ten mRNAs in tissue with the size of a whole-mouse brain. By reconstructing a radial flow of 

cortical growth in a postmortem human brain, we developed a new approach to assess cellular 

heterogeneity over cortical tangential space. Using the workflow, biological heterogeneity 

among regions and individuals can be fairly assessed while minimizing artificial variabilities. 

Together with mFISH3D, I propose the standardized 3D histology with which the researchers 

can reproducibly inspect the selective cellular vulnerability in any neuropsychiatric disorders. 
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Title: All-optical synaptic physiology in brain slices with Lattice Light Sheet Microscopy 
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Abstract: The lattice light sheet microscope (LLSM) permits high-resolution imaging with low 

photobleaching and phototoxicity, which enables high-speed imaging of fast dynamic processes 

in live tissues. We added a photostimulation module (PSM) to the original Betzig LLSM layout 

that permits simultaneous imaging and 1- or 2-photon manipulation. Using a knock-in mouse 

model that allows for target-specific labeling of endogenous GluA2 subunits in intact tissue, we 

performed fluorescence recovery after photobleaching (FRAP) imaging of AMPA receptor 

surface diffusion to characterize the mobility endogenous AMPAR at dendritic spines in the 

stratum radiatum of organotypic hippocampal slices. We also used the genetically encoded 

calcium indicator GCaMP6f to monitor the amplitude of synaptic Ca2+ transients induced by 2-

photon glutamate uncaging during high-frequency single plane time-lapse acquisitions. With the 

recently developed optogenetic tool photoactivatable CaMKII (paCaMKII), we used targeted 2-

photon stimulation to induce structural plasticity and follow spine volume changes in 4D. Our 

combination of LLSM and PSM technology enables all-optical synaptic physiology experiments 

in live tissue preparations. These developments in advanced imaging techniques will allow 

further detailed study of the molecular mechanisms underlying the expression of synaptic 

plasticity in integrated neuronal networks with enhanced spatiotemporal resolution. 
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Abstract: Astrocytes are known to contribute to synaptic functions and plasticity through 

tripartite synapses. Tripartite synapses are the site of communication among presynaptic, 

postsynaptic neurons and astrocyte by contact-dependent and diffusible factors. Therefore, 

identifying tripartite synapses and understanding its dynamics is important to understand the 



synaptic functions and astrocytic contribution. However, current techniques to observe tripartite 

synapses are limited and laborious, hindering the research. Therefore, we developed specialized 

tool, Astrocyte-eGRASP (enhanced Green Fluorescent Protein Reconstitution Across Synaptic 

Partners), which can visualize astrocyte-neuron contact by fluorescence. By expressing pre-

eGRASP and post-eGRASP in astrocyte and neuron, we could label neuron-astrocyte contact in 

vitro and in vivo. Astrocyte-eGRASP enabled us to analyze astrocyte-neuron contact in 

individual astrocyte, identify tripartite synapses in specific neurons, such as excitatory and 

inhibitory neurons. This study will provide the tool to expand the research on astrocytic 

participation in synaptic functions. 
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Abstract: Whole-body imaging of a vertebrate is essential for neurological studies. It is critical 

to observe the neuro-developmental process at super-resolution in order to understand various 

neurological diseases that occur as a result of abnormalities in fetal neuro-development. 

Although current technology allows for whole imaging of the fetus, it has a limitation in a 

nanoscale-resolution imaging. Recently developed whole-body ExM method provides a robust 

solution for such limitation. Through whole-body ExM, we were able to achieve super-resolution 

neuron tracing in transgenic mice, as well as visualize innervation and alterations in nerve 

endings that would have been difficult to discern with conventional imaging setup. Furthermore, 

we were able to see the differentiation process and alterations in the spinal cord and bone cells 

that were difficult to see with antibodies, allowing us to study neurological illnesses. 
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Abstract: In BioLuminescent OptoGenetics, a genetically encoded light source, a luciferase, 

activates a light-sensing optogenetic element, a channelrhodopsin or a pump. Here, we leveraged 

this coupling strategy and developed a tool platform, Interluminescence, for experimental control 

of synaptic transmission between genetically defined neuronal partners by creating an optical 

synapse. ‘Interluminescence’ means ‘bioluminescent light in between’, here between a sender 

cell and a receiver cell. When the sender is a presynaptic neuron expressing luciferase and the 

receiver is its postsynaptic partner expressing opsin, we essentially create an optical synapse. 

Upon administration of the luciferase substrate, luciferin, bioluminescence emitted from a 

presynaptic neuron activates light-sensing opsins in a postsynaptic neuron. We previously 



demonstrated the effects of Interluminescence electrophysiologically at postsynaptic population 

level both in vitro and in vivo. Here we tested Interluminescence by patch clamp recordings from 

individual postsynaptic neurons. We tested two different scenarios of optical synapse. First, 

when the presynaptic neuron expresses luciferase targeted to synaptic vesicles and second, when 

luciferase is tethered to the presynaptic membrane. The availability of luciferase in the former is 

dependent on presynaptic activity while the latter has persistent presence of luciferase in the cleft 

regardless of presynaptic activity. To test these conditions, rat cortex and striatum neurons were 

nucleofected with a luciferase-dTomato construct and an excitatory opsin-EYFP construct 

respectively, and were plated on glass coverslips as mixed culture. Synaptic pairs were located 

by visualizing the reporter expression for the luciferase (dTomato) on presynaptic cortical 

neurons and for the opsin (EYFP) on postsynaptic striatal neurons at the time of patch. Whole 

cell patch configuration was achieved on the opsin-expressing postsynaptic neurons and activity 

was recorded in continuous current clamp mode. Depolarization in postsynaptic neurons was 

robustly elicited with bioluminescence from presynaptic partners in the presence of synaptic 

blockers, and was likely due to trans-synaptic communication independent of traditional 

neurotransmission. We observed significant differences between traditional neurotransmission-

induced versus Interluminescence-induced postsynaptic action potentials. The information 

gained about optical synapses at single neuron level with different luciferase and opsin 

combinations will be insightful in planning circuit-specific in vivo experiments. 
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Abstract: The precise functions of the nervous system rely on the proper formation of 

interconnected networks between individual neurons. Identifying related neurons in a circuit, and 

further resolving the connections between them are critical steps to understanding brain functions 



in health and disease conditions. Progress in 3D electron microscopy (EM)-based circuit 

reconstruction sheds light on revealing the neural network structure with synapse resolution. 

However, EM’s limited data volume acquisition and reconstruction throughput constrained its 

broader applications to a very small animal pool. Current studies lack quantification in animal-

to-animal variations, which is particularly critical in investigating animals with genetic 

mutations. It is also difficult to retrieve molecular information of the reconstructed neurons, 

which makes light microscopy a crucial complementary modality for EM. 

Recent genetic tools, including GRASP, trans-Tango, and TRACT permit identifying 

monosynaptic connections in the Drosophila nervous system. In particular, the latter two label 

the full morphology of connected neurons, which promises the potential of revealing the 

downstream neurons’ identities and their projection patterns as ensembles. It is plausible to 

hypothesize that if individual neurons’ morphology can be reconstructed, the labeled circuits 

may be mapped to the EM-based connectome for detailed analysis. Furthermore, the identity of 

the downstream neurons may be revealed by comparing their morphologies to numerous single 

neuron reconstructions from enhancer-GAL4 labeling using an informatics tool, e.g. NBLAST. 

However, current trans-synaptic tools use a single color reporter for labeling all downstream 

neurons, which prohibits the reconstruction of single neuron morphology. 

To solve this problem, we created a new set of transgenic Bitbow flies to enable multispectral 

labeling with trans-Tango. Using sample expansion and a custom-built light microscope, we can 

image a whole fly brain with sub-hundred-nanometer resolution in a few hours. Combining with 

computer-aided neuronal tracing, we can reconstruct single neuron morphologies to build circuit 

consensus in a high-throughput manner. We envision that these new tools will greatly speed up 

our progress in brain circuit discovery. 
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Abstract: Cortical organoids are rapidly advancing as models of human brain development and 

disease and offer promise as neural prosthetics to restore lost or degenerated brain regions. 

However, due to limitations in longitudinal recording technologies, organoids’ beneficial 

abilities to functionally connect with host cortex upon implantation and respond to external 

sensory stimulation have yet to be demonstrated. Here, we establish a novel paradigm combining 

transparent graphene electrode arrays and two-photon microscopy for longitudinal, multimodal 

monitoring of organoids implanted in mice cortices. Over the course of eleven weeks, we 

recorded local field potentials and multi-unit activity (MUA) from organoids in response to 

visual stimulation and during spontaneous activity. Examining the electrophysiological responses 

to visual stimulation, we found that the evoked responses in organoids matched that of the 

surrounding cortex, suggesting functional connectivity had formed between organoids and 

mouse tissue. In further support of functional connectivity, we observed increases in gamma and 

MUA power and phase locking of MUA to local field potentials following visual stimulation. 

Two-photon microscopy confirmed functional vascularization of the organoids. Using post-

mortem immunohistochemistry, we observed synaptic connectivity and morphological fusion 

between organoids and host mouse cortices. Our novel, multimodal recording setup revealed the 

first demonstration of organoids functionally connecting to mouse visual cortical networks and 

offers a unique platform through which researchers can study the potential of organoids to 

restore damaged brain regions upon integration. 
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Abstract: The brain is an exceptionally sophisticated organ consisting of billions of cells and 

trillions of connections that orchestrate our cognition and behavior. To decode its complex 

connectivity, it is pivotal to disentangle its intricate architecture spanning from cm-sized circuits 

down to tens of nm-small synapses.To achieve this goal, we have developed CATS - 

Comprehensive Analysis of nervous Tissue across Scales - a toolbox for obtaining a holistic 

view of nervous tissue context with fluorescence microscopy. CATS provides rich ultrastructural 

context by creating contrast between the intra- and extracellular space in a variety of samples 

types, including slice cultures, perfused brain tissue and clinical samples. It is compatible with 

common (super-resolution) fluorescence imaging techniques, such as stimulated emission 

depletion (STED) and expansion microscopy, as well as labeling of molecular markers. We 

interface this toolbox with segmentation of cellular architecture and a state-of-a-art machine-

learning based analysis pipeline for annotation of synaptic transmission sites. 

CATS enables the analysis of key features of nervous tissue connectivity across scales, ranging 

from whole tissue organization down to synapse architecture. We present the potential of this 

novel toolbox by mapping the local synaptic input structure of a CA3 pyramidal neuron, as well 

as the synaptic output structure of a DG granule cell - a feat that has thus far only been achieved 

by electron microscopy. To characterize the DG granule cell-CA3 pyramidal neuron synapse in 

more depth, we reconstruct hippocampal mossy fiber boutons with their synaptic transmission 

topology in near-natively preserved brain.Further, we combine CATS with electrophysiological 

recordings to enable investigating structure-function relationships in the brain, apply it to human 

clinical samples to study tissue context and fully annotate a piece of cerebral organoid, thereby 

paving the way towards light microscopy-based saturated reconstruction of nervous tissue. 
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Abstract: The ability to record neuronal activity over time is of great importance in research and 

therapy. The conventional electrophysiological recording methods of cellular activity require 

wiring, hence enabling only a limited number of recording sites. In addition, they are relatively 

harmful to the cells, restricting the recording time duration. A comprehensive approach for 

neuronal detection that is based on optical detection may overcome these challenges. Lately, 

calcium imaging of fluorescent calcium indicators has emerged as a dominant alternative for 

neural recording. The technique measures fluctuations in intracellular calcium concentrations, 

offering an indirect indication of neural activity. To date, there are genetic and chemical calcium 

indicators that offer tradeoffs; however, chemical indicators are advantageous due to sensitivity, 

light throughput, signal-to-noise ratio, and their dynamic range. However, chemical calcium 

indicators are limited by their rapid extrusion from cells, which prevents prolonged monitoring in 

neuronal populations. We develop novel responsive platforms for wireless and noninvasive long-

term monitoring of neuronal activity and viability via calcium signals. Our platform is based on a 

silicon nanostructured chip - porous silicon (PSi) - which is biocompatible and biodegradable. In 

the experiment, we absorb calcium indicators into the PSi, which are spontaneously released 

from it. Release and calcium imaging experiments were conducted with mice cortical neurons. 

We have shown that the platforms release the indicators with diverse durations and doses, from 

days to weeks, based on the chemical functionalization we are performing. Our PSi device is 

used as a reservoir of calcium indicators for prolonged optical detection of neuronal activity by 

calcium imaging. The ability to control the release kinetic offers the device usage for monitoring 

neuronal activity under varying conditions. Furthermore, to enable pulsatile and a release based 

on the neuronal pathology, we are currently developing an additional layer that can be triggered 

by external stimulation and act in a biofeedback manner. 
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Abstract: Optically transparent neural microelectrodes have been widely used in multimodal 

experiments to record the brain's electrophysiological activity and simultaneously perform 

optical imaging or stimulation. Here, we fabricated a high-density transparent graphene array and 

implanted it over the visual cortex of a transgenic mouse expressing GCaMP6s in most cortical 

excitatory neurons. We recorded surface potentials from the 64 channels of the graphene array 

and used two-photon microscopy to image neurons underneath the transparent microelectrodes at 

two different depths, 50 and 225 μm, corresponding to layer 1 and layer 2/3, respectively. The 

animal was presented with drifting gratings (8 directions) as visual stimulation. The field of view 

(FoV) for calcium imaging was 960 μm × 960 μm and covered nine electrodes. By examining 

the visually evoked signals, we found that the high-frequency bands are spatially localized to the 

source of the response (V1) while low-frequency bands propagate further to PPC, S1, and RSC. 

We also found that the MUA power of channels in the FoV is highly correlated with the average 

calcium activity of L2/3 neurons. Given this association between the MUA and the cellular 

calcium signals, we constructed a simple neural network model to predict brain activity at deep 

layers using surface potentials. The model successfully predicted the averaged calcium activity 

of L1 and L2/3 using the signal powers at different frequency bands (δ, θ, α, β, γ, H-γ, and 

MUA) as input features. Next, we investigated the contribution of different channels and 

frequency bands to the prediction performance. We found that different channels provide 

complementary information, and high-frequency bands (γ, H-γ, and MUA) are more informative 

than low-frequency bands (δ, θ, α, β). Our high-density, fully transparent graphene electrode 

enables us to study cortical dynamics in greater detail. 
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Abstract: Fiber photometry measures bulk fluorescence signal of neural activity and 

neurotransmitter dynamics even in deep brain tissue. However, when used in freely moving 

animals, optic fiber and animal motion can generate artifacts that confound activity-dependent 

changes in fluorescence. As a solution, many photometry protocols include a near-ultraviolet 

isosbestic wavelength excitation (405-415 nm) in response to which green fluorescent protein 

(GFP)-based sensors exhibit negligible changes in activity-dependent fluorescence. An isosbestic 

wavelength channel should therefore contain only fluorescence unrelated to sensor activity, 

serving as a control for GFP-based calcium and neurotransmitter sensors, such as the dopamine 2 

receptor-based GRABDA2m. Since isosbestic excitation causes photobleaching over time, it can 

de-trend the GRABDA2m fluorescence activity trace and provide a baseline (F0) for calculating 

relative change in fluorescence. Several protocols have further extended the use of a near-

ultraviolet isosbestic wavelength to normalize signals of red-shifted sensors, such as jRCaMP1b. 

However, applying GFP-specific isosbestic excitation to red-shifted sensors requires further 

validation. Here, we controlled both GRABDA2m and jRCaMP1b fluorescence using a 410 nm 

isosbestic channel, recorded concurrently in the striatum of freely moving mice. To normalize 

both signals, we linearly fitted isosbestic channel fluorescence against each sensor to obtain a 

scaled F0. Unexpectedly, the isosbestic channel proved sensitive to GRABDA2m activity, and, 

critically, isosbestic normalization of fluorescence channel sampling jRCaMP1b introduced 

spurious transients into the red-shifted channel in animals only expressing GRABDA2m. Finally, 

spurious noise introduced by isosbestic normalization inflated the dual-channel correlation of 

relative signal up to 6-fold in animals lacking any sensor. Therefore, correcting dual-color 

photometry using a 410 nm isosbestic control could impede interpretation of neural activity or, at 

worst, conjure a relationship that is not of biological origin. We conclude by presenting an 

alternative analysis pipeline and a discussion of a theoretical isosbestic wavelength tailored for 

red-shifted sensors. 
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Title: A genetically encoded sensor reveals the dynamics of cholinergic signaling during goal-

directed behavior in non-human primates. 
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Abstract: The use of genetic tools to study circuit function in non-human primates has been 

technically challenging due to often low and transient transgene expression. Genetically encoded 

fluorescent sensors of neurotransmitter activity offer an opportunity to tamper the impact of 

these obstacles. Specifically, measuring fluctuations in local neurotransmitter release can provide 

valuable information about neuromodulation without the need for directing reporter expression 

to specific cells of interest or requiring single cell resolution for signal analysis. Thus, sparser 

viral transduction is more likely to lead to informative results. Here, we describe the use of 

GRAB-ACh3.0 to examine the effect of cholinergic modulation on signal detection in V1 of a 

rhesus macaque. The cholinergic system is known to orchestrate task engagement. However, we 

lack a detailed understanding of how transient shifts in performance may be influenced by rapid 

changes of acetylcholine (ACh) levels. We used fiber photometry to measure GRAB-ACh3.0 

activity with simultaneous single cell electrophysiology, pupillometry, and eye tracking while 

the animal was engaged in a smooth pursuit eye movement task. This study was designed to test 

the hypothesis that fluctuations in task-engagement correlate with rapid changes in ACh levels. 

Systemic acetylcholine is thought to be associated with changes in pupil size and smooth pursuit 

gain. Our initial studies revealed that ACh signal was significantly increased during on-task 

compared to off-task trials, supporting the notion that momentary lapses of attention occur 

during periods of low ACh levels and therefore cholinergic compensation could improve 

performance. To our knowledge, this is the first evidence of rapid neurotransmitter changes 

correlating with moment-to-moment fluctuations in behavioral output in primates. These results 

have important implications for understanding the neurochemical underpinnings of sustained 

attention and goal-directed performance and define a pharmaceutically targetable substrate to 

manage conditions like attention deficit disorder. 
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Abstract: Systematic comparison of three in vivo fiber photometry recording methods 

Stevanovic, K., Wilson, L., Letsinger, L., Cushman, J. 

The use of in vivo fiber photometry has rapidly expanded in recent years as technical advances in 

commercially available and custom-built recording systems have made it more accessible. 

Increasingly sophisticated fluorescent sensors combined with viral and transgenic targeting 

strategies have made photometry an indispensable tool for connecting behavior to the neural 

circuitry that underlies it. Multiple different photometry recording approaches have been 

developed, with each approach likely to have specific strengths, weaknesses, and caveats. It is 

also not clear whether these different approaches produce quantitatively or qualitatively similar 

results, which makes comparison across studies difficult. In order to systematically investigate 

this we conducted a comparison of the three most commonly used approaches: a spectrally-

resolved fiber photometry system, a camera-based multi-wavelength photometry system and a 

lock-in demodulation photometry system. We systematically rotated three groups of male 

C57Bl6/J mice through each photometry system in a counterbalanced manner and recorded a 

stimulus evoked GCaMP response in the locus coeruleus (LC). The presentation of an LED light 

elicits a strong and consistent transient response in the LC, which allowed for a systematic 

comparison of each system. Here, we summarize the data processing pipeline for each system 

and systematically compare the results. These findings provide important quantitative 

comparisons that will aid in interpretation across studies utilizing these different methods and 

help future researchers determine the best in vivo fiber photometry system to use for their 

specific experimental needs. 
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Abstract: In the non-human primate (NHP) brain, multiregional communication between 

cortical areas supports sensation, movement, attention, thought, and other distributed brain 

functions. As a result, when studying brain function, it is important to think of different cortical 

regions not as being involved in individual processes, but as a multi-regional network. A major 

challenge involves gaining access across brain areas to perform multiregional two photon (2P) 

imaging. Here, we performed functional 2P imaging using a robotic microscope to study the arm 

movement network in motor (M1), premotor dorsal (PMd), and premotor ventral (PMv) in an 

awake rhesus macaque (Macaca mulatta). We engineered and implanted a 2x4 cm subdural 

craniotomy durotomy window. Three anatomical markers were identified in the vasculature as a 

roadmap to navigate the cortical window. This allows for multiregional 2P imaging across an 

entire hemisphere comprising prefrontal cortex (PFC) to posterior parietal cortex (PPC). To 

enable 2P imaging of neural activity, expression of a genetically-encoded calcium indicator, 

GCaMP, was virally-induced. Four rounds of viral injections were made with the first being 

under anesthesia via stereotax protocol. The subsequent injections were performed awake with 

the use of a custom Convection Enhanced Delivery (CED) microdrive. The virus pgP-AAV-syn-

jGCaMP8m-WPRE was injected in the PMd, M1, and PFC. Tandem dimer tomato (tdtomato) a 

nonfunctional vector was placed in PFC, PMd, and PMV to label histological sites concurrently. 

GCaMP expression was initially observed between 4-8 weeks following injection and 

subsequently observed for at least 5 months. During imaging sessions, the macaque performed a 

center-out reach from a central start position to one of seven peripheral targets. Reaching 

behavior was measured and processed by a DeepLabCut pipeline. Deeplabcut was trained for 

object recognition and semantic segmentation to allow the trained algorithm to detect the onset 

and trajectory of each reach. 2P imaging demonstrated functional cellular responses around the 

start of the reaching movement in areas M1, PMd, and PMV up to a depth of about 400 um. We 

will discuss future implications of this capability to perform functional multiregional imaging 

including the simultaneous use of bidirectional electrophysiology devices for stimulating and 

recording neural activity. This work demonstrates the use of multiregional cellular imaging in the 

NHP to better understand the circuitry of the brain through behavior. 
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Abstract: The brain shifts within the skull during behavior. However, the drivers and 

physiological impact of this motion are not known. It is important to understand the origins and 

nature of this movement as it is a ubiquitous confound for neurological imaging in both humans 

and animals. This motion may also help remove metabolic waste from the brain by displacing 

and mixing cerebrospinal fluid (CSF) as the brain shifts within the skull. The nature and drivers 

of brain motion are surprisingly not well understood given the relevance it has to many aspects 

of brain function and neuroscience as a whole. We quantified brain motion in head-fixed awake 

mice using high-speed, multi-plane two-photon microscopy during free locomotion on a 

spherical treadmill. Electromyography (EMG) electrodes were implanted into the oblique 

abdominal muscles to quantify muscle activity, as well as heartbeat and respiratory activity. We 

found significant abdominal muscle contraction and robust rostral displacement of the brain 

during voluntary locomotion, along with smaller lateral shifts. These movements are highly 

correlated with abdominal contractions and poorly coupled to respiratory and cardiac pulsations. 

Our results suggest that abdominal muscle contractions are responsible in part for brain motion 

within the skull. This may be explained by abdominal muscle activity causing abdominal 

pressure increases that are transmitted to the spinal cord and then on into the brain. 
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Abstract: Rationale: Several studies have highlighted the potential effect of light therapy 

applied through the skull to the brain. Photobiomodulation (PBM) using red to near infrared 

(NIR) light seems to be a promising treatment for various pathologies and neurodegenerative 

diseases such as Parkinson’s disease. This new therapeutic approach leads to the development of 

implanted brain optical fiber devices. However, light can generate heat, which increases tissue 

temperature (TEMP) and might be able to damage tissues. Therefore, device characterization 

requires a precise evaluation of the TEMP at the implantation site. High resolution MR-

thermometry allows quantification of thermal variations in animal brain with large spatial 

coverage compared to thermocouple-based measurements. Similar to studies performed for laser-

induced thermotherapy (LITT), we present a high spatial resolution, high precision 

characterization of the thermal effects, in order to assess the safety of active implanted optical 

fiber devices. The objective was to determine optical powers compatible with a TEMP increase 

of less than 2°C (Requirements for active implantable medical devices EN 45502-1_17.1.). 

Methods: We tested in rat and monkey brains the 670 nm wavelength using by a device 

specifically designed for deep brain PBM delivery based on optical fibers and in rat brain the 960 

nm wavelength commonly used for example in Optogenetics. Animals were anesthetized and 

stereotaxically implanted with one optical fiber per hemisphere into regions of interest. 

Increasing light power at the fiber tip has been assessed using proton resonance frequency shift 

(PRFS)-based MR-thermometry (4.7 T Bruker imager). High-resolution (0.3 x 0.3 x 0.1 mm3) 

thermal maps has been acquired during an in vivo illumination in rat and monkey brains. 

Results: We evaluated, in continuous illumination mode, the TEMP increase induced by optical 

powers ranging from 5 to 100 mW at the end of an optical fiber implanted in different brain 

regions. Our data revealed neither brain region effect nor species effect but a significant main 

effect of optical power. At 670 nm, an optical power greater than 30 mW is required to induce a 

TEMP rise of 2°C, whereas greater than 66 mW is necessary at 960 nm. Interestingly, the heat 

spot at the fiber tip showed a Full Width at Half Maximum (FWHM) of about 2.4 mm and 3.9 

mm for 670 nm and 960 nm respectively. Conclusions: MR-thermometry is an adequate method 

to accurately measure in vivo deep brain thermal variations and allows thermal characterization 

of chronic implantable medical devices. The heat increase pattern was correlated both to the light 

power delivered and to the wavelength. 
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Abstract: Neuronal connectivity determines information processing in local cortical circuits. For 

example, in primary visual cortex (V1) layer 2/3 (L2/3), pyramidal cells (PCs) that respond to 

similar visual stimuli connect more frequently. Inhibitory interneurons (INs) play a key role in 

maintaining stability and sensitivity in neuronal circuits and have been shown to follow specific 

connectivity patterns and synaptic dynamics according to cell type. Yet cell-type-specific IN 

connectivity remains poorly explored. This may be due to the experimental challenges inherent 

in probing cell-type-specific connectivity. Multiple patch clamp is the state-of-the-art technique, 

but it is technically challenging and yields only a few connections per day. Therefore, we 

developed optomapping, a high-throughput connectivity mapping method that combines 2-

photon (2P) optogenetics and patch-clamp electrophysiology. 

We targeted expression of the soma-targeted opsin ChroME to PCs by injecting AAV9-CAG-

DIO-STChroME-P2A-mRuby in neonatal Emx1-Cre mice. In P18-P25 acute slices, we spiral 

scanned ChroME-expressing PCs in V1 with 1040-nm Ti:Sa laser to elicit action potentials with 

single-cell spatial and millisecond temporal resolution. By spiral-scanning hundreds of candidate 

input PCs while whole-cell recording from PCs, basket cells (BCs), or Martinotti cells (MCs), 

we were able to, in a single experiment, record dozens of laser-evoked EPSPs from input cells 

hundreds of microns away, across all cortical layers. We verified cell type of the patched neuron 

by spike pattern and morphology. 

Within 100 µm, L5 PC-PC (17/196 = 9%; 0.51 ± 0.09 mV, n = 6 cells) and PC-BC connectivity 

85/206 = 41.3%; 2.30 ± 0.42 mV, n = 6 cells) qualitatively matched paired recordings (7%; 0.87 

± 0.09 mV, n = 162 resp.; 100/299 = 33%; 2.10 ± 0.29 mV, n = 100), thus validating 

optomapping. We next mapped excitatory inputs onto PCs, BCs, and MCs in layers 2, 3, 5, and 6 

of V1, which revealed connectivity rates as well as synaptic dynamics, e.g., L2/3 BCs received 

stronger local 

excitation (54/233 = 23.2%; 1.13 ± 0.19 mV, n = 6 cells) than did L2/3 PCs (66/356 = 18.5%; 

0.46 ± 0.07 mV, n = 8 cells), which likely ensures stability. We could also verify the canonical 

circuit, and additionally show e.g., that BCs receive cross-layer excitation and that short-term 

dynamics of excitatory inputs onto MCs depends on the layer of origin. 

In conclusion, optomapping enables large-scale connectivity mapping to reveal principles of 

local connectivity, e.g., we verified the V1 canonical circuit but could additionally reveal strong, 

long-range excitation of BCs. 

Disclosures:  C.Y.C. Chou: None. H. Wong: None. K.E. Boukoulou: None. T.A. Liang: 

None. C. Guo: None. P.J. Sjostrom: None. 

Poster 



577. Optical Methodology: Application 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 577.10 

Topic: I.04. Physiological Methods 

Support: AFSOR FA9550-20-1-0061 

Title: Evaluation of spontaneous activity in adrenal chromaffin cells in slices derived from mice 

expressing genetically-encoded calcium indicators 

Authors: N. M. PROCACCI1, T. W. GOULD2;  
1Dept. of Pharmacol., 2Dept. of Physiol. and Cell Biol., Univ. of Nevada, Reno, Reno, NV 

Abstract: Adrenal chromaffin cells (ACC) are excitable neuroendocrine cells that secrete 

catecholamines into the blood in times of stress, triggering the “fight or flight” response. The 

ability to measure and modulate this response could ameliorate health conditions in which it is 

dysfunctional, as well as enhance physical and cognitive performance. Dissociated ACC, as well 

as ACC in acutely prepared slices of adrenal gland, exhibit spontaneously generated action 

potentials mediated by the activities of Na+, Ca+ and K+ channels. Whether all ACC in slices 

exhibit such spontaneous activity, and whether it is caused by transmitter released from distal 

ends of the sympathetic splanchnic nerve, has not rigorously been examined. To address these 

questions, we took advantage of Sox10-Cre and tyrosine hydroxylase (TH)-GCaMP6f mice to 

drive the expression of the genetically-encoded calcium indicator GCaMP6f in mouse ACC. The 

principal advantage of this technique is the simultaneous capture of the activity of large 

populations of ACC. We used male and female 2-4 month old mice. The morphology of the 

clusters in which ACC reside was more distinct in slices imaged at low magnification (20X) 

from Sox10-GCaMP6f mice. In these samples, large ~0.17 Hz waves of calcium activity spread 

between clusters in sequential patterns that occasionally reversed direction. In contrast, owing to 

incomplete recombination and/or recombination exclusively in ACC and not satellite glial cells, 

the morphology and activity patterns of individual ACC were clearer in slices imaged at high 

magnification (60X) in TH-GCaMP6f mice. The frequency of this activity showed no difference 

between sexes, but varied between slices even from the same mouse on the same day, ranging 

between 0.2 and 0.9 Hz. To minimize variability, experiments focused on the effects of a) time 

of tissue incubation prior to imaging b) temperature during imaging and c) duration and number 

of imaging sessions. We ran 3-way ANOVAs comparing incubation time (0.5 hours vs 2.5 

hours) X temperature (23°C X 35°C) X session duration (every 15 minutes for 2 hours). While 

the amount of incubation time prior to imaging was not significant, frequencies were consistently 

higher and more variable when recorded at 23°C vs. 35°C (0.62 vs. 0.38 Hz; F(1) = 1245, p < 

0.0001). Frequencies at 23°C were reduced in the second hour of imaging, whereas those at 35°C 

remained similar F(7) = 31.49, p < 0.0001. Future studies will assess the nature of these 

spontaneous activity patterns (i.e., bursting vs. tonic), their dependence on splanchnic nerve 

input, the underlying molecular mechanisms, and the ability to modulate this activity by 

electrical stimulation. 
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Abstract: Social behavior involves many circuits throughout the brain. Widefield cortical 

calcium imaging provides an opportunity to observe neural activity across the entire dorsal 

cortex in vivo, but its application to social neuroscience is largely unexplored. We employed 

widefield cortical calcium-imaging to observe brain activity in two head-fixed mice during a 

staged social touch-like interaction. Imaging interactions in head-restrained mice controls the 

timing and duration of interaction events, and limits behaviors that may impede neuronal data 

acquisition. Mice are brought together using a motorized rail system until the whiskers of each 

mouse can make contact. Mesoscale cortical calcium signals were acquired from both mice 

before, during, and after the social contact period. During the social contact period, bouts of 

mutual whisking and inter-animal correlated cortical activity across cortex were observed. 

Correlations were not observed after trial-shuffling mouse pairs, suggesting that correlated 

activity was specific to individual interactions. Whisking-related GCAMP6s signals during the 

social contact period were observed in vibrissae cortex. We present an open-source platform to 

investigate the dorsal cortical neurobiology of social interaction, including mechanical drawings 

and software for constructing cost-effective Raspberry-pi-based imaging systems. Extension of 

this head-fixed interaction paradigm to other imaging modalities such as fiber photometry or 2-

photon imaging can provide further insight into the physiology underlying social interaction. 
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Abstract: A major challenge to uncovering the computations and circuits that enable face 

perception is the disparity in the scales at which the face-processing system has been studied. We 

know a great deal about the broad properties of face areas from fMRI and individual ‘face cell’ 

tuning properties from single-cell electrophysiology. However, it remains difficult to investigate 

how populations of face cells work together to represent faces without simultaneous activity 

measurements from many individual face cells. To fill this gap, we are developing approaches to 

record calcium dynamics from populations of face cells within the posterior dorsal (PD) face 

area of awake, head-restrained marmosets using two-photon microscopy. Toward this goal, we 

have localized PD with intrinsic signal optical imaging, optimized imaging chambers, and 

performed preliminary experiments using awake calcium imaging. We have also tested different 

virus delivery systems and calcium indicators, including ribosome-linked indicators for soma 

targeting that reduce background and signal cross-contamination. In the near future, we aim to 

combine these developments capture dynamics from large populations of face cells. 
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Abstract: Behavioral encoding across timescales by region-specific dopamine 

dynamicsSøren H. Jørgensen1,*, Aske L. Ejdrup1,*, Matthew D. Lycas1 , Leonie P. Posselt1 , 

Kenneth L. Madsen1 , Lin Tian2 , Jakob K. Dreyer3 , Freja Herborg1 , Andreas T. Sørensen1 and 

Ulrik Gether1 
1Department of Neuroscience, Faculty of Health and Medical Sciences, Maersk Tower 7.5, 

University of Copenhagen, DK-2200 Copenhagen, Denmark 2Center for Neuroscience, School 

of Medicine, UC Davis, USA 3Department of Bioinformatics, H Lundbeck A/S, Valby, 

Denmark. *These authors contributed equally to the work 

The dorsal (DS) and ventral striatum (VS) receive dense dopaminergic projections controlling 

motor functions and reward-related behavior. However, it remains poorly understood how 

dopamine release dynamics is coupled in these regions across temporal scales to modulation of 

behavioral outcomes. Here, we address this question by probing extracellular dopamine 

dynamics in freely moving mice concomitantly in DS and VS using the genetically encoded 

dopamine sensor dLight1.3b. Our data reveal highly different dopamine dynamics in the two 

regions with a rapidly fluctuating signal in the DS, carrying information across dopamine levels, 

and a much slower fluctuating signal in the VS, consisting mainly of slow-paced transients. 

Using machine learning, we correlate these dynamics to behavioral syllables across timescales 

and observe striking coordination of the dopamine signals between the two regions during 

exploratory behavior. Disruption of dopamine dynamics with cocaine imposes drastic changes 

that leads to randomization of action selection sequencing and disturbance of DS-VS 

coordination. The data indicate that coordinated, distinct dopamine dynamics of DS and VS, on a 

sub-second to minutes timescale, orchestrate behavioral sequences where the DS signal 

modulates the stringing together of actions and the VS signal provides the motivation to initiate 

and sustain the selected action. 
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Abstract: Analyzing multiregional networks requires simultaneous access to large expanses of 

the brain such that we can interrogate the activity of the neurons, their locations, and their 

biological properties such as projections targets, cell types, and functional roles. Recently 

pioneered imaging methods have enabled such experiments in NHP by developing a “brain 

observatory”: a large window for optical access across many brain areas combined with a 

robotically mounted microscope that can flexibly reposition to image across the window. This 

access creates a fundamental problem of targeting micron scale recordings in centimeter-sized 

expanses. Building individualized brain maps, i.e., subject specific, that can be used to localize 

imaging targets within the accessible fields-of-view is a critical need. Such a map would let us 

navigate to known or iteratively discovered target populations on-line during behavior. 

We thus present a solution that involves first mapping a subject’s cortical surface, and then 

localizing a recording session either within the same session or on subsequent imaging days. 

Mapping is based on stitching vascular images across the brain surface into a single map. The 

vascular template, computed offline, defines brain coordinates for the subject. These brain 

coordinates, unlike chamber coordinates obtained by measuring microscope position relative to 

the window, are based on the brain anatomy and consequently enable alignment between days 

robust to changes in brain volume and position in the cranium. Mapping typically requires X 

images, and requires Y min of imaging to complete. Localization can then be performed online, 

given the map, and situates any individual imaging session in brain coordinates by matching 

vascular features. We have implemented our mapping and localization approach on data from an 

awake, behaving primate, and find a high correlation with the microscope positioning in single 

days (NUMBER HERE), while noting a displacement between days indicative of shift between 

the chamber and the brain. 
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Abstract: Understanding how information is transmitted between brain areas is a fundamental 

problem in neuroscience. Addressing this problem requires a method for measuring functional 

connectivity between specific ensembles of neurons in one brain area and their downstream 

targets in other brain areas. This would allow us to understand how specific activity patterns are 

decoded and transformed by downstream neurons to guide behaviour. 

To achieve this, we have developed a novel approach which combines all-optical interrogation 

(2-photon holographic optogenetics) with simultaneous Neuropixels probe recordings in 

downstream brain areas. This allows us to target functionally defined cell ensembles and 

photostimulate them in specific temporal and spatial patterns, while reading out the downstream 

impact of those manipulations with single-spike resolution. To demonstrate the utility of this 

approach we investigate how activity of distinct hippocampal place cell assemblies is 

differentially read out in a wide range of known target regions including the entorhinal cortex, 

septum and subiculum. 

We first used 2-photon calcium imaging to identify the active place cell population in 

hippocampal CA1 of head-fixed mice navigating in a virtual reality environment. Next, we 

selectively photostimulated ensembles of place cells that were co-tuned to behaviourally salient 

locations (start zone vs. reward zone) and systematically varied the number and tuning coherence 

of stimulated neurons while recording from a range of potential downstream target areas using 

Neuropixels. Our preliminary results demonstrate that photostimulation of functionally 

characterized CA1 neurons produces either excitation or inhibition in follower neurons, with the 

response amplitude dependent on the number of stimulated upstream neurons. Importantly, we 

observed differential responses to stimulation of size-matched start vs reward cell ensembles. 

Finally, we interpret these responses in the context of the behavioural tuning and temporal 

spiking properties of the downstream neurons. 

This unprecedented combination of all-optical interrogation and Neuropixels recording provides 

a novel way to map functional connectivity between brain areas with single neuron resolution. 

This will enable new experiments to probe the principles governing brain-wide information 

processing. 
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Abstract: The intricate link between neural activity and local changes in vascular dynamics is 

critical for brain function and prone to disruption in pathological conditions. For example, 

changes in vessel diameter and red blood cell velocity can be important contributing factors in 

neurodegenerative and neurovascular (e.g. migraine, stroke, or epilepsy) diseases. We have 

developed a dual color miniscope, the nVue system, that allows for imaging of neural activity 

and blood flow in freely behaving animals in both cortical and deep brain structures. The nVue 

system acquires dual color data by multiplexing two LEDs at up to 100 Hz, enabling direct 

visualization of both blood flow and calcium activity. To facilitate analysis, we have extended 

the Inscopix Data Processing Software package to include a module that provides time-varying 

estimates of both vascular diameter and red blood cell (RBC) velocity in vessels of interest. 

Diameter is measured as the full-width at half max of a Lorentzian function fit to a vessel cross 

section. RBC velocity is measured by calculating time-lagged cross correlations between a seed 

pixel at each location of interest and all pixels in a neighboring region. The distances between 

correlation peaks are then tracked as a function of time. The algorithms were benchmarked 

against ground truth manual annotation data. To our knowledge this represents the first 



demonstration of simultaneous acquisition of high resolution vascular dynamics and neural 

circuit activity signals in freely moving animals which, coupled with out of the box analysis 

solutions, provides important new multi-system capabilities for basic and translational 

neuroscience research and preclinical therapeutic development. 
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Abstract: Genetically encoded voltage indicators (GEVIs) are becoming a tool of choice for 

various neuroscience experiments. Recently, GEVIs have been demonstrated in the olfactory 

bulb, hippocampus, striatum, and somatosensory cortex of living rodents as well as in zebrafish 

larvae and fruit flies. With a few exceptions, however, these examples mainly recorded 

suprathreshold spikes. One of the most crucial advantages of GEVIs would be the ability to 

report subthreshold activities at the cellular level where it is difficult, if not impossible, to 

investigate by using calcium indicators or multi-electrode arrays. Homeostatic synaptic plasticity 

is a form of non-Hebbian plasticity that helps neurons maintain stable synaptic strength. 

Quantification of the synaptic strength is typically done by recording miniature excitatory 

postsynaptic potential or current under a whole-cell patch-clamp mode. We sought to try voltage 

imaging of the miniature events from rat hippocampal neurons with ASAPs, a leading series of 

GEVIs (ASAP1-ASAP4) that the Lin lab has developed. Using one of the ASAPs with a high 

dynamic range and fast response, miniature EPSPs with amplitudes of only a few millivolts 

could be visualized reliably. We will also present our new strategy to develop the next-

generation GEVI screening system that involves hydrogel bioelectronics. This system uses a 

polyacrylamide gel array as a platform for cellular imaging and manipulation of membrane 

potential. Its capacity to screen 65,000+ mutants in a single run will enable a 100-fold 

improvement compared to our current system. We will discuss the idea behind the strategy and 

preliminary results. 
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Abstract: Optical imaging of in vivo neuronal populations using fluorescent voltage and 

neurotransmitter indicators is an emerging frontier that requires microscopic imaging of brain 

volumes at kilohertz rates in highly scattering, live brains. SLAP2 uses a novel and unique scan 

technology where a vertical laser line is horizontally swept nearly 10,000 times per second 

across the surface of a Digital Micromirror Device (DMD) that projects excitation light to 

random regions of interesting (ROI) of a specimen. This approach enables scanning multiple 

cell-sized volumetric ROIs at kilohertz rates. The DMD can switch “on" and “off" individual 

pixels in a field of view (FOV) at full scan rates, allowing random-access imaging of ROIs with 

minimal mechanical movement overhead associated with other random-access imaging 

technologies. MBF Bioscience is continuing to work with Dr. Kaspar Podgorski to further 

improve the SLAP2, including developing software that improves the reliability and performance 

of the original prototype system. These improvements include software user experience 

optimizations for controlling the specialized hardware required for rapid imaging of multiple 

ROIs. Key features include automated calibration tools for tuning acquisition parameters, and 

real-time display of their impacts on acquired images. Experimental parameters are also saved 

for experimental reproducibility. We are currently developing tools in SLAP2 that allow 

researchers to easily configure complex imaging experimental workflows comprised of both 

structural and functional activity imaging of multiple neurons, without requiring computer 

programming expertise. SLAP2 is capable of imaging in vivo mouse brain and in vitro brain 

slices at subcellular spatial resolution, and with a temporal resolution of milliseconds (i.e., 1000 

Hz and higher). We believe that SLAP2 will be an asset to many experimental paradigms 

focused on imaging of living neuronal circuits. Characterizing physiological activity in three-

dimensional culture and organoid models will all benefit from this fast, large-scale microscopic 

imaging advancement. 
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Abstract: We describe an imaging method that can follow small metabolic changes associated 

with the activity of brain cells over long periods under physiological conditions without invasive 

staining procedures and with minimal cell damage. Fluorescence lifetime imaging microscopy 

(FLIM) enables the determination of energy-related redox and protein-bound states in a label-

free manner by analyzing the autofluorescence of metabolically relevant molecules such as 

NAD(P)H and FAD. As such, the fluorescence lifetime of these intrinsic metabolites provides 

essential information about the composition and conformation of molecules, which can be used 

to monitor activity- or pharmacologically-induced changes in neuronal cell cultures. However, 

observing such small changes in active cells is challenging due to these metabolic molecules' low 

quantum yield. Furthermore, correct FLIM measurements require robust statistics based on a 

sufficient number of photons collected.For this reason, a reliable FLIM system must meet the 

following criteria: (1) high sensitivity, (2) high signal-to-noise ratio, (3) temporal resolution in 

picoseconds, and (4) a detection range equivalent to the entire field of view.Here we present a 

novel wide-field FLIM method for NAD(P)H/FAD molecule detection using an innovative, 

commercially available camera system (LINCam, Photonscore GmbH, Germany) based on time-

correlated single-photon counting (TCSPC). The camera features a uniquely high signal-to-noise 

ratio, high temporal resolution (< 50 ps), and a high sensitivity, enabling it to operate under low 

light conditions (< 30 mW/cm2 on average). We show that the LINCam-based FLIM system can 

measure changes in metabolic activity of electrically stimulated cultured neurons. These 

experiments reveal a close correlation between neuronal activity and the dynamic changes of the 

observed metabolites. We show that the high sensitivity of the LINCam enables significant 



spatial scalability and high temporal resolution to resolve fluctuations in the molecular states of 

NAD(P)H/FAD during single-neuron imaging. The recorded live-cell data can be merged with 

images from immunostained samples after fixation to characterize the subcellular source of the 

measured metabolic activity. In another study, we examined retinal cell metabolism under 

normal and pathophysiological conditions. Collectively, this novel technology may contribute to 

the generation of diagnostic tools based on minimally invasive imaging of patients with several 

pathological conditions. 
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Abstract: Getting an accurate, detailed and physiologically relevant view of brain structure and 

neuronal circuits is a major goal of modern neuroscience. Current large-scale connectomics 

efforts rely either on EM or MRI, which are either incompatible with live conditions or do not 

offer cellular resolution. Fluorescence microscopy allows for live imaging with cellular 

resolution in vivo, but has relied on positively labeling of a sparse set of cells, giving an 

incomplete and biased view of the anatomical organization of brain tissue. Breaking this 

impasse, super-resolution shadow imaging (SUSHI) established a new paradigm to visualize 

tissue anatomy in brain slices with nanoscale resolution in an all-encompassing and panoramic 

way, based on fluorescence labeling of the ACSF and 3D-STED microscopy. Because of the 

stringent optical demands of super-resolution microscopy, however, the approach has only been 

applied to living organotypic brain slices so far. We have now extended the shadow imaging 

concept to the mouse brain in vivo, based on 2-photon shadow imaging (TUSHI) and labeling of 

the cerebrospinal fluid with a fluorescent membrane-impermeant dye. We present the optical 

details of the microscope, the labeling strategy for sufficiently bright and homogeneous inverted 

cellular contrast, as well as the cranial window technique and anesthesia formula for optically 

clear and mechanically stable access to superficial layers of the cerebral cortex. Despite the 

diffraction-limited resolution, the new approach opens a stunning window on the micro-

anatomical organization of the brain in vivo, where cell bodies, dendritic branches of neurons, 



perivascular spaces and spatial heterogeneities in the extracellular space become visible. By 

adding a second fluorescence channel, the shadow imaging approach reveals the diverse and 

complex anatomical context of positively labeled neurons, astrocytes, microglia, and tumor cells. 

In summary, our work demonstrates the feasibility of TUSHI in vivo to visualize brain structure 

and context with subcellular resolution. It provides a powerful new investigative tool to monitor 

dynamical changes of brain structures in vivo under various (patho-physiological) conditions, 

such as experience-dependent neuronal plasticity, sleep, aging, stroke, tumor invasion & 

proliferation. 
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Abstract: The dynamic interplay between multiple excitatory and inhibitory cell classes lies at 

the core of neural signal processing underlying animal perception and behavior. Genetically 

encoded fluorescent voltage indicators (GEVIs) are uniquely poised to uncover the pertinent 

millisecond-scale interactions between targeted cell classes. We describe a suite of four mutually 

compatible GEVIs, comprising the second-generation FRET-opsin indicators Ace-mNeon2 and 

VARNAM2 as well as their respective reverse response polarity variants pAce and pAceR. The 

new indicators enable single-neuron, single-spike resolution voltage recordings from large 

genetically identified ensembles in head-restrained, running mice in high-speed (0.4-1 kHz) 



epifluorescence microscopy. The studies revealed cell class-specific modulations of spiking 

patterns during behavioral state transitions in the primary visual cortex. Transmembrane voltage 

recordings from ~1200 cells showed that a major fraction of all recorded cell classes, namely, 

pyramidal neurons (PNs) and interneurons expressing neuron-derived neurotrophic factor 

(NDNF), somatostatin (SST), or vasoactive intestinal peptide (VIP), increased their spontaneous 

firing rates during a rest-to-arousal transition. However, SST-neurons exhibited the most 

profound state-dependent activation, with 78% of cells increasing their firing rates, closely 

followed by NDNF-neurons. By contrast, only half of the VIP-neurons and PNs elevated their 

spontaneous activity whereas a third of these populations exhibited diminished spiking in 

aroused states. To further dissect the fine-scale distinctions in the cell class-specific activation 

patterns, we performed simultaneous dual-population recordings using dual-polarity multiplexed 

voltage imaging (DUPLEX). By targeting the green indicators with opposite signaling polarities 

to distinct cell classes, we obtained single-channel, paired voltage recordings from NDNF- & 

VIP-neurons, SST- & VIP-neurons, or VIP- neurons & PNs, in which we inferred each cell’s 

class by the directionality of its optical spike waveform. Our results revealed that the voltage 

dynamics of neighboring pairs of NDNF- & VIP-neurons, and of VIP- and PN-neurons are 

uncorrelated under baseline conditions with no change during arousal. In contrast, DUPLEX 

uncovered strong negatively correlated dynamics between SST- and VIP-neuron pairs under 

baseline conditions and a significant rise in this anti-correlation during arousal. Together, our 

work showcases multipopulation voltage imaging for investigations of the fine-scale dynamics of 

interclass interactions in behaving animals. 
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Abstract: Introduction Radiotherapy is a cornerstone of clinical management of brain tumors. 

Radiation increases the free oxygen radical concentration by ionizing water molecules in tissue, 

and the effectiveness of radiotherapy depends on the amount of these radicals. However, to the 

best of our knowledge, no method to measure direct human brain tissue effects in real-time 

during radiation exists. Thus, our aim is to develop non-invasive, real-time method to measure 

the effect of radiotherapy during the treatment. Methods The functional near-infrared 

spectroscopy (fNIRS) device used in this study utilizes frequency-coding technique that is based 

on modulating the illuminating light, each wavelength at a specific frequency, and demodulating 

these after receiving. The patient is positioned in a supine position in the medical linear 

accelerator and two fNIRS channels with source detection distance of 3 cm are attached on their 

forehead above the mask for measuring the radiotherapy response in real-time. Ionizing radiation 

inside the radiotherapy room poses high demands on the devices used. E.g. with fNIRS device, 

all optical fibers and optodes must be compatible with radiotherapy to avoid interfering the 

treatment procedure. In our setup, we placed only optical fibres and optodes in the treatment 

room and the fNIRS device was placed in the control room by a fiber entry. In this study, we 

performed a total of 48 measurements from 14 different brain tumor patients (age: 65.0 +- 9.7 

years, 6 females) with fNIRS during whole brain radiation therapy. Every treatment plan 

consisted of left and right side radiation fields shaped with multileaf collimator. Measured raw 

fNIRS time courses (sampling rate 1 kHz) were converted into time courses representing 

temporal changes in cerebral water (H2O), oxygenated (HbO), deoxygenated (Hb) and total 

hemoglobin (HbT) concentrations using the modified Beer-Lambert law. Results We observed 

that all hemoglobin related concentrations (HbO, HbR, HbT) increased and, in contrast, H2O 

concentration decreased in both fNIRS channels during the both radiation fields. Conclusion 

Our results display instant cerebral H2O and hemodynamic responses recorded via non-invasive 

fNIRS during clinical radiotherapy. Furthermore, our study demonstrate the feasibility of 

monitoring the immediate radiation induced changes of H2O, HbO, HbR and HbT and in the 

human brain in real-time. We suggest that the decreased H2O and increased hemoglobin related 

changes are direct effects of radiation and thus the fNIRS device may potentially be used for 

monitoring cerebral hemoglobin and water concentration changes during radiation therapy. 
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Abstract: In the last decade, functional MRI (fMRI) has achieved remarkable success at 

decoding the identity and content of a wide range of stimuli experienced by human subjects, 

using their brain activity and machine learning methods. Unfortunately, fMRI employs bulky 

equipment that cannot be used at the bedside, cannot image many patients with metal implants, 

and is difficult in young children. More-lightweight non-invasive tools have not accomplished 

the decoding performance of fMRI. High-density diffuse optical tomography (HD-DOT) non-

invasively images blood oxygen fluctuations related to brain activity, like fMRI, but with near-

infrared light. HD-DOT is an alternative in fMRI-incompatible patients and settings, and has 

spatial resolution between fMRI and more-lightweight non-invasive technologies such as NIRS 

and EEG. To evaluate feasibility of decoding naturalistic movie stimuli with HD-DOT, we first 

evaluated how well an HD-DOT system could identify which of four 90-second movie clips was 

being viewed based on imaged brain dynamics. During each session, each clip was viewed 4-8 

times (trials) total. For the first half of each session (training set), the brain responses to each clip 

were averaged to form a "template" response for each clip. For each remaining trial (testing set), 

our simple decoder guessed that the clip shown was the clip whose template had the highest 

correlation with the measured response. These guesses were 93% accurate on average across 16 

sessions from 4 subjects, well above chance (25%) in terms of effect size and statistical 

significance (p<0.001). Next, we attempted to decode which clips were shown in one session 

using the template responses from a different session in the same subject. These guesses were 

86% accurate on average across those 16 sessions, still well above chance (p<0.001). Finally, we 

attempted to identify clips outside a decoder's training set. To do this, we relabeled two clips and 

their responses as training trials, and we used these to fit a linear model for predicting the imaged 

response from wavelet motion energy features in any clip. The model was used to predict the 

responses to the other two (test) clips and to two extra "lure" clips that subjects had never 

viewed. This decoder guessed that the clip viewed in each trial was the clip whose predicted 

response had the highest correlation with the measured data. Across subjects and sessions, 

average accuracy exceeded 60% and statistically exceeded chance (25%, p<0.05). Accuracy 

remained above chance even with up to 40 lure clips. Future work will attempt to decode more 

types of stimuli. 
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Abstract: The zebrafish (Danio rerio) is a popular model in the study of vertebrate genes, neural 

function, and behavior due in part to their small size, transparency and large number of offspring 

(up to 200 in a clutch). However, not all of these individual zebrafish perform equally well in 

neural imaging and behavioral experiments, requiring researchers to go through multiple pre-

screening steps. In a typical workflow, only a few healthy zebrafish are selected at random from 

a clutch for in-depth examination in behavioral or calcium imaging assays. The selection criteria, 

often loosely documented, can vary from scientist to scientist and reduce the reproducibility of 

these experiments. Here, we show how one can use a novel gigapixel scale multi-camera array 

microscope (MCAM) to simultaneously monitor the development of hundreds of zebrafish from 

24-hours post fertilization through 5 days post fertilization to reduce sampling bias and improve 

pre-screening standardization in behavioral and neuroimaging experiments. After an entire clutch 

is plated in several 96 well plates, each individual plate is synchronously imaged at high 

resolution under the MCAM at various spatial resolution scales (10µm - 30µm / pixel) and 

temporal scales (up to 120 frames per second). The MCAM simultaneously records the activity 

of the larvae under infrared illumination (850 nm) and stimulates the zebrafish with repeated 

light and vibrational stimuli. Each recording results in a quantitative metric relating to the 

activity of the larvae at that age. We then correlate these metrics with behavior observed in a 

freely swimming closed loop behavior setup, with a 2-hour observation session per individual 

zebrafish. We show that these early metrics can be used as an indicator for the future visuomotor 

behavioral performance of the zebrafish at 6-7 dpf in expanded free-swimming optomotor 

response assays. Together, these experiments demonstrate how simultaneous large scale, high-

resolution behavioral imaging with the MCAM provides a rigorous, unbiased method to 

standardize sample selection. 
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Abstract: Brain responsiveness and its activation complexity are linked to the level of 

consciousness. However, how these features change across brain states is still not clear. The 

combination of Transcranial Magnetic Stimulation (TMS) and hd-EEG recordings represents the 

gold standard method to address this issue in humans. A preclinical analogous in lab animals 

would provide novel mechanistic insights into the brain-state-dependent complexity of the brain. 

A promising non-invasive approach to simultaneously record and stimulate neuronal activity in 

mice is the use of all-optical neurophysiological methods. Here we established a crosstalk-free 

large-scale all-optical method combining wide-field fluorescence imaging of the red-shifted 

calcium indicator jRCaMP1b and transcranial optogenetic stimulation of Channelrhodopsin-2 

(ChR2). To achieve a cortex-wide expression we took advantage of the recently developed viral 

technology AAV.PHP.eB. This led to a uniform expression of the functional indicator and the 

opsin in the whole cortex, raising the possibility of causally investigating the whole dorsal 

cortical mantle in wild-type mice. Results show that in awake mice, optogenetic stimulations at 

increasing laser power (0.1 - 15 mW) evoked a distributed cortical response in several areas in 

the two hemispheres, whereas, during anesthesia, stimulation led to a localized response limited 

in space and time. These results suggest that response complexity decrease with the levels of 

consciousness, as observed in pathological patients affected by disorders of consciousness. 
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Abstract: Functional magnetic resonance imaging (fMRI) is a widely used neuroimaging 

technique to explore and characterize neural representations. However, fMRI data is 

contaminated by noise and task-irrelevant information, due to factors such as attention and the 

arousal level of participants. Additionally, fMRI data often suffer from extreme sparsity of 

sample size: with thousands of voxels (features) but often only hundreds of presentations of a 

given stimulus (samples). Thus, fMRI data typically possess extremely poor samples-to-features 

ratios. As a consequence, state-of-the-art deep learning models often tend to overfit on these 

small-scale datasets. Therefore, there is a critical need for developing assumption-free models 

that not only are able to find a low-dimensional task-relevant representation of fMRI data but 

also can do so within the constraints of data paucity. To address these issues, we propose the 

Task Relevant Autoencoder via Classifier Enhancement (TRACE) model. TRACE’s architecture 

is similar to a standard autoencoder (AE), except a classifier is attached to the bottleneck to 

ensure the low dimensional representations are in fact task-relevant. We benchmarked TRACE 

against a standard AE using the MNIST and Fashion MNIST datasets, including under extreme 

data paucity. We then compared the task-relevancy of the representations extracted by TRACE 

and AE in a real-world setting by applying them to a fMRI dataset from 60 individuals who 

viewed pictures of animals and objects while fMRI data from their ventral temporal cortex 

(VTC) was collected. Our results showed that TRACE drastically outperforms AE in extracting 

more task-relevant information and exhibits substantially more robust behavior in the presence of 

data paucity. TRACE is able to achieve these successes in an assumption-free manner, and 

further can project the extracted low-dimensional representations back into the original 

functional and anatomical brain space in ways which were found to be cleaner and more 

categorically informative even than the input data itself. Our findings suggest exciting 



possibilities to use these more canonical reconstructed inputs as category representation in 

decoded neurofeedback studies. 
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Abstract: Transcranial magnetic stimulation (TMS) is a non-invasive neuromodulation modality 

with myriad diagnostic and therapeutic applications. However, it is still unknown precisely 

which mechanisms contribute to the neuronal network response to TMS. When stimulating the 

motor cortex with TMS, corticospinal recordings can provide information about evoked activity 

in layer 5 of the motor cortex. Indirect (I) waves can be isolated within the corticospinal response 

and are the result of a series of transsynaptic activations caused by the initial stimulation, i.e., 

they are representative of the network response. Therefore, corticospinal I-waves are an 

important readout of cortical circuit activity for investigating the response to TMS. In this work, 

epidural recordings of corticospinal I-waves from the cervical spinal cord of human subjects in 

response to a single TMS pulse were used to constrain a spiking neuronal network model of 

motor cortex. The neuronal network model was comprised of leaky-integrate-and-fire point 

neurons that represented layers 2/3, 5, and 6 with excitatory and inhibitory cell types for each 

layer. The parameters optimized included the synaptic strengths (network parameters) and the 

proportions of neurons activated by the TMS pulse (activation parameters). Particle swarm 

optimization was used to identify model parameters that minimized the error of the magnitudes 

and timings of the I-wave peaks and the baseline firing rates of the cell types. Additional 

constraints included dose-response curves relating TMS stimulation intensity to the cortical 

silent period and the amplitude of motor evoked potentials. Subject-specific models yielded the 

best fits with different combinations of network and activation parameters for each subject. 

Optimization using all subject data simultaneously yielded an all-subject model with shared 



network parameters but different activation parameters. The all-subject model exhibited poorer 

fits on a per-subject basis but better generalizability across subjects. A sensitivity analysis was 

performed by applying a regularized multilinear regression on the parameters explored by the 

optimization process. The regularization eliminated the parameters that contributed least to the I-

wave properties. Across all properties, the sensitivity analysis reduced the number of relevant 

parameters by an average of 18%. The results predicted that the peaks and timings of 

corticospinal waves are most sensitive to layer 2/3 and layer 5 pyramidal cells, though the 

projections of both layer 2/3 and layer 5 to layer 6 pyramidal cells are also important. 
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Abstract: Rhythmic activity is closely linked to neuronal processing within and across brain 

regions. The microcircuit mechanisms that subserve such rhythms via intrinsic and extrinsic 

inputs are being studied actively. Neocortical circuits exhibit both beta and gamma rhythms 

which are through to be caused by distinct subcircuits involving different type of interneurons. 

Another approach to study the microcircuit mechanisms is via population vectors. However, it is 

not clear how rhythmically oscillating cell assemblies and population vectors are related, and 

how they influence each other. We report a 1000-cell biophysical computational model of a 

neocortical circuit to investigate how different patterns of population activity recruit specific beta 

and gamma generating micro-circuits. Our preliminary results with a 1000-cell network model 

indicated that stable afferent ensembles recruit beta while varying ensembles recruit gamma 

oscillations. Previous work on gamma and beta oscillations have emphasized the resonant 

properties of interneuron networks as being instrumental in rhythm generation. Our preliminary 

model indicated that this is only part of the reason for the emergence of brain rhythms. The 

frequency of the rhythm is largely determined by the resonance of the recurrent principal 

cells/interneuron network. However, whether that network is activated, and the persistence of 



that activity, depends upon the slower temporal dynamics of the principal cell ensembles that 

supply the excitation to fuel the rhythm. Our preliminary model did not have specific layers and 

had only one type of pyramidal cells. The revised network model includes all pertinent layers in 

the neocortex with their predominant cell types. Model single cell characteristics as well as 

network features such as cell numbers, connectivity, synaptic and short- and long-term plasticity 

characteristics were calibrated using biological reports. We explored how random extrinsic drive 

engages the population vectors by varying either the drive intensity or the ensemble recruited. 

We also explored activation of different ensembles and how the population vector trajectory 

transitions on the low dimensional manifold. On-going work explores how the connectivity 

between model cell types determines the population vector trajectory and studies the dynamic of 

the transition between gamma and beta oscillation. 
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Abstract: Massively parallel computation via supercomputers offers the possibility of 

remarkably extensive parameter searches, a capacity well matched to the multitude of possible 

inputs driving a particular set of neurons. Our recent studies combine 3 advances: 1) novel array 

electrodes to measure firing patterns of populations of motoneurons in humans, via motoneuron 

connections to muscle fibers, 2) highly realistic computer simulations of these motoneurons and 

3) implementation of these models using supercomputers at the Argonne Laboratory Computing 

Resource Center. The huge advantage of the supercomputer approach is that their massive 

parallelism allows thousands (soon millions) of simulations to be carried out simultaneously. In 

this particular application, we use this computational power as the basis of a brute force approach 

to reverse engineer motoneuron firing patterns to identify the organization of their synaptic 

inputs. More specifically our goal is to identify the patterns of excitatory, inhibitory and 



neuromodulatory inputs. Our initial simulations (solving 7M+ ODE models) show that, although 

a given motor output pattern could potentially be generated by a huge number of combinations of 

these three types of input, neuromodulatory input makes motoneuron input-output properties so 

nonlinear that the effective “solution space” is restricted. These high levels of neuromodulatory 

inputs are coupled to strong inhibitory inputs, with interaction between these two input types 

providing the “amplifier” upon which excitation acts to execute the pattern of the movement. 

This is a novel insight into the synaptic organization of motor commands in humans. Overall, our 

results show that this reverse engineering approach can achieve deep insights about the 

organization of synaptic inputs that drive a set of neuronal firing patterns. Identifying the 

separate patterns of excitatory and inhibitory inputs appears to require highly nonlinear 

processing within the neurons. 
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Abstract: Neurosurgery is a key part of the treatment for brain tumors, and individual functional 

brain mapping plays an important role in the prevention of surgery-induced permanent deficits 

while achieving a maximal resection to increase survival. Task-based functional MRI (fMRI) is 

the method of choice for non-invasive, individualized functional brain mapping to inform 

presurgical planning and intraoperative decision-making (Silva et al, 2018; Golby et al., 2020). 

However, many patients are unable to reliably perform tasks during fMRI, and a sizable battery 

of tasks may need to be administered. Connectome Fingerprinting (CF) is a non-invasive 

precision brain mapping approach that can accurately predict individual functional brain 

organization from resting-state fMRI (rs-fMRI). Rs-fMRI eliminates subject task performance 

concerns, and one set of rs-fMRI data yields multi-battery task predictions. CF constructs high 

resolution models of connectome - task fMRI activation relationships (e.g., Tobyne et al, 2018). 



Here, we examined the feasibility of applying CF methods to predict motor system functional 

organization in 6 glioma patients (3 low grade, 3 high grade, aged 24-47 years), 15 healthy 

control subjects acquired on the same MR scanner, and 69 healthy control subjects from the 

Human Connectome Project (HCP-YA). Rs-fMRI and motor task fMRI was collected in all 

subjects, permitting validation of CF predictions. A CF model was constructed from motor task 

fMRI (hand, foot, lip/tongue) and rs-fMRI collected in 50 other HCP-YA subjects; a separate CF 

model was constructed from the local controls with cross validation. CF accuracy for each 

participant was assessed by Pearson correlation of the predicted and actual spatial activation 

patterns. Individual HCP-YA predictions from 60 mins of rs-fMRI strongly correlated with task 

fMRI: LH foot (r=0.63), LH hand (r=0.66), RH foot (r=0.63), RH hand (r=0.67), and bilateral lip 

(r=0.68). With only 4 minutes of rs-MRI, prediction accuracy fell but remained robust (r=0.46 to 

0.53). Within scanner predictions for local controls was stronger (r=0.23-0.51) than cross-

scanner predictions (r=0.14-0.39), highlighting the need for cross-scanner harmonization. The 

CF model trained on local control subjects (r=0.31-0.42) outperformed the HCP-YA model 

(r=0.07) in predictions of hand task activations in glioma patients. Patients with LGG had better 

predictions (r=0.31-0.42) as compared to patients with HGG (r=0.03-0.11). This work reveals 

both the promising feasibility of and some challenges in applying CF in the creation of 

individual, precision functional brain maps in individual subjects including glioma patients. 
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Abstract: When an animal is trained on a complex task, different task parts may be learned at 

different rates. Since reward is provided usually only at the end of each trial, it cannot be used to 



infer within-trial learning trends. Behavioral features such as speed or trial duration capture 

trends in the animal’s decision-making, but do not necessarily indicate that the animal is getting 

better at the task. We propose here an approach for studying learning of sub-parts of the task by a 

fine-level analysis of animal behavior. The task is modeled as a Markov Decision Process 

(MDP), making it possible to assign a value to each and every movement the rat performs while 

solving the task, and to determine the best decision the rat can take at each moment in time. By 

comparing the value of the best decision with the value of the action actually taken by the rat we 

get a time-resolved evaluation of rat behavior.We applied this approach to rats performing a 

sound localization task. In the behavior of real rats, we observed that (1) Rat behavior 

approached the optimal policy gradually throughout training; (2) most of the policy refinement 

occurred at a specific, short (<1s) segment of the trial; (3) the first trials of each day showed sub-

optimal performance that improved during the session. Lastly, we modeled the rat using artificial 

agents guided by a deep neural network. We observed similar features of learning in the artificial 

agents as in the real rats. We then investigated how the task is encoded by the agent’s deep 

neural network (DNN).Preliminary results indicate that the strongest connections between 

neurons were crucial for the precise network activity: The action accuracy of the network 

dropped by 50% when the strongest 5% of the weights are erased. However, the strongest 

weights were not sufficient for precise actions, since removing 40% of the smallest weights 

reduced accuracy by 20%. Interistingly, invariance to the rotational symmetry of the arena in 

which the rats were trained emergedin the DNN only in the last 2 layers. Further study of the 

information processing along the layers of the DNN will shed light on learning principles in 

artificial agents, and may be used to generate working hypotheses for learning in biological 

brains as well. 

Disclosures:  A. Kazakov: None. M.M. Jankowski: None. A. Polterovich: None. J. Niediek: 

None. I. Nelken: None. 

Poster 

578. Network Computation II 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 578.07 

Topic: I.06. Computation, Modeling, and Simulation 

Support: NIMH F32 MH107159 

NIMH R01-MH102840 

DOD ARO W911NF-15-1-0426 

Title: Estimating counterfactual spike trains under optogenetic interventions 

Authors: *Z. SACCOMANO1, S. A. MCKENZIE2, D. F. ENGLISH3, A. 

AMARASINGHAM4;  
1City Univ. of New York, New York, NY; 2Neurosciences, UNM HSC, Albuquerque, NM; 
3Neurosci., Virginia Tech., Blacksburg, VA; 4Mathematics, City Col. CUNY, New York, NY 



Abstract: Numerous studies - including ones using causal perturbations - have indicated that 

certain classes of monosynaptic interactions produce a precise, short-latency postsynaptic 

response. However, some distinct experimental studies suggest that in some circuits common 

input may be very fine timescale as well, raising the danger that fine-timescale correlations 

originating from common input may still masquerade as ‘monosynaptic.’ 

Here we examine the mechanisms of fine timescale synaptic interactions in biophysical models, 

fit models to data, and develop a method for inference, including estimators and confidence 

bounds for excitatory, inhibitory, and common cause inputs. The approach combines a 

timescale-based latent variable model with a causal potential outcome framework. Finally, we 

entertain the thought experiment that there are no temporal features distinguishing synaptic and 

common cause inputs in observational data, but show how the model gives distinct predictions 

for how correlations would change under distinct neural interventions (e.g., optogenetic 

silencing of common inputs versus silencing the synaptic type of a presumed direct connection). 

We note how this can, in turn, provide feedback to the model. 
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Abstract: Evidence from neuroimaging studies have implicated altered functional connectivity 

and abnormal brain network topology measures in Schizophrenia. Mechanistically this may 

reflect an imbalance of functional integration and segregation which is increasingly agreed to be 

essential for the operation of distributed brain networks underlying cognitive function. In this 

study, we aim to characterise global functional integration of brain network communities, using 

Mahalanobis distance, a multivariate Euclidean distance metric, on fMRI dataset of 72 patients 

with schizophrenia and 74 healthy controls (COBRE Dataset). First, mean BOLD timeseries 

were extracted using a 400 region, 17 resting state networks (RSNs) Schaefer parcellation. 



Functional connectivity (FC) was estimated by calculating Pearson correlation between brain 

regions and were subsequently r-to-z transformed. Subject-wise undirected, signed, weighted 

adjacency matrix was estimated considering brain regions as nodes and FC as edges. For each 

subject, in HC and SZ, we employ a data-driven generative model-based community detection 

approach called the weighted stochastic block model (WSBM) to cluster brain networks into 

communities. First, we systematically vary the number of communities detected from K=3-13. 

We select K=7 based on log-likelihood analysis. Next, we use an iterative consensus partitioning 

procedure, to derive representative communities at the group level. The iterative step is run for 

n=146 times, once for each subject and the algorithm converged at K=4 communities at the 

group level. Finally, we estimate global functional integration of brain network communities as 

Mahalanobis distance between communities. In the FC landscape, regions that are highly 

correlated can be visualised as hillocks and low-correlated regions as valleys. We calculate 

Mahalanobis distance between each brain parcel in one community with the distribution of brain 

parcels in other community, essentially calculating distance between hills and valleys. Low 

Mahalanobis distance indicates higher functional integration among brain network communities. 

Results show significant lower Mahalanobis distance between communities in SZ compared to 

HC, indicating an overall higher global functional integration in SZ. We use permutation-based 

t-test (B=10,000 permutations) to identify significant between-group differences. We compared 

Mahalanobis distance with other metrics used to characterise between-community interactions 

which further validates the efficacy. Thus, our study establishes the prospective use of 

Mahalanobis distance in identifying various disorders of mental health. 
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Abstract: The mammalian primary visual cortex (V1) contains neurons that respond 

preferentially to oriented visual stimuli. In some mammals such as rodents, these orientation-

preferring neurons are scattered throughout V1 in a "salt and pepper" orientation-preference (OP) 

map, while the OP map is much more ordered in mammals such as the monkey and cat. 



Underlying the formation of this OP map is the plasticity of synaptic connections between V1 

cells, together with feedforward synapses from the thalamus. Disruptions in the activation of 

neurons along this pathway during development can modify the plasticity underlying the 

formation of the synapses that determine OP, potentially leading to abnormal sensory processing 

that occurs in some neurodevelopmental disorders. Our prior work has shown that gap-junction 

coupling among excitatory neurons in V1 can affect the plasticity of feedforward synapses into 

V1 and, consequently, the organization of the resulting OP map. 

In our current work, we focus on the role of inhibition in forming the OP map. Inhibition is a 

crucial component of healthy neuronal networks; however, its spike-timing-dependent plasticity 

(iSTDP) is rarely treated realistically in computational models of synaptic development. This is 

due, in part, to the difficulties associated with measuring changes in inhibitory synaptic strengths 

and the vast number of different inhibitory interneuron populations. As a result of these 

difficulties, several different descriptions of iSTDP onto excitatory cells across the cortex have 

arisen, both from experiments and theoretical modeling work. We use a biologically-motivated 

mathematical model of the developing visual cortex to characterize the effect of these different 

iSTDP descriptions on the formation of feedforward synapses onto V1 cells, i.e., on the 

formation of its OP. In particular, we analyze two plasticity rules, one symmetric and one 

asymmetric, that give rise to different synaptic structures in the adult V1 network. This study 

will lend itself to advances toward a better understanding of the role of inhibitory plasticity in the 

formation of neuronal circuitries underlying computation in the cortex. 
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Abstract: We propose a trainable oscillatory neural network for modelling Brain Oxygen Level 

Dependent (BOLD) signals from resting-state functional fMRI. In this network, a single 

oscillator represents a single Region of Interest (ROI). Similarly, in the output layer, there is a 

single output neuron for each ROI. The network has two components: a network of oscillators 

with internal connections and a feedforward network. Training is performed in 2 stages: in the 1st 

stage, the intrinsic frequencies of the individual oscillators and the coupling weights among them 

are trained. In the 2nd stage, the feedforward network consisting of two complex-valued weight 

stages with a hidden layer of complex sigmoidal neurons are trained using backpropagation of 



complex-valued training error. Connections among the oscillators of the oscillatory layers are 

determined by the structural connectivity among the ROIs taken from diffusion MRI. Each 

oscillator along with its neighbours is connected to its corresponding output neuron via a hidden 

layer with 30 hidden neurons. Important to note that the amplitude of the complex coupling is 

fixed equal to the structural connectivity measurement, and the angle of the coupling is the 

trained angle from the first stage of learning. The experimental dataset is selected from an openly 

available resource [https://dx.doi.org/10.6084/m9.figshare.3749595.]. We only take the first 

participant’s 1st session data of 1196 time points of approximately 15 minutes among the 

available 40 participants from the Human Connectome Project (HCP). BOLD signal of 160 ROIs 

is reconstructed with high accuracy after 5000 epochs with a mean Root mean square error 

(mean RMSE) of 0.035 and 0.0033 standard deviation. Another way to define the model’s 

competency is to check the Pearson’s Correlation Coefficient between the functional 

connectivity matrix from the model and the empirical data. After 5000 epochs of training, it is 

0.97. 

However, our ultimate motive is to generate a more biologically plausible model without 

shunning the accuracy achieved. 
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Abstract: It has been hypothesized that the brain may sometimes operate in a critical state, 

where the activation of one neuron leads on average to the activation of one other neuron. In 

principle such neural criticality would confer computational advantages including optimization 

of dynamic range, information transmission and storage capacity. There is evidence for criticality 

from several different neural systems and species, including the larval zebrafish. Here we used 

volumetric 2-photon calcium imaging in zebrafish larvae at a range of ages to demonstrate the 

following. (i) Markers of criticality in neural dynamics change over development. (ii) Criticality 

markers are region-specific, so that criticality at the whole-brain level may not be a reliable guide 

to behavior at a regional level. (iii) Criticality markers are altered in fish mutant for fmr1, 

mutations in which are the most common inherited form of autism-spectrum disorder in humans. 

Together these results suggest that neural criticality may be better understood at a regional rather 

than whole-brain scale and that stage of development plays a significant role. However, the 

finding that markers of criticality were altered in an autism mutant supports the hypothesis that 

criticality may be important for brain function. 
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Abstract: Musculoskeletal models are useful to estimate individual muscle forces, as these 

forces are impossible to measure empirically. These models have been used to understand the 

cause of motor impairments in clinical populations. However, the validity of muscle force 

estimates depends on accurate model parameters such as peak isometric muscle force (F0). 

Previous studies have used Maximum Likelihood Estimation (MLE) or muscle imaging to 

estimate model parameters. However, because these methods return point estimates, parameter 

uncertainty is unknown, and it is unclear how to incorporate previous knowledge in the model. 

Here, we propose a hierarchical Bayesian modeling approach to estimate muscle parameters of 

individual subjects. Unlike MLE, Bayesian modeling assumes prior parameter distributions and 

updates these priors into posterior distributions based on the data with Bayes’ Rule. In addition, 

the hierarchical structure allows “borrowing” of knowledge between participants, which allows 

for faster and more accurate parameter estimation. First, we tested the feasibility of using 

Hierarchical Bayesian modeling to estimate F0 during a simulated upper limb isometric strength 

assessment using a model of the elbow joint with five muscle actuators (3 flexors; 2 extensors) 

with a Markov Chain Monte Carlo (MCMC) algorithm (implemented in JAGS). We simulated 

participants with a range of F0, tendon stiffness, and anthropometry parameters generated from 

normal distributions around population means. We then solved an optimization procedure to 

compute muscle activations during a series of isometric elbow conditions. Then, using a 

hierarchical Bayesian model, we sought to recapture the F0 for each simulated participant by 

using muscle activations with realistic signal-dependent noise as an input and elbow torque as 

the output. The model was able to accurately recapture F0 for each participant and the population 

(isometric torque RMSE < 1 Nm). We then applied the same hierarchical model to estimate F0 in 

a set of experimental data from 15 young, healthy participants. We collected isometric torque 

and associated electromyography data from a series of elbow angles and torque magnitudes. 

Although the model fit had greater errors (RMSE = 2-6 Nm) and the posterior distributions were 

wider than in simulations, the estimated F0 was physiologically plausible. In current work, we are 

developing more complex models to better predict the isometric torque. In the future, we intend 

to apply this workflow to estimate the muscle properties in people post-stroke, which will help us 

understand the source of motor impairments and track their recovery. 
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Abstract: The scientific ecosystem that spans the rapidly coevolving and dynamically 

interacting fields of Neuroscience, Cognitive Science, and AI has generated unprecedented 

advances over the past several decades. These have come not only in the form of enormous leaps 

in applications and globally disruptive technologies, but (repeatedly) in terms of how we 

interrelate the core concepts which constitute the body of knowledge itself. Acknowledging this, 

there is substantial motivation to develop techniques which allow for robust inference from the 

generating dynamics underlying such advances, in order to 1) make predictions about future 

states of research, 2) reliably identify areas with high-impact potential, and 3) understand the 

evolution of conceptual frameworks. We present CoGraph, a data- and knowledge base 

constructed from proceedings of many leading conferences in Neuroscience, Cognitive Science, 

and AI. CoGraph provides a basis to generate temporal co-occurrence networks and temporal 

knowledge graphs, and address these three aims. It spans over four decades of research, 

collectively encompassing tens of thousands of conference publications including from 

COSYNE, the Cognitive Science Society, CCN, NeuroIPS, MathPsych, and many others. 

Furthermore, the corpus includes conference, publication, author, and affiliation data, as well as 

titles, keywords, abstracts, and extracted textual entities. Given that conferences embody 

bleeding edge trends in research, serve as public forums for the multidisciplinary exchange of 

ideas, and do so with relatively low latency, we believe that they represent ideal candidates of 

study. We highlight the scope and utility of CoGraph, by demonstrating the breadth and depth of 

the temporal co-occurrence networks and temporal knowledge graphs generated from the data 

therein, thousands of nodes and millions of edges, which allow for the tracking of neurocentric 

trends, and co-occurring concepts and conceptual relations related to brain and mind. We then 

compare and contrast subgraphs of each, which are relevant to understanding important trends in 

the temporal evolution of concepts in neuroanatomy, neurophysiology, neurohistology, 

neurocomputation, cognitive neuroscience, as well as related methodologies and techniques. Our 

exploratory work provides a basis for studying the coevolving structures underlying the 

collective emergence of novel ideas and research trajectories, and for assessing the merit of 

scientific contributions to an ever-broadening ontological horizon—both to explore the space of 

conceptual content itself and to analyze its convergence and divergence across time. 
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Abstract: Neural integration and sequential pattern generation underlie many complex 

behaviors, and various architectures have been proposed to model them. Still, two challenges 

remain: robustness to noise (particularly for neural integrators) and coexistence of different 

attractors in the same circuit (e.g., to model multiple locomotive gaits). Here we model these 

disparate neural functions with Combinatorial Threshold Linear Networks (CTLNs), which are 

firing rate models with binary synapses and simple perceptron-like neurons. The dynamics of 

CTLNs are controlled solely by the structure of a directed graph, thus isolating the role of 

connectivity. Moreover, CTLNs are piecewise-linear, providing a mathematically tractable 

framework well suited for engineering circuits with prescribed attractors. We present three 

examples of neural integration and pattern generation. First, we propose a CTLN counter that 

counts the number of input pulses via the position of an attractor in a linear chain; a small 

variation on this network yields a signed counter that tracks the total number of signed (L/R) 

pulses on a number line. Simulations reveal that these counters are robust to noise. Next, we 

present a CTLN capable of reproducing five quadrupedal gaits: bound, pace, trot, pronk, and 

walk. These gaits coexist as distinct limit cycle attractors in the same network without changing 

parameters, allowing rapid transitions between gaits by stimulating single neurons. As with all 

CTLNs, the neurons do not intrinsically oscillate and so the periodic behavior of limit cycles is a 

result of connectivity alone. Finally, to illustrate a more general construction of a circuit 

controlling a sequence of attractors, we combine the basic counter with the 5-gait network in a 

layered CTLN (Fig. 1A-B). A sequence of gaits is encoded in the wiring between the counter and 

the 5-gait network, and each new incoming pulse advances the counter and activates the next gait 

in the sequence (Fig. 1C). While the timing of the sequence is determined by external pulses, the 

sequence itself is fully encoded in the network. 
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Abstract: The amygdala is known to be responsible for extracting from external stimuli their 

social and emotional significance. Context during stimulus delivery, which changes over longer 

timescales than rapidly changing stimuli, is crucial to determining the social importance of the 

stimuli. One way the amygdala might encode these persistent states is through changes in 

context-dependent coactivity patterns between populations of cells within and between amygdala 

nuclei. To explore this possibility, we analyzed local field potential (LFP) data recorded from the 

amygdala of three macaque monkeys presented with alternating blocks of social and non-social 

tactile stimuli. The social tactile stimulus, designed to mimic grooming, was delivered by a 

trusted human handler using gentle sweeps across the muzzle or brow of the monkey. The non-

social tactile stimulus was a machine-delivered gentle air puff which targeted the same locations 

of the skin. We recorded LFP data from linear arrays with 32 contacts inserted into the amygdala 

and analyzed the data using Generalized Eigen-Decomposition (GED), a robust framework 

useful for dimension reduction and source separation in multivariate electrophysiological data. 

GED provides a set of weights, i.e., a spatial filter, for the recorded channels that maximizes the 

difference in coactivity patterns between two specified states, in this case the difference between 

social versus non-social baseline (pre-stimulus) LFP signals. The GED analysis yielded spatial 

filters that extracted subnetworks of similarly covarying channels corresponding to nuclei in 

amygdala. Although the GED analysis was blind to information about the amygdala anatomy, 

the subnetworks identified by the algorithm aligned well with anatomical boundaries in the 

amygdala as reconstructed from structural MRI. Our results indicate that the organization of 

these subnetworks is context-dependent, with statistically separable spatial filters that changed 

between social and non-social blocks, suggesting that the amygdala can represent persistent 

states through context-dependent organization of coactivity across its nuclei. 
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Title: Analyzing the origin of cortical oscillation events in a data-driven biophysical model of 

the primate auditory thalamocortical system 
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Abstract: We developed a biophysically-detailed model of the macaque auditory 

thalamocortical pathway, with medial geniculate body (MGB), thalamic reticular nuclei (TRN), 

and a column of primary auditory cortex (A1). This model used the NEURON simulator and 

NetPyNE modeling tool to integrate information at the subcellular, cellular, and circuit-level 

scales, from synapse characteristics to cell electrophysiology to long-range, local and dendritic 

connectivity. We used this model to reproduce cortical oscillations observed in macaque non-

human primate (NHP) A1. We found that oscillations emerged spontaneously in the model and 

were comparable to those recorded in vivo. Individual oscillation events were detected in current 

source density (CSD) data from in silico and in vivo resting state recordings. These events were 

then classified by laminar region (supragranular, granular, infragranular) and frequency band 

(delta, theta, alpha, beta, gamma). To see if we reproduced physiologically realistic oscillation 

events in silico, we compared the duration, number of cycles, and peak frequency of oscillation 

events in the model and NHP datasets. These properties showed similar average values and 

overlapping distributions across frequency bands and laminar regions. We also compiled several 

examples of individual oscillation events from model and NHP which matched across all of these 

features. Having reproduced realistic oscillation events in silico, we used a supragranular theta 

oscillation event to demonstrate that the model can decipher the contributions of distinct 

neuronal populations to the overall CSD signal. This analysis revealed that the layer 4 spiny 

stellate and pyramidal tract cells, and the layer 5A intratelencephalic cells (IT5A), made the 

strongest contributions to the CSD signal during the oscillation. The contribution of IT5A was 

particularly interesting, since IT5A cell bodies were located 350-650 um below the electrode 

where the oscillation was recorded, suggesting that IT5A apical dendrite currents generated a 

substantial component of the detected oscillation. We also examined the corresponding spiking 

activity in these populations, and observed gamma band activity in the spike rate spectrograms, 

demonstrating a cross-frequency interaction often observed in oscillations, but with the added 

benefit of cell-type specificity. Overall, our model provides a valuable framework for integrating 

and reproducing experimental data in auditory circuits. Here we demonstrate this with respect to 

cortical oscillation events, and highlight how the model’s biological detail can be used to 

examine the origins of complex cortical activity. 
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Abstract: Neuroscience research is increasingly focused on understanding how networks of 

regions underpin cognitive processes rather than focusing on the role of specific brain regions. 

These networks are often studied using functional connectivity, a technique that investigates the 

relationships between neural time-series. Magnetoencephalography (MEG) and functional 

magnetic resonance imaging (fMRI) are amongst the most well-established non-invasive 

neuroimaging approaches to derive functional connectivity. These modalities are complementary 

to each other (Hall et al., 2014). Therefore, combining them holds the promise of utilizing both 

the high temporal resolution of MEG and the high spatial resolution of fMRI, thereby opening 

new research avenues. In this regard, evidence suggests that the two modalities measure similar 

brain activity—the local field potential (LFP). However, a direct comparison of MEG and fMRI 

data is difficult, largely due to the multifaceted nature of the MEG signal (Hall et al., 2014). 

Indeed, the possibility to decompose MEG across time and frequency domains allows the 

exploration of multiple features. Moreover, the analysis of MEG signals in source space is 

proven to be reliable, which allows for the comparison of MEG and fMRI. It nevertheless 

remains poorly understood how and to what extent (if any) the MEG signal matches up with the 

corresponding fMRI signal. Here we used both resting-state MEG and fMRI data of 89 human 

subjects from the Human Connectome Project (HCP) to investigate the relation of the functional 

connectivity metrics between the two modalities. We compared the MEG source-localized ROI-

to-ROI amplitude envelope correlation (AEC), weighted phase lock index (wPLI) and phase lock 

value (PLV) with the fMRI functional connectivity. Our preliminary results with 10 subjects 

show that the PLV (zero-lag non-adjusted) reflects similar structures (e.g., the cross-hemispheric 

connectivity) to the fMRI functional connectivity, whereas wPLI (zero-lag adjusted) and AEC 

(band-passed instantaneous power) show significantly different patterns. This result suggests that 

zero-lag phase synchrony, often considered as volume conduction artifacts in MEG, may contain 

some information about neural resting-state activity captured by fMRI. We thus provided 

empirical evidence that MEG connectivity metrics and fMRI functional connectivity have some 

similarities; however, one cannot fully explain the other and the result might heavily depend on 

the MEG analysis method. 
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Abstract: The social decision-making network (SDMN) has been a useful concept for 

examining the roles of interconnected nodes in the expression of social behavior. In order to 

understand these brain networks, it is necessary to describe the relationships between nodes and 

to relate connections and patterns within the network to distinct social behavioral states, such as 

sex or dominance status. In this study, we used graph theory network analysis (NA) and principal 

component analysis (PCA) to analyze oxytocin (OTR), vasopressin (V1a), and serotonin 5HT1a 

receptor binding data from 14 regions across the SDMN with the purpose of elucidating novel 

receptor expression networks and relationships. To investigate differences based on sex and 

social status (dominant, subordinate, nonsocial control) we extracted PCA scores and performed 

2(sex) x 3(social status) ANOVAs using these data as dependent variables. Three PCA 

components accounted for nearly 50% of the variance. Component 1 was dominated by positive 

loadings from OTR nodes and V1a nodes within the mesolimbic dopamine system. Component 2 

was more heterogenous, and was marked by strong loadings from V1a and 5HT1a in the AH and 

the MPOA. Males loaded significantly more highly than females on this component. Component 

3 was dominated by V1a nodes, particularly those within the mesolimbic dopamine system. Our 

NA revealed similar and complementary results. OTR nodes represented 60% of the top 25% of 

nodes. The three most central nodes were OTR in the paraventricular nucleus, the bed nucleus of 

the stria terminalis, and the medial prefrontal cortex (mPFC). Despite the high centrality of the 

mPFC with regard to OTR expression, the nodes representing V1a and 5HT1a in the mPFC were 

among the least central. The NA between males and females showed similar patterns of 

centrality among nodes. Notable differences include OTR in the anterior hypothalamus, which 

was the ninth-most central node for females, but 22nd for males, and OTR in the medial preoptic 

area, which was the 12th-most central node for females, but 25th for males. Node centralities were 

largely similar between dominants and subordinates. Notable exceptions were V1a in the central 

amygdala, which was the 35th-most central node for dominants, but was 21st for subordinates. 



These data show that, in Syrian hamsters, OTR expression in nodes in the SDMN are tightly 

coupled, and V1a and 5HT1a expression in these nodes differ between males and females but not 

between hamsters with differing dominance statuses. Supported by R01MH122622 and 

R01MH110212 to HEA and KLH. The content is solely the responsibility of the authors and 

does not necessarily represent the official views of the NIH or GSU. 
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Abstract: Human-scale whole-brain simulation is the ultimate tool for understanding the 

mechanisms of information processing and disorders in the human brain. However, a human-

scale brain simulation containing major brain regions of the cerebral cortex and cerebellum has 

not been achieved due to insufficient computational resources and adequate parallelization 

methods. 

To overcome the issues, we tested the effectiveness of exascale computing using the 

Supercomputer Fugaku for simulations of a cortico-cerebello-thalamic circuit. 

The supercomputer Fugaku has 158,976 ARM-based CPUs and 4.85 petabytes of memory. The 

CPU has 48 compute cores, each of which has two SIMD units of 512-bit length. The theoretical 

performance is about one exaFLOPS of in single precision. 

We used our in-house spiking neural network MONET simulator that performs a tile partitioning 

method and communication at an interval of half signal transmission delay. We introduced a new 

data structure to it to utilize the many-core architecture and SIMD computing. 



We evaluated the performance using spiking neural network models of the cerebral cortex [1], 

cerebellum [2], and thalamus that we have developed based on anatomical and physiological 

studies. The numbers of layers and neuron types were 5 and 18 for the cerebral cortex and 7 and 

9 for the cerebellum, respectively. We used a leaky integrate-and-fire neuron model for all 

neuron models. 

We examined weak scaling performance for the three models of the cerebral cortex, cerebellum, 

and cortico-cerebello-thalamic circuit using 1024 to 150,544 compute nodes of the Fugaku. At 

the maximum scales of models using 150,544 compute nodes, the Fugaku achieved simulations 

of the cerebral cortex with 24.5 billion neurons, the cerebellum with 124.8 billion neurons, and 

the cortico-cerebello-thalamic circuit with 44.5 billion neurons. In the three models, the elapsed 

times for one second of biological time at 150,544 compute nodes were 2.9, 13.1, and 11.8 

seconds which increased by less than 21 % compared to those of 1,024 compute nodes. The 

results demonstrated the scaling-up of the models with limited overheads. 

The Fugaku performed simulations of the cerebral cortex and cerebellum about 160 times and 40 

times faster than the K computer that had 11 petaFLOPS of theoretical performance when the 

same sizes of the models were set per one compute node. 

These results suggest that exascale computing will be effective for a human-scale brain 

simulation and open new doors for studying the human brain in neuroscience. 

[1] J. Igarashi, et al., Frontiers in Neuroinformatics, vol. 13, p. 71, 2019. 

[2] H. Yamaura, et al., Frontiers in Neuroinformatics, vol. 14, p. 16, 2020. 
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Abstract: LFP oscillations in the beta range are prominent in various areas of the motor system, 

and in the primary motor cortex of nonhuman primates they have been shown to propagate as 



planar traveling waves along a rostro-caudal axis. Single-trial analysis showed that immediately 

prior to movement onset the amplitude of these beta oscillations attenuates, and the time of beta 

attenuation follows a spatial gradient on the cortical sheet along a similar rostro-caudal axis, 

suggesting that propagating patterns of cortical excitability are a signature of movement 

initiation. These beta attenuation patterns are distinct from the beta waves observed during 

movement preparation, and it is unclear whether these two phenomena are related. Here, we 

developed a network of leaky integrate and fire excitatory and inhibitory neurons with spatially-

dependent connectivity as a model of the motor cortical sheet. We characterize the dynamical 

regimes that the model exhibits for different system parameters and we identify the parameters 

that allow the model to reproduce salient features of multielectrode recordings from the primary 

motor cortex of monkeys performing an instructed-delay, reaching task: the population rate 

dynamics, the typical LFP autocorrelation function, and the LFP cross-correlation profiles as a 

function of the distance between channels. For our choice of the synaptic couplings parameters, 

the LFPs oscillate with frequency in the beta range, individual cells fire irregularly, and traveling 

waves are observed. While a model with isotropic connectivity produces traveling waves that 

propagate either as planar or radial waves in any direction, after introducing anisotropy in the 

connectivity we observe predominantly planar waves traveling along a specific direction. If the 

strength of an homogeneous external input to the network is increased, the beta amplitude profile 

is reduced. Interestingly, as the strength of the external input increases, the model reproduces a 

spatial pattern of beta attenuation times consistent with experimental data. Overall, our model 

investigates mechanisms for the emergence and suppression of traveling waves in the beta range 

in the motor cortex and shows that traveling waves spontaneously emerge in a neuronal network 

with heterogeneous and spatially dependent synaptic connections when the network is in a 

globally oscillating regime, and that spatial patterns of beta attenuation at moment initiation can 

be a signature of a rapidly increasing and spatially homogeneous external input. 
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Abstract: Cell assemblies - graph-like structures of neurons - are widely believed to represent 

the physical substrate of memory. Although it is well established that long-term plasticity (LTP) 

is crucial for cell assembly formation, little is known about how the emergence, reorganization 

and behavior of cell assemblies depends on other factors including astrocytes and short-term 

plasticity (STP). Here, we investigated the self-organization of cell assemblies in the absence of 

structured sensory input in a recurrent network model that mimics the area CA3 of the 

hippocampus. In our model, recurrent connections are modifiable by the symmetric STDP that 

was observed in CA3 (Mishra et al., 2016). Furthermore, our model incorporates two novel 

features into the synaptic learning rule. (1) Weight changes at excitatory synapses depend on the 

releasable amount of transmitters at the presynaptic terminals. In a computational model, the 

STP-dependent STDP was previously shown to facilitate goal-directed sequence learning 

through reverse replay (Haga & Fukai, 2018). (2) We implicitly modeled the effect of astrocytes 

on the network by introducing large variability into the neurotransmitter release probability. It 

was recently shown that the blockade of NMDA receptors on astrocytes significantly narrows the 

release probabilities of synapses on single neurons (Chipman et al. 2021). Our simulations reveal 

that both STP-dependent and STP-independent symmetric STDP supports the emergence of 

robust cell assemblies in the network that receives no structured input. Interestingly, however, 

the STP-dependent STDP, but not the STP-independent one, confers two computationally 

desirable properties on the spontaneous activity of the model. First, it develops a more stable cell 

assembly structure that better maintains self-similarity across time. Second, the model becomes 

more responsive to external stimulation, making it easier for new stable cell assemblies to 

emerge. Finally, we found that the presence of astrocytes facilitates both self-organization and 

stimulus-driven reorganization of the network. Our results suggest additional computational 

benefits of STP-dependent STDP and highlight a previously unknown regulatory function of 

astrocytes in memory formation. 
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Abstract: Both dynamic models and communication strategies have been proposed to provide a 

link between brain structure and function. The Kuramoto oscillator model is frequently used to 

model whole-brain neural dynamics as measured with BOLD fMRI. We argue that the Kuramoto 

model allows diffusive dynamics to unfold on a static network but is not designed to capture 

more efficient strategies for signal traffic described in communication models. We propose a 

modification to the traditional Kuramoto model. The proposed model limits causal influence to a 

set of ‘active edges’ by choosing the m most phase-synchronized neighbors of every node on 

each time step. Thus, diffusive dynamics are limited, and edges are turned on or off in accord 

with the local dynamics of the system. We simulate our model with a subject-averaged (n = 95) 

structural network from the Human Connectome Project across all possible m values. The 

simulated functional connectivity (FC) produces a better fit with subject-averaged empirical FC 

(mean r = 0.25, std=0.009, 24 simulations) than the standard Kuramoto model (mean r = 0.20, 

std=0.008) (Fig. 1) when m=20 edges per node, far less than the mean degree of the structural 

network (60 edges). Further analysis reveals that model performance varies under different edge-

selection regimes and that edges within structural modules remain turned on while edges 

between structural modules are more dynamic. Findings replicate in an independent dataset. We 

discuss how, using node-level information, the model allows the network structure to respond to 

momentary fluctuations in system dynamics, and so represents a unification of perspectives from 

dynamic modeling and communication strategies. 

Fig 1. 24 simulations of the proposed model were performed for each value of m, ranging from 1 

to the max. degree of the structural matrix. Time-series were convolved with a 

haemodynamic response function and FC was correlated with subject-averaged empirical FC. 

Each point represents one run of the model. The blue line marks the correlation value for the 

standard Kuramoto model (avg. over 24 simulations). 
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Abstract: Neural ensembles are found throughout the brain and are believed to underlie diverse 

cognitive functions including memory and perception. Methods to activate ensembles precisely, 

reliably, and quickly are needed to further study their role in cognitive processes. Previous work 

has found that ensembles in L2/3 of the visual cortex (V1) exhibit pattern completion properties 

in a stochastic manner: ensembles composed of tens of neurons can be activated by stimulation 

of just two neurons, but previous methods of identifying pattern completion neurons resulted in 

an ensemble recall rate of only 5%. In this study, we optimized selection of pattern completion 

neurons using a graph theory approach. We developed a computational model that replicated the 

structural and electrophysiological properties of different cell types in L2/3 in mouse V1. We 

identified ensembles of densely connected excitatory neurons in this model using k-means 

clustering. We then stimulated multiple pairs of neurons in the same ensemble while tracking the 

activity of the rest of the ensemble and the ensemble recall rate. To quantify a pair’s power to 

activate an ensemble independent of the network’s pre-stimulation state, we defined a novel 

metric called pattern completion capability (PCC), the mean pre-stimulation voltage needed for a 

pair of neurons to have a 5% ensemble recall rate. We found that PCC was directly correlated 

with multiple graph theory parameters and that LASSO regression could accurately predict PCC 

from these features. Of these parameters, degree and closeness centrality had the most predictive 

power. Additionally, sets of neurons with more post-synaptic neurons in common had better 

PCC than sets that shared only a few downstream neurons. To improve selection of pattern 

completion neurons in vivo, we computed from an ensemble’s pattern of sequential activation a 

latency metric that was directly proportional to PCC and could potentially be estimated from 

modern physiological recordings. Neurons that, on average, fired earlier in an ensemble’s 

activation pattern (shorter latency) were more likely to have better PCC. These findings can help 

researchers identify pattern completion neurons to stimulate in vivo during behavioral studies to 

control ensemble activation in a temporally specific manner. 
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Title: Generative network modeling reveals a first quantitative definition of bilateral symmetry 

exhibited by a whole insect brain connectome 
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Abstract: Comparing brain networks (connectomes) can help explain how neural connectivity is 

related to genetics, disease, development, or learning. However, the problem of making valid 

statistical inferences about the significance and nature of differences between networks is an 

open area of research, and such analysis has yet to be extensively applied to nanoscale 

connectomes. Here, we investigate this problem of comparing networks via a case study of the 

bilateral symmetry of a larval Drosophila brain connectome. We ask what it would mean for this 

brain to be bilaterally symmetric by translating this notion to generative models of the network 

structure of the left and right hemispheres, allowing us to test and refine our understanding of 

symmetry. Even when using the simplest model, which characterizes the level of hemisphere-

wide connectivity, we detect a significant asymmetry. We then test whether this difference can 

be localized, finding asymmetry in specific groups of connections between cell types. When we 

adjust for the difference in hemisphere-wide connectivity level and omit a specific cell type, we 

no longer detect a difference between the hemispheres, providing a first quantitative definition of 

bilateral symmetry exhibited by an insect brain connectome. We also consider edge weight 

thresholds, finding that networks formed from only strong connections display no significant 

asymmetry under any model we considered. This work suggests aspects of connectome structure 

which are more likely to be preserved by the developmental program of this organism. More 

generally, it provides an illustrative example of how statistical inferences from networks can 

facilitate future comparisons of fine-scale neural structures. To enable others to use and extend 

these statistical tools, we make them available via our open-source Python package, graspologic, 

at https://github.com/microsoft/graspologic. We also document all analyses performed in this 

work at https://github.com/neurodata/bilateral-connectome. 
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Abstract: Knowing how a nervous system develops is essential to understanding the neural basis 

of behavior. Despite a wealth of research into neuronal networks, their structural development is 

poorly understood. Although many factors play a role in synapse formation, including guidance 

molecules and the spatial location of cells and neurites, the relative role each plays in 

determining the final connectome remains unclear. With a relatively small and reconstructed 

connectome at the cellular level, C. elegans is an ideal subject to address this challenge. While 

experimental progress is being made, computational modeling of these processes can help 

validate existing assumptions or generate novel hypotheses, possibly leading to new theory-

driven experiments. Previous research has tested how close a model could match the network 

properties of the C. elegans connectome by considering only the distance between neurons. This 

model generated networks within 1 standard deviation of the connectome in two key network 

properties: the average distance between connected nodes and the total number of bidirectional 

links. However, the networks differed from the connectome in other crucial metrics, including 

the clustering coefficient, being 2 standard deviations from the connectome. When replicating 

these results, we found these networks had degree distributions more akin to random networks 

than to that of C. elegans. This work extends the previous work by including the spatial location 

of neurites. We tested the hypothesis that spatial embedding of these processes would result in 

networks more like the C. elegans connectome than otherwise. We developed a model which 

formed connections at intersections of artificial neurites, passing through the densest region of 

the nervous system, the nerve ring. Because sensory/motor neurons often develop in a preset 

manner, testing was restricted to the frontal ganglia. The model's resulting networks were 

compared with those of the previous model, random networks, and two C. elegans connectomes. 

Using network metrics from previous studies, we found the new model was more accurate in 

reproducing the neural connectivity of C. elegans. The improvement in accuracy further supports 

the importance that spatial constraints of neural processes have in synapse formation. Although 

spatially embedding neurites improved the reconstruction of the C. elegans connectome, the 

specific connectivity remained unmatched in important ways. For example, connections between 



neurons on opposite sides of the pharynx remain underrepresented. Future work will seek to 

consider the assumptions needed to explain the remaining differences. 
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Abstract: This work explored synaptic strengths in a computational model of a controller for the 

hip joint of a rat consisting of Ia interneurons, Renshaw cells, and the associated motor neurons. 

This circuit has been referred to as the Canonical Motor Microcircuit (CMM). It is thought that 

the CMM acts to modulate motor neuron activity at the output stage. We first created a 

simplified biomechanical model of a rat hindlimb consisting of a pelvis, femurs, shins, feet, and 

flexor-extensor muscle pairs modeled with a linear-Hill muscle model. We then modeled the 

CMM using non-spiking leaky-integrator neural models connected with conductance-based 

synapses. Both the biomechanical and neural models were developed in Animatlab, a software 

environment for developing neuromechanical models. The CMM’s internal parameters were then 

tuned such that the trajectory of the hip joint was similar to that of a rat during locomotion. We 

first specified parameters based on published results, combined with hand-tuning, demonstrating 

that this network is capable of reproducing joint kinematics. We additionally implemented an 

automated approach for parameter search using the Markov chain Monte Carlo (MCMC) method 

to solve a parameter estimation problem in a Bayesian inference framework. This approach is 

capable of exploring a larger parameter space than was feasible through hand-tuning and 

provided probability densities over the multidimensional space of parameters. We present 

marginals of these densities which allow us to determine if the solution space is uni- or multi-

modal, as well as to determine the significance and sensitivity of each parameter. The hand-tuned 

results were compared to the results obtained with MCMC, showing that the MCMC approach 



found parameters that produced similar results to those found while hand-tuning in terms of hip 

joint trajectory. We plan to use this approach to evaluate the function and significance of Ia 

feedback and of Renshaw cells and the interaction between these elements in a CMM and limb 

mechanics. 
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Abstract: Technological advances have revolutionized how we measure and manipulate brain 

activity, while behavioral technologies have lagged behind. Recent developments introduced 

methods for quantifying movements and poses but we lack general approaches to describe and 

communicate behavioral tasks, which are necessary to infer internal states not visible from 

movements alone. Different laboratories use different systems, hardware, and software to probe 

behavior, making it difficult to communicate task design, share data, or reproduce experiments. 

Furthermore, neural data archives require matching behavioral data archives for interpreting 

neural activity. Here we developed a universal framework for designing, implementing, 

communicating, and archiving behavioral tasks. 

Our framework consists of two components, a description language and a data format along with 

associated software tools. BEADL, the BEhavioral tAsk Description Language, defines 

behavioral tasks as virtual finite state machines that can be described graphically as an easy-to-

understand flow diagram. In each state, the sensed behavioral output of a subject is defined as 

events, causing transitions to other states. In addition, each state has a defined list of distinct 

actions, that the task controlling environment is performing (e.g., stimulus presentation). We use 

virtual inputs to generalize the descriptive power of this framework. BEADL’s graphical 

representation of a behavioral task can be translated into a corresponding XML-based 

(eXtensible Markup Language) definition. XML provides a rigid but extensible basis and hides 

most of the hardware-related implementations of the behavioral control and acquisition system 



from the graphical representation. A newly developed extension for the NWB-format (Neurodata 

Without Borders) allows for storing of behavioral data capturing both the BEADL task 

description together with the behavioral output of a subject. This universal task description 

language will help not only to further standardize data formats but also to have a consistent way 

of linking neural and behavioral data with the contingencies of the behavioral task. 

To illustrate BEADL, we have created templates for numerous published tasks and a web-based 

graphical editor. We also present our workflow for automated code generation using BEADL’s 

XML-description for one widely used control system (Bpod). In summary, we have developed 

and end-to-end concept for designing, communicating, executing, and archiving behavioral tasks 

that we hope will support our communities’ efforts to understand brain function. 
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Abstract: Neural recordings are often high dimensional while the dynamics related to behavior 

and stimuli are thought to be low-dimensional. Similarly, many complex, ethological sensory 

stimuli and behaviors can be described by a large number of dynamic features. Popular 

dimensionality reduction techniques, such as Principal Components Analysis, Dynamics 

Components Analysis, or Preferential Subspace Identification, do not simultaneously identify the 

endogenous (neural) dynamics that are ‘causal’ for exogenous (behavior and stimuli) dynamics 



when the relevant exogenous variables are unknown. Thus, identifying neural subspaces that 

‘cause’ (e.g.,) an unknown subset of behavioral features is an outstanding gap. 

To address this gap, we introduce external Dynamics Components Analysis (eDCA), a linear 

dimensionality reduction method that finds a subspace of the neural data that has maximal 

mutual information with a subspace of the exogenous data. Specifically, we determine the 

predictive information between past/future neural and exogenous dynamics. Thus, eDCA 

supports ‘causality’ in both exogenous directions - future neural ‘caused’ by past exogenous data 

such as sensory stimuli, and past neural ‘causing’ future exogenous data such as behavior. 

First, to validate the method, we generate synthetic data using autoregressive processes with 

known ground truth endogenous (i.e., neural) dimensions relevant for exogenous (e.g., behavior) 

dimensions. We show that eDCA identifies ‘causal’ neural dimensions relative to an exogenous 

process: eDCA accurately weights the relative importance of the neural dimensions relevant for 

generating (a priori unknown) exogenous dynamics. We also demonstrate eDCA identifies the 

exogenous dimensions ‘caused’ by neural dynamics. Hence, eDCA simultaneously finds 

projections of neural and exogenous dynamics that are maximally ‘causal’. Next, we apply 

eDCA to monkey arm reaching data with simultaneously recorded neurons in motor cortex 

collected by the Sabes lab. We show the neural subspace found by eDCA decodes behavioral 

data comparably to or better than other methods. When independent time series are included in 

the neural and behavioral data, we find that eDCA discards the superfluous appended 

dimensions. 

Together, these results demonstrate that eDCA provides a framework to directly learn subspaces 

of neural dynamics that are causally relevant for subspaces of exogenous dynamics. eDCA can 

be used to identify relevant features in both neural and exogenous subspaces; thus, by 

compressing exogenous data, eDCA removes the burden of manual feature selection in complex, 

ethologically relevant stimuli and behavior. 
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Abstract: To understand the relationship between behavior and neural activity, experiments in 

neuroscience often include an animal performing a repeated behavior such as a motor task. 

Recent progress in computer vision and deep learning has shown great potential in the automated 

analysis of behavior by leveraging large and high-quality video datasets. In this paper, we design 

Disentangled Behavior Embedding (DBE) to learn robust behavioral embeddings from 

unlabeled, multi-view, high-resolution behavioral videos across different animals and multiple 

sessions. We further combine DBE with a stochastic temporal model to propose Variational 

Disentangled Behavior Embedding (VDBE), an end-to-end approach that learns meaningful 

discrete behavior representations and generates interpretable behavioral videos. Our models learn 

consistent behavior representations by explicitly disentangling the dynamic behavioral factors 

(pose) from time-invariant, non-behavioral nuisance factors (context) in a deep autoencoder, and 

exploit the temporal structures of pose dynamics. Compared to competing approaches, DBE and 

VDBE enjoy superior performance on downstream tasks such as fine-grained behavioral motif 

generation and behavior decoding. 
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Abstract: The identification and quantification of animal behavior from video recordings have 

rapidly developed with the rise of easy-access, markerless pose estimation. In particular, 

unsupervised algorithms have enabled the unbiased discovery of movement motifs and 

simultaneously reduced effort costs. However, despite these considerable benefits, user 

refinement is often needed to align motifs with scientific nomenclature, particularly for specific 

social behaviors that coarse descriptions may only define. 

Although some supervised methods exist that aim to reproduce human classification directly, 

their inflexibility and training costs are prohibitive and lack the benefits of unsupervised 

behavioral identification. 

Our algorithm overcomes these challenges by incorporating an active-learning component into 

the behavioral discovery process, considerably improving accuracy and training cost. In addition, 

the developed pipeline allows the unsupervised discovery of latent structures (B-SOiD, Nat 



Comm) within the dataset to identify subtypes within known groups or disentangle unlabeled 

data. These newly found groups can then be integrated into the active learning process to build a 

balanced, high-quality dataset for the robust classification of social behavior, combining user-

defined actions with unsupervised pattern discovery in a single classifier. 

We show its capabilities by investigating a sizeable human-annotated data set of social behavior 

in mice (CalMS21; Sun et al. 2021) and extending the range of detected behavioral expression. 

In our hands, the algorithm reached its highest performance (F1=87.2%), outperforming the 

current state-of-the-art solution (F1=86.4%; Sun et al. 2021) with only ~10% of the available 

training data. Thereby considerably increasing the data efficiency and reducing the effort cost. In 

addition, we were able to identify a known behavioral phenotype, anogenital approach, which is 

well described in male-female social behavior by exploring the 'investigation' class of the 

dataset. Notably, the dataset does not inherently discriminate between specific subtypes of 

investigative behavior. 

Moreover, we show the real-time performance of our solution and its applicability within closed-

loop experiments (DLStream, Comm Bio) and illustrate that the algorithm is agnostic to animal 

models in an independent single monkey dataset. 

This new technique combines the benefits of supervised and unsupervised behavioral 

segmentation approaches to provide guided classification and discovery of conserved 

spatiotemporal movement patterns, all with greatly improved computational efficiency. 
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Abstract: Automating the analysis of animal behavior is a major current challenge in 

neuroscience. In recent years, machine learning and computer vision techniques have become 

part of the neuroscience toolkit for the high-throughput study of animal behavior. While progress 

has been made in tracking single animals in simple environments, it is still a major challenge to 

do the same task in complex environmental conditions. This limitation has hampered the 

capacity to effectively study animals under ethologically-relevant conditions, such as when they 

are occluded inside their nests or during the dark phase/under poor lighting conditions. 

Moreover, as available tools often demand coding ability and specialized hardware, they are 

frequently inaccessible to scientists lacking the necessary computational background. Our goal 



for this project was to develop a computer vision based open-source toolbox to track objects 

easily and automatically in complex environments. Utilizing a tracking via detection setup, we 

developed a robust single animal tracking method. We utilized the Faster R-CNN framework, 

which enables the identification of bounding boxes for objects. The bounding box predictions are 

then aggregated and refined using a filtering algorithm to infer the trajectory of an animal 

throughout the video. By using the Mask R-CNN framework (a simple model architecture 

extension to Faster R-CNN), our tool is able to collect additional predictions from the same 

videos, including keypoint/pose estimation (key points defining an animal posture) and 

segmentation masks (a binary mask indicating which pixels belong to the object) which can be 

used for further behavioral analysis. To validate our system, we curated a mini benchmark 

dataset that presents the relevant challenges that exist in complex environments (e.g., occlusions 

and low-lighting conditions). With our dataset we validated our single animal tracking system 

using tracking accuracy and further validated our detector’s bounding box, keypoint and 

segmentation mask performance using COCO style evaluation (a computer vision benchmark 

which defines metrics for evaluating detection models). Lastly, we provide a google colab 

implementation of our toolbox, permitting scientists with limited computational resources or 

specialized hardware, to utilize it without a local setup. 
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Abstract: The OpenBehavior Project promotes the use of open-source tools for behavioral 

neuroscience research. Since 2016, the project has disseminated information on more than 200 

research tools on a weekly basis through blog posts to our website and through social media. 

Over the past 18 months, we have (i) created a database of all tools featured on 

openbehavior.com and issued Research Resource IDentifiers (RRIDs) that facilitate the citation 



and tracking of the tools in research publications; (ii) created a repository of raw video 

recordings of animals performing behavioral tasks that are commonly used in neuroscience 

research, organized a series of community conversations on video analysis tools, and written a 

commentary on setting video methods in a lab and best practices for the use of video methods; 

and (iii) developed in-person and virtual training workshops on Arduino-based microcontrollers, 

which are heavily used in neuroscience research. The goal of this poster is to share these efforts 

with the community and also plan for three new initiatives over the coming year. First, we are 

launching a new repository of computer code from open-source control platforms (e.g. Arduino, 

Bonsai, PyControl) and electronic circuit designs used for commonly used behavioral tasks. In 

parallel, we will organize a community effort to better document the setup, use, and integration 

of behavioral control systems with other popular open-source tools for data acquisition (e.g. 

Open Ephys, Open Miniscope, DeepLabCut). Second, we will create a repository of open-source 

designs for 3D printed objects that are used in neuroscience research. Having access to design 

files will allow researchers to quickly implement new devices into existing experimental setups 

and also replace failed parts for devices as diverse as stereotaxic instruments, video cameras, and 

electronic and optical interfaces (e.g. commutators). These repositories will make research more 

reproducible and reduce barriers for the use of open-source methods and tools. Finally, we will 

organize training workshops on data analysis methods and modeling packages that are based on 

open-source computer languages (Python, R) and used for the study of behavior (e.g. 

Reinforcement Learning, Drift Diffusion Models). We hope that these efforts continue to 

stimulate development and innovation, as well as more widespread use of the powerful and 

cutting-edge methods that have emerged from the open-source neuroscience community. 
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Abstract: In systems neuroscience, both behavioral and physiological analyses are essential for 

research. An experimental setup that takes both of these into account requires hardware and 

software that can integrate various devices for different purposes in an experiment. We therefore 

developed a system called BehavBox, which utilizes a set of single-board Raspberry Pi 

computers running Python, a flexible and easy-to-learn programming language. On the hardware 

level, the system of Raspberry Pis is inexpensive, and the communication protocol between the 

Pis and other devices is easy to control, either using I2C, TTL pulses, or ethernet/WiFi. It also 

allows for time sensitive synchronization between the devices, hence allowing for high accuracy 

in tracking behavioral data and physiological recordings both in real time and after the 

experiment. The system uses a custom-written Python-based state machine architecture that 

allows beginner-level programmers to implement a wide range of behavioral paradigms. The 

objectives of developing the BehavBox system were to assist systems neuroscience and 

behavioral psychology researchers to be able to set up a wide range of behavioral and 

experimental protocols that allow efficient coordination within the system while constraining the 

setup to be easy to use in a research pipeline. 
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Title: Pymaze - an open-source integrated software and hardware for simplified deep-learning-

based behavioural tracking and control of automated mazes 

Authors: *S. T. KAPANAIAH1, S. LAMMERICH1, H. ROSENBROCK2, B. HENGERER2, D. 

KÄTZEL1;  
1Inst. für Angewandte Physiologie, Univ. Ulm, Ulm, Germany; 2Boehringer Ingelheim Pharma 

GmbH & Co., Biberach an der Riss, Germany 

Abstract: To assess cognitive and affective functioning in rodents, various arenas and mazes are 

widely used, since the advent of behavioural neuroscience. However, these are often run 

manually and use manual scoring or proprietary software for tracking. This entails several 

drawbacks: manual operation interferes with the animal’s behaviour (e.g. to open doors), is 

labor-intense, and is mostly limited to one animal at a time. Standard tracking software, in turn, 



usually comes with tracking errors, the limited possibility of pose-estimation (e.g., head-

direction), and only costly integration with external hardware. To overcome these limitations 

while retaining the simple “plug-and-play” applicability that commercial tracking software 

offers, we developed and evaluated pyMaze. pyMaze includes a stand-alone Python-based 

graphical user interface (GUI) that allows setup experiments easily in mazes of arbitrary shape, 

defining zones, task stages, and outputs. This system is built on DeepLabCut-live inference and 

thereby attains practically error-free tracking and pose-estimation. pyMaze runs on personal 

computers with dedicated graphics cards; but to reduce costs, we used the NVIDIA Jetson 

development board, which can process images online up to 20 FPS from two setups 

simultaneously, or 30-35 FPS from a single setup (depending on camera hardware and image 

size). We trained a TensorFlow model (mobilenet_v2_1.0) using DeepLabCut™ and used the 

exported model for online tracking, which works in various mazes. Tracking results showed a 

higher correlation with manual scoring (r ~ 0.9-1.0) than commercial standard tracking software 

results. Beyond its function as high-performance tracking software, pyMaze is built for versatile 

bidirectional interaction with external devices (e.g., for time-stamping of physiological 

recordings) and microcontrollers. We used an STM32 high-performance Arm® Cortex®-M7 

core microcontroller-based hardware, utilizing functions from the pyControl framework, to 

operate fully automated multi-arm mazes. We further present an optimized design for stepper-

motor-driven rising doors with a very low audible noise that is controlled by pyMaze based on 

task sequences and tracking information about the animal’s location. Their smoothly rising and 

automated operation minimizes interference with animal behaviour. Finally, we validated the 

integration of software and hardware of the pyMaze system, showing a seamless operation in 

complex multi-stage sequences and a fully automated maze. All designs and code will be open-

source on GitHub (https://github.com/KaetzelLab). 
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Authors: *T. L. FONG1, H. HU2, T. H. MURPHY2;  
1Univ. of British Columbia, Univ. of British Colombia, Vancouver, BC, Canada; 2Psychiatry, 

Univ. of British Columbia, Vancouver, BC, Canada 

Abstract: Characterizing posture and quantifying movement patterns in animals are crucial for 

behavior phenotyping. Traditionally, this has been manually done by human observers, which is 

labor-intensive and often fails to detect differences in the rapid, fine-scale movements, ultimately 

resulting in the inability to characterize many behaviors of interest. Recent advances in computer 

vision, namely DeepLabCut, have popularized 2-D posture tracking due to its high accessibility 

and ability re-train underlying weights for posture detection in a wide variety of experimental 

settings. However, precise animal behavior characterization requires 3D measurements of whole-

body movements using at least three distinct view angles to resolve posture ambiguities in cases 

such as visual occlusion. Currently, most synchronous multi-view video capture setups employ 

high-speed cameras with mirrors or expensive custom hardware, significantly reducing the field 

of view and requiring a high degree of expertise to set up, respectively. Therefore, we developed 

the Pi-Mouse Studio (PMS), an easy-to-setup and open-source assay for capturing mice 

movement in 3D. The setup joins four Raspberry Pi computers through ethernet connections and 

GPIO pins to achieve near synchronous recordings using light pulses. Three cameras were 

positioned horizontally to the animal at 120 degrees viewing angles to each other, and a fourth 

camera was positioned underneath the animal. Video Recordings were done in a cylinder with a 

high animal-to-background contrast environment under IR-light. During the offline analysis, 

postures were first detected for each camera in DeepLabCut and then triangulated to compose a 

3D posture model using Anipose. Through UMAP dimension reduction and clustering, we were 

able to identify and quantify different behaviors, including rearing, turning, and reaching. We 

further plan to test mice models of Huntington's disease and stroke in PMS, to allow for precise 

classification of movement symptom progression/recovery. 
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Abstract: Virtual reality (VR) has been a useful tool for animal model neuroscience for decades, 

enabling the study of complex behaviors in head- or body-fixed animals and investigations of the 

neural circuitry underlying visual and spatial cognition, learning, and decision-making. Wider 

adoption of VR has been hindered by the high cost and/or technical complexity of panoramic-

display systems, which due to their size can be cumbersome to integrate into existing 

experimental setups. Following the resource-efficient headset-based design of household VR 

systems for humans, we have developed a fully functional mouse-sized VR headset: a smaller, 

faster, simpler, and more immersive VR platform for mouse neuroscience. Using SPI-based 

circular LED displays and Fresnel lenses positioned for infinity focus, we created wide field-of-

view eyepieces (120-140o FOV per eye) which can fully enclose the mouse eye, blocking 

confounding visual stimuli (such as from microscope objectives, treadmills, or lick ports) as well 

as preventing light pollution from the displays from interfering with other experimental 

equipment (such as sensitive microscope PMTs). Using just a single eyepiece driven by a fast 

microcontroller (Teensy 4.0) and open-source graphics library, we created a compact (~1.5 in3) 

display device for simple monocular visual stimulation - a convenient tool for vision 

neuroscience. Presenting drifting gratings on the monocular eyepiece to an anesthetized mouse 

during 2-photon calcium imaging of contralateral V1 layer 2/3, we successfully stimulated and 

identified orientation- and direction-selective cells. Using a two-display binocular headset driven 

by a Raspberry Pi 4 and custom SPI-display driver, we could create 3D environments using the 

cross-platform Godot video game engine and project the environments on the displays using a 

split-screen viewport and custom shaders. With this 3D platform, we can present interactive 

virtual environments such as linear-tracks and open fields to head-fixed mice walking on a 

spherical treadmill, simulating spatial navigation at high speed and low latency (<60 ms input-to-

output delay at 60 fps). This headset-based VR system represents a significant advancement in 

VR technology for mouse neuroscience; it makes VR methodologies accessible to more labs due 

to its small size and low cost (~3.5 x 2.5 x 2.5 in, <$200 in parts), allows precise control over the 

visual stimuli presented to each eye independently, and improves our ability to study the neural 

circuitry underlying virtual navigation in head-fixed settings. 
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Abstract: Mouse behavioral assays are used ubiquitously in neuroscience and translational 

research. The wide variety of behavioral apparatuses (chambers, mazes, open fields) and 

experimental paradigms (manual or automated; passive or operant) demonstrate how useful 

behavioral tools can be for studying navigation, anxiety, learning and memory, and many other 

aspects of cognition in healthy mice and disease models. However, despite the similar size and 

shape of many behavior apparatuses (e.g. Y-maze, T-maze) and that many are composed of 

nearly the same parts (e.g. similar height plastic walls; nose poke sensors; reward ports), many 

behavior setups are not interchangeable, requiring their own individual investment of lab space 

and set up time. To reduce the various costs and inefficiencies associated with specialized 

behavior setups, we created the Modular Mouse Maze: a simple, modular, and entirely open-

source system for accommodating a wide variety of mouse behavioral experiments using a 

common set of plug-and-play parts. With 3D-printable wall and floor panels that can be slotted 

together in various configurations - designed for consistent quality even when using low-cost 

PLA filament 3D printers and with care taken to minimize any unintended visual landmarks of 

the panels - new maze configurations and chambers can be quickly assembled and rearranged. 

Additionally, taking advantage of the expanding ecosystem plug and play I2C devices (such as 

Adafruit’s STEMMA QT and SparkFun’s QWIIC systems), we created special wall panels with 

mounting slots that can hold LED displays, proximity sensors, distance sensors, and more, 

enabling easier data collection and experiment automation with zero soldering or custom PCBs 

required. These low-power, low- noise electronics can even be used with free-walking 

electrophysiology without interfering with the sensitive neural recordings, accommodating 

automated navigational assays with hippocampal recordings. Using a modular linear track 

outfitted with LED displays for visual cues, nose poke detectors, and liquid reward spouts, and 

controlling the I2C devices with the user-friendly CircuitPython programming language, we 

successfully trained mice to navigate to rewarded locations with an automated training protocol. 

Additionally, we could synchronize the automated data collection with an overhead-mounted 

machine vision camera for mouse body part tracking with DeepLabCut, to collect even richer 

behavioral datasets. A list of components necessary to build modular mazes (3D print design 

files, I2C part lists, and CircuitPython code) are organized and freely available online 

(ModularMouseMaze.org). 
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Abstract: Voluntary fluid consumption studies in rodents are a critical component for many 

fields of neuroscience research. Our lab combined awake-behaving electrophysiology recordings 

with standard home-cage ethanol drinking procedures to further our understanding of alcohol’s 

impact on brain circuitry. We were unable to implement standard methods of identifying the 

timing of bouts of drinking, such as using either a circuit based lick’o’meter or volumetric 

drinking monitors, due to the electrical interference between these technologies and the 

electrophysiology equipment. To resolve this problem, we present an audio detection machine 

learning algorithm which is able to take sounds in the form of voltage recorded from a piezo 

microphone attached to a sipper and categorize them as Drinking or Non-Drinking. This 

algorithm was designed using the Tensorflow library and consisted of a 2D convolutional neural 

network which was trained on a total of 9.7 hours of data across 14 animals and resulted in a 

training accuracy of 99.7% and an out of sample testing accuracy of 93.3%. 
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Abstract: Essential tremor (ET) is a common movement disorder characterized by 

uncontrollable shaking (tremor) of the hands, limbs, or other body parts. Administration of 



harmaline in rodents induces acute tremor and is accepted as a valid model of clinical relevance 

to ET. Quantifying the induced tremor and its response to pharmacological intervention is a key 

step toward translation. While piezoelectric motion sensors are used for noninvasive tremor 

assessment, available systems rely on methods that limit the pace and scale of experimentation. 

Here, we assessed the feasibility of using a commercial piezo-based home-cage rodent 

monitoring system to detect tremor, which could enable continuous and high-throughput 

experimentation. Experiments were performed to determine whether: (1) this sensor 

configuration generates a signal that is representative of tremor; (2) a quantitative metric can be 

derived from this signal that reflects tremor onset and progression; and (3) this metric is sensitive 

to changes induced by a common tremor-suppressing agent used clinically to treat ET 

(propranolol) - serving as a positive control. Six adult Sprague-Dawley rats (2M, 4F) were 

continuously monitored in cages resting on piezoelectric sensors for several days. During the 

recording, animals received either subcutaneous injections of saline, harmaline (10 mg/kg), or 

saline/propranolol (20 mg/kg) followed by harmaline (10 mg/kg). Following harmaline 

administration, piezoelectric sensors produced signals representative of tremor behavior (peak 

frequency of 9-12 Hz), which appeared alongside observed tremor events. To quantify the tremor 

signal, data segments corresponding to 30 minute pre-, 20 minute inter- (when applicable), and 

300 minute post-injection periods were processed to estimate the contribution of tremor band 

frequencies (9-12 Hz) to signal power (tremor band contribution; TBC) in 10-minute windows. 

Following harmaline injection, TBC quickly rose above baseline levels, and was sustained for 

approximately 3 hours before reverting to baseline levels as the effect of harmaline subsided. In 

contrast, TBC remained at baseline levels throughout the experiment in saline-treated rats. When 

pre-treated with propranolol, the peak TBC was delayed and reduced compared to saline-treated 

controls, a trend consistent with the literature. Overall, these results demonstrate the potential of 

this technology for non-invasive assessment of tremor. 
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Title: Towards automatic 3D pose estimation using a Kinematic Evidence-based synthetic 

mouse body model 

Authors: *H. HU, T. FONG, D. XIAO, L. A. BOLAÑOS, H. RHODIN, T. H. MURPHY;  

Univ. of British Columbia, Vancouver, BC, Canada 

Abstract: Robust and accurate measurement, representation, and analysis of 3D animal 

behaviors are of great interest in neuroscience. 3D behavioral data analysis has less bias and can 

be better studied across subjects, illumination, and background. Currently, the definition of the 

rodent 3D pose is skeleton-based and consists of a series of keypoints. Several attempts have 

been made to reconstruct skeleton-based 3D poses with specialized hardware (motion capture, 

depth camera, synchronized multi-view cameras) or data-driven methods (3D lifting using deep 

learning). However, the reconstruction of the skeleton-based 3D pose of rodents is challenging, 

due to the lack of 3D ground truth data, fewer consistent visual landmarks in video recording, 

and poor body representation of keypoints (obscured by fur). Recent advances in computer 

vision bring the volumetric representation from human to animal and have reached some success 

in 3D animal pose estimation by leveraging both the visual cue of keypoints and animal shape 

using silhouettes that are both present in video recording (models include dogs, horses, and 

birds). However, those models failed during applied to rodents’ data due to the differences in 

body plan between species. Therefore, we developed the Pose Optimization with a Kinematic 

Evidence-based mouse model (Poke-mouse), which allows estimating 3D mice' pose and shape 

from images and existing 3D scans. The model is built based on computed tomography scans of 

Female C57BL/6 mice under anesthesia. It represents mouse shape using 12077 vertices from 97 

parameters, and it was formed with the same format as the Skinned Multi-Animal Linear Model 

(SMAL). During 3D pose estimation, the keypoints are detected with DeepLabCut, a popular 2D 

posture estimation method with high accuracy. The shape information is extracted from 

backgrounds using U2Net. The parameters of Poke-mouse are estimated by minimizing the error 

in both keypoints and shapes using the EM algorithm. We further plan to validate the 

performance of Poke-mouse by comparing it with other 3D pose estimation algorithms like 

Anipose. 
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Title: Constructing deformable dense body map for automated quantification of mouse social 

contacts using generative adversarial networks. 

Authors: *D. XIAO, M. CHEN, T. FONG, E. YAN, T. H. MURPHY;  

Dept. of Psychiatry, Univ. of British Columbia, Vancouver, BC, Canada 

Abstract: Subjective feelings, such as social contact, are associated with a unique set of bodily 

sensations. While body contact is a fundamental aspect of social behaviors and the body plays a 

crucial role in cognitive and emotional processes, there is no existing tool to quantify the detailed 

social contact on the body. To this end, we developed an approach to constructing a dense body 

model of mice and generating bodily maps to represent embodied space of social feelings. We 

leverage the power of pre-trained deep generative models that employ the latent space of a GAN 

(trained on the unaligned data) to automatically generate paired training data for a Spatial 

Transformer. First, we extracted frames from mouse open-field videos (social interaction of two 

mice recorded by a top-down camera) and cropped single mouse images (3.7 million mouse 

images) using YOLO bounding box. We then pre-trained a latent variable generative model, 

StyleGAN, on the unaligned mouse images. The pre-trained GAN model possesses some innate 

style-pose disentanglement that can be used to construct the per-image target. We used 

GANgealing algorithm that trains the Spatial Transformer to warp input images (unaligned 

mouse) to a common, jointly learned target mode (aligned mouse with dense correspondences). 

The body model of mice is then constructed based on the learned target mode. As the body shape 

of mice is changed during different social interactions and behavior states, we extend the method 

with a clustering algorithm to learn more than one target mode and more than one Spatial 

Transformer. We identify dense correspondences between real input images and the constructed 

mouse body model with the Spatial Transformer by propagating from congealed coordinate 

space. Finally, we propagate the dense mouse body model to all the frames of an input video and 

generate bodily maps of social contact (based on the pixel overlap) of two mice. Our approach 

can classify social behaviors based on the body shape in different interaction states and generate 

a detailed body map for quantifying the location, area, posture, and frequency of social contacts 

across time. 
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Title: Social behavioral profiling by unsupervised deep learning reveals a stimulative effect of 

dopamine D3 agonists on zebrafish sociality 

Authors: *Y. GENG1, R. T. PETERSON2;  
1Univ. of Utah, SALT LAKE CITY, UT; 2Univ. of Utah, Salt Lake City, UT 

Abstract: It has been a major challenge to systematically evaluate and compare how 

pharmacological perturbations influence social behavioral outcomes. Although some 

pharmacological agents are known to alter social behavior, precise description and quantification 

of such effects have proven difficult. The complexity of brain functions regulating sociality 

makes it challenging to predict drug effects on social behavior without testing in live animals, 

and most existing behavioral assays are low-throughput and provide only unidimensional 

readouts of social function. To achieve richer characterization of drug effects on sociality, we 

developed a scalable social behavioral assay for zebrafish named ZeChat based on unsupervised 

deep learning. High-dimensional and dynamic social behavioral phenotypes are automatically 

classified using this method. By screening a neuroactive compound library, we found that 

different classes of chemicals evoke distinct patterns of social behavioral fingerprints. By 

examining these patterns, we discovered that dopamine D3 agonists possess a social stimulative 

effect on zebrafish. The D3 agonists pramipexole, piribedil, and 7-hydroxy-DPAT-HBr rescued 

social deficits in a valproic acid-induced zebrafish autism model. The ZeChat platform provides 

a promising approach for dissecting the pharmacology of social behavior and discovering novel 

social-modulatory compounds. 
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Title: Behavioral adaptations to changing energy constraints over development in larval 

zebrafish 
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Abstract: A significant constraint on animal behavior is energy consumption, however the 

energy required for movements changes differentially as the animal grows. This is particularly 

true for larval fish which progress from viscous to inertial fluid regimes during early life. Here 

we combine high-resolution video tracking of larval zebrafish with computational fluid dynamics 



simulations to investigate how the energy required for different movements changes over 

development. We show that basic bout types are preserved over development, but at each age 

there is a monotonic, approximately power-law relationship between energy consumption and 

the frequency of different bout types during hunting behaviors. More energetically expensive 

movements are always used less often, even though the ordering of bouts according to energy 

changes over development. When fish were raised and tested in a viscous environment they also 

retained this monotonic relationship. Together this work suggests a strategy by which developing 

animals can preserve movement primitives yet still adapt to changing energy constraints as they 

grow. 
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Title: Slugbot: a soft robotic gripper with a bio-inspired neural controller  
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Abstract: Bio-inspired robots have great potential as platforms for testing biomechanical and 

neuromechanical hypotheses [1,2]. The common housefly [3], cockroaches [4], and the praying 

mantis [5], among others [2], have all been the inspiration for robotic platforms to explore both 

biological control of animals and bio-inspired control of robotic platforms. To develop such 

platforms, it is critical to capture an adequate level of morphological detail in roboto and to have 

requisite knowledge of the biological neural networks that process information and control the 

periphery. 

The neural circuitry of the marine mollusk Aplysia californica’s feeding apparatus (buccal mass) 

has been well studied with the identification of many neurons and muscles that govern 

multifunctional behavior. These behaviors include biting (attempt to grasp food), swallowing 

(ingestion of food) and rejection (egestion of inedible food). These properties make Aplysia a 

model organism for applying bio-inspired control strategies to soft robotic platforms. 

A Slug-Like Uniaxial Grasping roBOT, SLUGBOT, was developed as a step towards studying 



Aplysia neuromechanics in roboto. SLUGBOT was designed to mimic key features of the 

Aplysia buccal mass musculature, and a previously developed Aplysia-inspired neural control 

model was modified to control the robot [6]. Additions to the controller include known motor 

neuron connections, regional innervation, and phenomenological connections based on 

previously reported behavioral and neural recordings. Regional activation was incorporated for 

the I3 muscle, which is primarily responsible for retraction. Independent control was 

incorporated for the I1 muscle and the radular opener/closer muscles. An additional motor 

neuron, B10, was added to include the hypothesized multifunctional role of I3 in protraction [7], 

which was required for cyclic behaviors in the robot. Despite morphological differences between 

the robot and animal model, the robot demonstrated cyclical translational and rotational 

kinematics that were qualitatively similar to biting and swallowing behaviors observed in vivo 

and in previously developed in silico biomechanical models. Further refinement and tuning of 

the mechanical system is needed for this robot to serve as a platform for testing novel 

neuromechanical hypotheses, but the presented work is an important step towards the use of 

robotic platforms in Aplysia research. 

*Equal Contributions: Bennington, Dai, Sukhnandan 

References: [1] Gravish, et al., 2018. [2] Nishikawa, et al. 2007. [3] Goldsmith, et al., 2019. [4] 

Choi, et al. 2005. [5] Szczenski, et al. 2017. [6] Webster-Wood, et al. 2020. [7] Sutton, et al. 
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Abstract: Behavior is produced through a combination of neural and muscle activity. 

Understanding and modeling how the nervous system controls geometrically complex muscular 

structures is extremely challenging. In addition, this complexity often leads to another challenge 



for simulations: long computational times. We have studied the mechanical control of the 

geometrically complex muscular structures controlling feeding in the marine mollusk, Aplysia 

californica. The feeding apparatus (buccal mass) moves under the influence of several muscle 

forces activated by neural commands from the buccal ganglion. We have modeled this system 

with four components: 1) the odontophore, a spherical grasping structure; 2) the I2 muscle, a 

sheet of muscle posterior to the odontophore; 3) the I3 muscle, a large toroidal muscle anterior to 

the odontophore; and 4) a hinge which attaches the ventral odontophore to I3, using Newtonian 

mechanics similar to reference [1]. We reproduced and solved the primary model [1] (Second-

order model, based on Newton’s principle of motion) in Mathematica. The second-order model 

took 14 s to compute a simulation of 1 s of feeding behavior. However, this complex system 

moves slowly, and therefore the inertia of this system is negligible with respect to other forcing 

agents. This allows us to propose an alternate solution based on a quasi-static relationship 

between motion and neural activation, allowing us to replace the Newtonian formulation with a 

search for the equilibrium position of the buccal mass (i.e., equating the sum of all muscle forces 

to zero). This reformulation required just 0.12 s to simulate 1 s of feeding behavior, over 100 

times faster than the Newtonian formulation. Both the quasi-static model and the second-order 

model produce results that are quantitatively near identical. Therefore, the quasi-static model 

reduces computational time without sacrificing accuracy. References: [1] Sutton, G.P., Mangan, 

E.V., Neustadter, D.M., Beer, R.D., Crago, P.E., Chiel, H.J.: Neural control exploits changing 

mechanical advantage and context dependence to generate different feeding responses in 

Aplysia. Biological cybernetics 91(5), 333-345 (2004) 
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Abstract: Building an accurate computational model can inform the study of feeding control in 

Aplysia. Feeding, a basic motor control task, has been extensively studied in animals. The marine 

mollusk Aplysia californica is a good candidate for studying this topic. Understanding its feeding 

may further provide insights on how animals can achieve multifunctional, adaptive, and robust 

behaviors. However, it is still too difficult to experimentally determine all relevant biophysical 

properties and connectivity in the nervous system of Aplysia. A computational model with 

predictive capabilities provides a controllable platform to test hypotheses. As a complement to 

experiments, it is a powerful tool to clarify the relationship between known neural circuitry and 

measurable behaviors. We developed a model of Aplysia feeding circuitry in the framework of 

Synthetic Nervous Systems (SNS). An SNS is a biologically plausible neural model in which 

neurons are treated as a single compartment with conductance-based inputs and firing-rated 

outputs. In the model, motor neurons and buccal ganglion interneurons are organized into 9 

subnetworks according to their distinctive functions. CBI-2, CBI-3, and CBI-4, three cerebral-

buccal interneurons coordinate the transition of feeding behaviors by selectively combining these 

subnetworks. The model emphasizes feedback integration by considering potential afferent 

pathways. These pathways provide proprioceptive and exteroceptive feedback to the model, 

allowing it to coordinate and control the feeding behaviors in response to different load 

conditions. Model parameters are tuned based on existing literature and experimental results. To 

test whether this SNS can accurately reflect the neural dynamics in Aplysia, we drove the model 

of representative neurons with specific inputs and quantitatively compared their responses with 

other models as well as animal data. Furthermore, we find that the model qualitatively 

reproduces biting, swallowing, and rejection behaviors when it is connected to a simplified 

biomechanical model of Aplysia [1]. The kinematic and dynamic responses of the model also 

share similar features with experimental data. The results suggest that this circuitry model has 

predictive capabilities and could be used for generating or testing hypotheses about Aplysia 

feeding control. It is also possible to generalize the model for robotic control considering its 

relatively low computational complexity. [1] Webster-Wood, et al. Biol Cybern 114, 557-588 

(2020). 
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Abstract: Technology and tools used in biology are often the backbone to the experiments 

themselves. Our lab has developed a Caenorhabditis elegans electroshock assay, which provides 

high throughput screening of drugs for effectiveness on seizure-like behavior duration. These 

experiments are conducted and recorded for later analysis by hand. The analysis of the seizure-

like behavior from these experiments are subjective to the researcher and time consuming. 

Currently, there are numerous programs that track the movement of C. elegans and provide 

simple analysis, but often have a steep cost and are not suitable for the behavioral analysis we 

require. This project is aimed to develop and evaluate an expandable program that is capable of 

worm tracking with thorough experimental analysis of our C. elegans electroshock assay. 

Additionally, the project will develop the supporting hardware to improve the quality and 

consistency of the collected experimental videos. The approach to this development will be 

based on supervised machine learning programming methods, which essentially teaches the 

computer what to do through examples that have been provided. Using this hardware, we have 

conducted experiments, which shows the antiepileptic effects of Isoguvacine (p < 0.05) 

compared to that of sodium valproate, an FDA approved anticonvulsant. This data will be used 

as a training set to develop a general machine learning behavioral analysis model for this assay. 

This development will improve the quality of data collection and accelerate the analyses of the 

experiments. 
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Abstract: We recently developed a tracking microscope that can record neural activity of freely 

behaving Drosophila larvae. However, relating activity and behavior has been complicated by 

the difficulty of analyzing video recordings of larvae crawling underneath the tracking 

microscope. Because of the geometry and nature of the microscope, these recordings have low 

contrast, uneven backgrounds, bright artifacts, and other features that complicate traditional 



thresholding based approaches to determining larval posture. To overcome these challenges, we 

adapted a convolutional neural network developed to characterize the behavior of adult flies to 

determine the postures of larvae in the tracking microscope. We found that the network could 

find key points on the larva's body and that high accuracy could be achieved with small amounts 

of manual training for each larva. We used this system to detect body bending, a key element of 

the larva's navigational algorithm. Finally, we developed an automated analysis protocol to 

detect errors made by the network and flag these for manual labeling, decreasing the time it takes 

to train the network and increasing the overall accuracy of the final labeling. 
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Abstract: Time series analysis is critical for understanding brain signals and their relationship to 

behavior and cognition. Event-Related Potentials (ERPs) are commonly used to analyze brain 

signals during behavioral tasks as they are relatively simple to compute and reproducible. In 

order to carry out such analyses a time window must be defined either a priori or empirically. 

One such method for empirically defining a time window is to use cluster-based permutation 



tests (Maris & Oostenveld, 2007). Most often a t-statistic or comparable non-parametric statistic 

is used to define significant clusters of adjacent time points even when the experimental design is 

greater than a 1x2 factorial design. Here we propose a method for using Generalized Linear 

Mixed Effects Models (GLMEs) with cluster-based statistics. GLMEs allow for direct 

comparison of multiple variables in greater than 1x2 factorial experimental designs, can be easily 

expanded to include hierarchical components, allow for non-linearities, have less assumptions 

than normative statistics, are more robust to outliers, and allow for the inclusion of random 

effects. In Matlab simulations we show that GLMEs are at least as robust as other commonly 

used statistical measures including t-tests, ANOVA, and simple permutation tests especially in 

the presence of random effects. Additionally, the significance of the t-statistics provided by 

GLMEs in Matlab are 99.1% congruent with permuted t-statistics. Finally, we apply GLMEs 

with cluster-based permutations tests to a previously published data set analyzing face, house, 

and novelty encoding at ECoG recording sites in human epilepsy patients (Kai, et. al, 2016; Kai, 

2019). We find that 17.2% (123/714, n = 14) of recording sites have ERPs selective for faces, 

houses, image novelty, or some combination thereof similar to previously reported numbers of 

15.8% (Kai, et. al, 2016). In summary, our simulations show that GLMEs are at least as good as 

if not better than commonly used statistical models while also providing greater flexibility and 

robustness necessary for the analysis of neural data collected in a wide range of experimental 

designs. We also show that GLMEs with cluster-based permutations tests can be applied to real-

world human ECoG data to identify recording sites with ERPs selective for different types of 

presented images in an experiment with a 2x2 factorial design. 
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Abstract: Alcohol consumption is a common social behavior worldwide, with approximately 

70% of US adults reporting alcohol consumption within the past year and more than 5% of US 

adults meeting diagnostic criteria for an Alcohol Use Disorder (AUD). Periods of abstinence are 

not well tolerated, especially among those with AUD, although less data is available for 

moderate-to-heavy drinkers. For those with AUD, exposure to alcohol cues may serve as a 

stressor that increases risk of relapse, but in moderate-to-heavy drinkers, cue exposure alone may 

not serve as a relevant psychological stressor. However, exposure to alcohol related images 

during a period of imposed alcohol abstinence serves as a sufficient stressor in moderate-to-

heavy drinkers to study the physiological underpinning of abstinence and what may lead an 

abstaining individual to begin consuming again, without the dangerous withdrawal symptoms 

associated with abstinence and AUD. Thirty-nine healthy, non-binging moderate-to-heavy 

drinkers (56% female) without history of AUD were recruited for this study. On average, 

participants were 41 years of age and had been consuming alcohol for approximately 25 years; 

males in this sample consumed an average of 23 drinks per week, while female participants 

consumed an average of 13 drinks per week. Functional MRI data was collected while 

participants were exposed to neutral and alcohol related images. Functional brain networks were 

constructed from fMRI data and community structure of the networks was assessed. Community 

structure of the Default Mode (p = 0.0085) and Salience Networks (p = 0.0340) was significantly 

more consistent across participants during alcohol image viewing compared to neutral image 

viewing; however, community structure of the Motor Network (p = 0.0389) was significantly 

less consistent. Also, community structure of the Default Mode Network during alcohol image 

viewing was significantly associated with participants’ current ratings of desire for alcohol (p = 

0.0053). This result was only found during a period of alcohol abstinence, with no significant 

results found under participants’ typical consumption routine. Overall, the findings from this 

study suggest a reorganization of functional brain networks associated with alcohol image 

exposure only following short-term abstinence in healthy moderate-to-heavy drinkers. Increased 

ratings for craving, or desire for alcohol, are associated with AUD diagnosis and severity of 

drinking symptoms, and we suggest the observed changes in Default Mode community structure 

organization may be associated with vulnerability to AUD symptom development, although 

further study is needed. 
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Abstract: Early detection of potential risk of neurodevelopmental delay is critical to the mental 

health and well-being of children. At these times, the brain grows fast, continues to develop, and 

change into adulthood. This leads to the importance of developing accurate child developmental 

instruments to measure the risk faster and easier to use than the current instruments. In this study, 

machine learning (ML) models are used to evaluate one of the most widely used instruments for 

measuring child development, the Bayley Scales of Infant and Toddler Development (Third 

Edition, Bayley-III) to evaluate whether only a subset of the Korean version of Bayley-III (K-

Bayley-III) can help identify children with developmental delay. A total of 141 toddlers (13-38 

months) was participated, excluding toddlers with known developmental delay and psychiatric 

diseases. A collection of developmental score sheets for all five modules of K-Bayley-III was 

assembled. Five unique ML regression models were then trained to identify the best ML model 

for prediction of the developmental scores using the full sets of features of K-Bayley-III. 

Consequently, the features were ranked using SHapley Additive exPlanations (SHAP). The 

optimal subsets consisting of the top-n ranked features were obtained from the best prediction 

model and used to compare the prediction performance to using that of the full set of features. 

Finally, the prediction results derived from the optimal subset were compared to those using the 

full sets of K-Bayley-III. By applying ML models tuned for sparse data, the subsets with 

approximately 57% reduction in the number of features were acquired with negligible loss of 

prediction. The average R-squared score (R2) and root mean squared error (RMSE) for the ML 

models using the optimal subsets were 0.781, and 4.937, respectively. The results were similar 

with the values of 0.834, and 4.302 for the ML models using the full sets. In particular, the 

subset including only 7 questions resulted in similar performance of R2, 0.928 and RMSE, 2.205 

when compared to the full set involving 241 questions with the results of 0.936 and 2.067 

corresponding to R2 and RMSE. In this study, the results present that the fewer questions 

measured using ML models predict similar developmental scores to those obtained using the full 

sets of questions, suggesting that the subsets of K-Bayley-III as an effective tool for child 

developmental assessment. Further study including more participants should be considered to 

improve performance and stability of the ML models identifying the optimal subsets for child 

developmental assessment. 
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Abstract: Demographic factors and predictors of interest often associate with participant self-

selection into neuroimaging studies as well as attrition or loss to follow up in longitudinal 

studies. Epidemiologists have developed advanced analytical methods to address these issues and 

improve causal inference in population health studies, however these methods have only begun 

to be employed in neuroscience. 

To address these shortcomings, we developed a standardized, generalizable and flexible pipeline 

in R for implementing sensitivity analyses, multiple imputation, and inverse probability 

weighting (IPW) in neuroimaging research. Specifically, we focus on vertex-wise analyses of 

cortical thickness, as structural MRI for morphometric analyses is ubiquitously acquired in 

neuroimaging work. As a proof of concept, we apply this pipeline in N = 286 Black and Latinx 

adolescents/young-adults (14-21 years old) to examine the effects of socioeconomic disparities 

on causal inference in the neuroscience of obesity. In a simplified model covarying for age and 

sex only (N=286), significant positive associations were found between visceral adipose tissue 

(VAT) and bilateral thickness of the cingulate and negative associations within the fusiform, 

superiorfrontal, and precentral gyri. Negative associations were observed between VAT and 

thickness in the cuneus, pars orbitalis, and supramarginal, pars triangularis, postcentral, and 

middle temporal gyri of the left hemisphere, and the right pars opercularis and lingual gyrus. To 

avoid sample size restriction when covarying for sociodemographic indicators with missing data 

(n=111), which eliminated significant effects in most regions, missing covariates were multiply 

imputed (N=25 iterations). Examining an imputed dataset, findings in the cingulate, pars 

orbitalis, cuneus, and supramarginal, fusiform, and precentral gyri remained significant whereas 

associations between VAT and CT in the superior frontal, postcentral, and middle temporal gyri 

were better accounted for by sociodemographic confounds. In summary, in-depth comparisons of 

neural correlates conducted with and without multiple imputation via sensitivity analyses 

demonstrate how failing to implement these strategies negatively impacts the validity of 

neuroimaging findings. We provide a robust and flexible, publicly available tool to increase 

more widespread use of epidemiological methods in neuroimaging research and in turn increase 

rigor and reproducibility of analyses across a wide range of topics. 
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Abstract: High frequency oscillations are important biomarkers of epileptogenic tissue1-2. The 

interaction of oscillations across different time scales is revealed as cross-frequency coupling 

(CFC) representing a high-order structure in the functional organization of brain rhythms. New 

methods of artificial intelligence such as deep learning neural networks can provide powerful 

tools for automated analysis of EEG including the analysis of the CFC patterns which are likely 

to reflect different functional states of the brain. Here we present a Stacked Sparse Autoencoder 

(SSAE) trained to recognize absence seizure activity from the preceding preictal activity based 

on the CFC patterns within scalp EEG. We used EEG records from the Temple University 

Hospital database (the TUSZ corpus3) with seizures annotated by neurologists. Absence seizures 

(n = 94) from 12 patients were taken into analysis along with segments of preictal activity. Half 

of the records was selected randomly for network training and the second half was used for 

testing. Power-to-power coupling was calculated between all frequencies 2-120 Hz pairwise 

using the EEGLAB toolbox. The resulting CFC matrices were used as training or testing inputs 

to the autoencoder. The SSAE network created with MATLAB R2021b consisted of two 

encoder-decoder networks and the softmax layer with two outputs for binary classification 

‘seizure vs. preictal’. During training, the network achieved a squared error smaller than 10-2 

with 400 iterations. The trained network was able to recognize preictal and ictal segments (not 

used in training) with sensitivity of 97.9%, specificity of 90.0% and the overall accuracy of 

96.5%. Our post hoc analysis showed that the major difference between preictal and ictal activity 

was due to an increase in the power-to-power coupling within beta-gamma bands (13-120 Hz) 

during seizures. Our results provide evidence that the SSAE neural networks can be used for 

automated detection of seizures within scalp EEG. Importantly, the trained SSAE network 

showed generalizability detecting seizures with sensitivity and specificity at or higher than 90% 

in all patients tested. Deep learning networks can significantly accelerate the analysis of EEG 

data and increase their diagnostic value. 
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Abstract: Huntington’s disease (HD) is a neurodegenerative disorder characterized by cognitive, 

behavioral, and motor decline. Current treatment is only palliative and disease damage is 

irreversible, so potential therapeutics should aim to modify disease course and prevent the 

development of clinical disease. To this end, sensitive and reliable markers of disease 

progression are needed for the period before clinical motor diagnosis (before-CMD). One of the 

most reliable markers before-CMD is striatum atrophy, but volumetric reductions have also been 

reported in other subcortical structures. The study of the covariation of these structures could 

improve the detection of disease-related longitudinal progression before-CMD, provide 

mechanistic insights of the disease, and potentially be used to obtain accurate prospective 

estimates of atrophy in HD. We analyzed data from 337 before-CMD individuals, 236 healthy 

controls and 95 early after-CMD individuals from three studies (TRACK-HD, PREDICT-HD, 

IMAGE-HD) and used 9 subcortical regions volumes in two analyses. First, we discriminated 

before-CMD progression from healthy-control trajectories by integrating volume changes from 

these regions using logistic regression classification. In addition, we detected relevant subcortical 

interactions by evaluating classification weights and partial correlations between them. Second, 

we estimated prospective atrophy before-CMD and early after-CMD by considering the 

influence of a region’s present volume over the future volume of another one (Granger causality) 

using vector autoregression. Before-CMD progression was robustly detected across studies. 

Indeed, detection of before-CMD progression improved when multiple structures were 

integrated, as opposed to analyzing the striatum alone, likely due to the reduced partial 

correlation between caudate and thalamic volume change before-CMD. Our multivariate atrophy 

prediction model found a thalamus-caudate association that is consistent with this pattern, which 

yields an improved caudate atrophy prediction in early after-CMD. This study is the first attempt 

to validate before-CMD multivariate subcortical change detection across studies and to do 

multivariate prospective atrophy prediction in HD. These models achieve improved performance 

by detecting a dissociation between caudate and thalamic atrophy trajectories, and provide a 

possible mechanistic understanding of the dynamics of HD. 
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Abstract: Objective: Electroencephalography (EEG) biomarker as a supplementary diagnostic 

tool has been used with lacks practical use in psychiatry. There is an issue with the lack of 

diagnostic ability of EEG for classification between patients with major depressive disorder 

(MDD) and healthy controls (HCs). The single EEG paradigm was mainly investigated in the 

previous studies because it represents a specific pathological attribute. However, MDD is a 

heterogeneous psychiatric disorder with complex pathologies. Using multiple EEG paradigms to 

classify patients with MDD and healthy individuals is essential in the practical implications of 

psychiatry. Furthermore, machine learning technique with EEG signals has raised in psychiatry. 

A better classification performance with the machine learning technique is still required in 

clinical practice. The present study tested the classification performance using the multiple EEG 

paradigms in drug-naïve patients with MDD and healthy controls (HCs). Materials and Methods: 

Thirty-one drug-naïve patients with MDD and 31 HCs were recruited. Resting-state EEG 

(REEG), loudness dependence of auditory evoked potentials (LDAEP), and P300 were recorded 

in all participants. Linear discriminant analysis (LDA) and support vector machine (SVM) 

classifier with t-test-based feature selection were used for classifying patients and HCs. Results: 

The highest accuracy was 94.52 % when 14 selected features including 12 P300 and 2 LDAEP 

features were layered. The final accuracy was 88.71% with SVM classifier for 38 selected 



features were layered. All selected features included 14 P300, 19 LDAEP, and 5 REEG features. 

Furthermore, for each REEG, P300A, and LDAEP, the best accuracies were 71.57%, 87.12%, 

and 83.87%, respectively. Conclusions: The multiple EEG paradigms would be more beneficial 

for classifying drug-naïve patients with MDD and HCs in comparison to the single EEG 

paradigm. 
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Abstract: Machine learning methods have been used for over a decade to estimate a person’s 

age from their brain MRI scan: the difference between this predicted age (their “BrainAge”) and 

their chronological age is linked with future clinical decline, dementia, and mortality, making it a 

promising biomarker of brain aging. BrainAge is typically predicted from T1-weighted brain 

MRI (T1w); here we tested whether we could predict chronological age with better accuracy 

using BrainAge predicted from diffusion weighted images (DWI), a variant of brain MRI 

sensitive to microstructural aging and degeneration. Specifically, we assessed the predictive 

capabilities of deep learning models using a 3D Convolutional Neural Network trained on 3D 

whole brain T1w and DWI-derived diffusion tensor imaging (DTI) mean and radial diffusivity 

(MD/RD) and fractional anisotropy (FA) maps from cognitively normal (CN) participants from 

the Alzheimer’s Disease Neuroimaging Initiative (ADNI). We analyzed T1w and DWI images 

from 547 subjects (CN, mean age: 73.6+/-7.8 yrs., 325 F/ 222 M). T1w images were nonlinearly 

registered to the DWI, which were subsequently warped to a common template. The data was 

split into independent training, validation and testing sets in ratio 70:20:10. We used 3D CNN, 

with three convolution blocks of filter sizes 32, 64 and 128, instance normalization and max 

pooling. We trained it for 50, 75 and 100 epochs, with learning rate 1x10-4, and batch size 8. 

Adam optimizer and mean square error loss function were used during training. To deal with 

overfitting, dropout between layers and early stopping were used. Test performance was assessed 

using mean square error and mean absolute error to compare results for different modalities. For 

chronological age prediction, T1w derived BrainAge had the poorest performance (MSE: 48.85, 



MAE: 5.64) on test dataset at 50 epochs. FA maps gave the best MSE of 19.53 and best MAE of 

3.36 for 100 epochs. For BrainAge Prediction, diffusion-weighted images may offer better 

results for deep learning algorithms involving 3D CNNs, in comparison to T1w. Future work in 

additional cohorts, with additional diffusion metrics, will be valuable. 
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Abstract: Humans show reproducible sex differences in brain anatomy and risk for 

psychopathology. Interindividual variation in neuroanatomy and behavior are both heritable and 

can show partially overlapping genetic effects. Understanding potential sex-differences in the 

genetic architecture of brain anatomy may shed light on biological factors underlying sex-

differences in psychopathology. Moreover, the hypothesis that males and females may show 

differences in the genetic architecture of brain anatomy is motivated by existence of known sex-

biases in biological factors that influence brain anatomy such as sex-steroid signaling and sex 

chromosome complement. In prior work, we have compared X-chromosome influences on 

human brain anatomy in males and females through the lens of common genetic variation. Here 

we systematically screen for potential sex-biases in the influence of common autosomal genetic 

variants on brain anatomy using T1-weighted magnetic resonance imaging (MRI) derived traits 

in the UK Biobank sample (15183 males, 16767 females of white British ancestry, age = 64.3 +/- 

7.5 yrs). Individual level genotype data were used to perform sex-stratified genome-wide 

association analyses on cortical thickness, area and volume measures of 74 regions on each 

hemisphere (Destrieux atlas, FreeSurfer). Brain traits were adjusted for head size, age, age2 and 

scanner and location confounders and the first 10 ancestry principal components were included 

in the association model. Genetic relatedness matrices were constructed using GCTA in each sex 



as well as for the entire sample. After correcting for multiple-testing across SNPs (single 

nucleotide polymorphisms), brain regions and morphometric phenotypes we failed to find any 

evidence of: sex-differences in regional SNP-based heritability; deviation of genetic correlation 

between males and females from 1; individual common SNPs with a sex-biased effect on 

anatomical variation. Taken together, these results suggest a lack of any substantial sex-

differences in the architecture of autosomal genetic influences on human brain anatomy as 

measured by MRI. 
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Abstract: As the world emerges from the pandemic caused by SARS-CoV-2, there is a need to 

understand factors that determine the long-term effects of COVID-19, as well as the diagnostic 

features that may be used to predict the occurrence of severe cases. Approximately 20% of 

SARS-CoV-2 infections lead to acute respiratory distress syndrome (ARDS) caused by the 

harmful actions of inflammatory mediators. Patients with severe COVID-19 are often afflicted 

with neurologic symptoms, and individuals with pre-existing neurodegenerative disease (ND) 

have an increased risk of severe COVID-19. Although collectively, these observations point to 

links between severe COVID-19 and ND (and vice versa), little is known about the mechanisms. 

We hypothesize that a bidirectional relationship exists between COVID-19 and ND: individuals 

with pre-existing ND are likely to have an increased risk of severe COVID-19 involving ARDS 

and neurologic complications, and COVID-19 survivors (particularly individuals having shown 

CNS symptoms) are predicted to have an elevated risk of ND. To test this hypothesis, we 

conducted a study to determine (i) the relationship between the lethality of COVID-19 and CNS 

symptoms, (ii) the connection between the COVID severity and pre-existing dementia, and (iii) 

the degree of cognitive decline in individuals who have recovered from severe COVID-19. This 

presentation describes the preliminary findings from the first part of the study, in which the 

electronic health records of ~400 patients with severe COVID were analyzed to identify the 



clinical characteristics most predictive of COVID-19 fatalities. The analysis was conducted by 

training a regularized logistic regression classifier that serves as a machine learning model with 

an embedded feature selection capability. The classifier’s training revealed that a small ensemble 

of clinical features, including clinical characteristics associated with acute neuroinflammation, 

could predict death with an accuracy greater than 0.80 (expressed as the area under the ROC 

curve of the classifier). Following our preliminary analysis, we constructed a partial correlation 

network that will serve as a canvas for causal inference linking neurologic symptoms with 

disease mortality. Aligned with observations made by other researchers who demonstrated links 

between dysregulation of the immune response and cognitive COVID-19 symptoms, our data 

suggest that neuroinflammation is a marker of severe disease with a likely fatal outcome. When 

completed, the study results will provide a foundation to justify developing treatments targeting 

neuroinflammatory effectors found to mediate COVID-19 susceptibility. 

Disclosures:  B. Rajwa: None. M. Dundar: None. C. Fang: None. M.A. Naved: None. A. 

Grama: None. B.A. Khan: None. J. Rochet: None. 

Poster 

580. Imaging and Analysis of Specific Human Populations and Traits 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 580.13 

Topic: I.07. Data Analysis and Statistics 

Support: NIH/NIA AG073356 

Title: Use of Canonical Correlation Analysis for the study of adaptation capacity 

Authors: *L. PERALTA MALVAEZ1, A. TURNBULL2,1, M. ANTHONY2,1, E. ADELI1, F. 

V. LIN1;  
1Psychiatry and Behavioral Sci., Stanford Univ., Stanford, CA; 2Brain and Cognitive Sci., Univ. 

of Rochester, Rochester, NY 

Abstract: Locus of control (LOC) describes a personality trait based on whether an individual 

thinks that they themselves (internal LOC) or external factors (external LOC) have more 

influence on their lives. Adaptation capacity reflects the ability of the autonomic nervous system 

to respond to both physical and cognitive stressors, and it has been proposed that individuals 

with a more internal LOC are better able to respond to stressors via a greater adaptation capacity. 

Older adults at risk for dementia have been shown to shift their reliance of LOC from internal to 

external, potentially leading to reduced resilience. To better understand whether a shared neural 

and physiological marker of adaptation capacity was related to internal LOC, we used Canonical 

Correlation Analysis (CCA), which maximizes the linear correspondence between two sets of 

variables, to obtain correlated features from heart rate variability (HRV) and resting state 

functional connectivity (FC). We collected resting and task-based HRV measures, as well as 

resting state MRI, in 65 older adults (mean age = 74.71; SD = 7.30), and measured LOC using 



the Personality in Intellectual Aging Contexts (PIC) Inventory Control Scales-short. Following 

segmentation of HRV data into sliding windows of 30 seconds and calculation of within- and 

between-network FC, CCA identified a shared component (CC1) characterized by a correlation 

of 86.9% between features from HRV and FC matrices that was highly similar when 

constraining the CCA using HRV or FC. HRV features in CC1 were predominantly provided by 

segments 6, 12, and 14 (corresponding to minutes 2.5, 5.5, and 6.5 of 8 minutes in total). 

Connections between visual, somatomotor, limbic, and frontoparietal regions contributed most 

strongly to the FC features of CC1. To understand if this shared component was associated with 

LOC, we performed bivariate correlations. Internal PIC was significantly related to CC1 

constrained by both HRV and FC (RMSSD: r = 0.266, p = 0.031; FC: r = 0.289, p = 0.019); 

there was no relationship to external LOC (RMSSD: r = 0.095, p = 0.447; FC: r = 0.038, p = 

0.758). CC2 and CC3 were not correlated with internal or external PIC, suggesting the 

relationship was specific to the most strongly correlated shared component. These outcomes 

suggest that CC1, a shared neural and physiological marker of adaptation capacity, may act as a 

biomarker for intact internal LOC. Future work should attempt to better understand the 

neurophysiological basis of this component in relation to brain aging and resilience. 
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Abstract: Graph analysis of the intrinsic functional connectivity network can provide 

information about the organization of the brain. Brain network properties are associated with 

healthy behavior and cognition (Farahani et al., 2019). Neurological disorders are characterized 

by alterations in network architecture (Hojjati et al., 2019). Previous studies have examined 

resting-state functional MRI (rfMRI) to show that global network properties are influenced by 

genetic factors (Sinclair et al., 2015). The purpose of this study was to investigate heritability of 

rfMRI global and local network properties. This study included ICA-FIX cleaned rfMRI data of 

1003 healthy subjects (28.7 ± 3.7 yr, 469 male) of the HCP1200 release. The subjects consist of 



120 monozygotic twin pairs, 65 dizygotic twin pairs, and 152 non-twin families. The CONN 

toolbox was used to calculate the correlation between the regions of the Brainnetome atlas. 

Global (global efficiency [GE], characteristic path length [CPL], transitivity [T], 

synchronizability) and local (strength, clustering coefficient, eigenvector centrality, nodal 

efficiency) graph measures were computed. The SOLAR-Eclipse and APACE toolboxes were 

used to evaluate heritability (h2) of the global and local measures, respectively, after adjusting for 

in-scanner motion, age, and sex. GE, CPL, and T for positive correlations and all global 

measures for negative correlations were significantly heritable (p < 0.05, false discovery rate 

[FDR]-corrected) (Fig. 1). All local measures for positive correlations were significantly 

heritable (p < 0.05, FDR-corrected) in specific brain regions (Fig. 1). The most consistently 

significant regions included the thalamus, basal ganglia, left amygdala, frontal lobe, superior 

temporal gyrus, entorhinal cortex, postcentral gyrus, cingulate gyrus, right insula, and right 

occipital lobe. Our results indicate that global and local network characteristics are influenced by 

genetic factors and have the potential to serve as biomarkers in human recognition and genetic 

profiling of neurological disorders. 
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Abstract: fMRI is widely used to investigate changes in brain function across the lifespan. 

However, interpreting fMRI data collected from aging populations poses a particular challenge 

because both the neural and vascular dynamics that drive the blood-oxygenation-level-dependent 

(BOLD) signal change in healthy and pathological aging. Distinguishing the respective effects of 

these neural and vascular dynamics on the BOLD signal is critical for proper comparison of 

older and younger populations using BOLD fMRI. Recent evidence suggests that the frequency 

spectra of resting-state fMRI signals contain information about local differences in neurovascular 

coupling. Using a set of quantitative measures reflecting the relative contributions of low- and 

high-frequency power, it is possible to characterize and predict local differences in the temporal 

dynamics of the hemodynamic response function (HRF). We aim to test whether these resting-

state spectral features can reveal age-related differences in neurovascular coupling. We used a 

subset of the Human Connectome Project Aging dataset to test whether the spectral properties of 

resting-state fMRI signals differ in older individuals. We first extracted summary features 

representing the relative amplitude of low- vs. high-frequency BOLD signals in the resting state. 

Then, we split the subjects into two age groups (young: ≤50 years old, N = 50; older: N = 100) 

and compared the relative amplitude of these features both across the whole brain and on a 

regional level. We found that the average magnitude of these features across the whole brain and 

in the majority of brain regions were higher in the younger group, with multiple features and 

regions demonstrating significant differences (Wilcoxon rank sum test, p<0.05). The standard 

deviations for each feature were consistently higher in the older population, suggesting greater 

individual variability with age. Taken together, these results suggest age-related declines in 

hemodynamic spectral properties that are more pronounced in a subset of individuals. Our 

observed age-related decrease in low-frequency power aligns with prior work that has reported a 

shift towards higher frequency resting-state fMRI fluctuations in older adults that is not mediated 

by EEG power or frequency. Conversely, there is evidence of overall slowing of EEG activity 

with age. These conflicting findings suggest that the observed changes in spectral content are due 

to a mixed effect of changing vascular and neuronal factors with age, and that it is critical to 

consider age-related changes in neurovascular coupling when interpreting differences across 

younger and older populations using BOLD fMRI. 
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Abstract: Efforts in precision functional mapping of adult brain networks have opened up a new 

avenue for precision medicine. Similar efforts in infants remain sparse because infant functional 

data collection is generally difficult, complicated by the extended data collection time needed for 

generating reliable infant functional connectivity networks. The use of multi-echo (ME) 

functional magnetic resonance imaging (fMRI) has shown reliable signals in shorter recording 

times in adults. In this pilot investigation, we examined two methods to improve feasibility of 

precision functional mapping in infants: ME fMRI and NORDIC (NOise reduction with 

DIstribution Corrected PCA) thermal noise reduction. T2 decay curves, which form the basis of 

fMRI, are slower in newborns than infants and adults, implying that optimal echo times (T2*) 

vary with age. ME fMRI offers the possibility to account for differences in T2* between 

participants and tissue types as data of all echos are optimally combined using a weighting 

scheme based on the T2* values. We compared data from ME fMRI recordings with five echos 

(14ms, 38ms, 63ms, 88ms, 113ms) in two newborns, one two-year-old and one adult. In one 

newborn we examined connectivity reliability by comparing connectivity matrices generated 

from one half of the data to matrices from various minutes of randomly chosen data (100 

permutations) from the other half of the data (using 84min of low motion data). We see longer 

T2* times in infants with a broader spread of values across different brain regions, particularly in 

newborns. Cortical grey matter shows a median of 79.9ms (MAD=32, Q1=48.9ms, 

Q3=104.2ms) and 68.2ms (MAD=28.59, Q1=41.2ms, Q3=93.9ms) in the newborns, 67ms 

(MAD=11.66, Q1=57ms, Q3=74.9ms) in the two-year-old and 47.6ms (MAD=11.84, 

Q1=39.8ms, Q3=54.4ms) in the adult. Visual inspection of dense connectivity matrices 

generated with optimally combined ME and single echo (echo time 37ms) data from the same 

newborn shows an advantage of ME data acquisition particularly in areas with very short or very 

long T2*. Reliability of connectivity matrices reaches a mean value of r=0.8 with 40min of data 

and r=0.84 with additional NORDIC denoising. Values reach a plateau using ~15min of data 

(mean r=0.77, min=0.75, max=0.79) which was further elevated with NORDIC (mean r=0.82, 

min=0.8, max=0.84). This pilot investigation shows benefits of ME data acquisition and 

NORDIC denoising for attempting precision functional imaging in newborn infants. We plan to 



substantiate our results by collecting data in further infants and additionally comparing reliability 

values between precision imaging data collected with single echo and ME fMRI sequences. 
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Abstract: Prior univariate analysis-based research has associated high levels of aggression in 

adolescents with atypical neural responsiveness within the bilateral inferior frontal gyrus (IFG), 

right inferior parietal lobe (IPL), right superior/middle temporal gyrus (STG/MTG), and right 

uncus. In this study, we examined this association via advanced machine learning (ML) 

approaches. Ninety-eight adolescents (68 males) participated in a looming threat task; 49 

aggressive (mean age=16.14 (s.d.=1.77), 32 males) and 49 non-aggressive (mean age=16.06 

(s.d=1.33), 36 males). We employed two distinct ML data analysis approaches. (1) Region of 

interest (ROI)-based: 41 ROIs showing threat responsiveness were selected from an independent 

sample of healthy subjects. The Z-scores obtained for each subject from trial-wise data for 41 

ROIs were used as inputs for the least absolute shrinkage and selection operator for feature 

selection. Thereafter, a support vector machine algorithm was used to classify the two groups 

using a nested cross-validation framework. (2) Searchlight analysis: AFNI trial-by-trial beta 

maps for each subject were subjected to searchlight analysis. Classification accuracy maps were 

generated for each subject using a linear discriminant analysis classifier and a leave-one-out 

cross-validation method with an n-fold partitioning scheme. A two-sample t-test was run across 

individual accuracy maps to identify regions where threat responsiveness differed significantly 

between groups. Both analysis approaches showed convergent results with classifiers identifying 

regions including bilateral IFG/mid frontal gyrus, subcallosal gyrus, right anterior/mid/posterior 

cingulate cortex, bilateral postcentral gyrus/precuneus/IPL, bilateral STG/MTG/parahippocampal 

gyrus/uncus, and bilateral insula (accuracy 73.37%, sensitivity 76.92% and specificity 71.68%). 



In conclusion, the current data and the proposed ML approach reveal brain regions associated 

with increased adolescent aggression. 
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Abstract: It is emerging that the COVID-19 pandemic has disproportionately affected 

neurodevelopment of children. The implementation of preventive strategies such as wearing 

mask, restricting social distance, and closing daycare centers may unintentionally influenced 

child development, particularly in communication and language skills. This study aims to 

investigate association between the COVID-19 pandemic and delay in language developmental 

functioning of infants and toddlers. From January to April in 2022, children aged between 13 and 

38 months were assessed for the developmental level of language skills by clinical staff using the 

most widely used instruments such as (Korean version of) Bayley Scales of Infant and Toddler 

Development, Third Edition (K-Bayley-III) and vineland. Children with known 

neurodevelopment diseases or history of the treatment for developmental delay were excluded 

for the study before the assessments. As a result, a total of 141 children remained for the study. 

At the end of the data collection, scale scores of K-Bayley-III and vineland were analyzed to 

determine if there was delay in development of language skills. The results showed that there 

were 30% of children, whose language development scores were below the average obtained 

from normative data of K-Bayley-III. None of these children had any medical history that would 

affect them in language development. In details, 76% of the children, who had low scores for the 

language skills showed lower scale scores than the average in the receptive communication, one 

of subscale of the language skill. Similarly, the scale scores of the other subscale, expressive 

communication, were also shown to be lower in 69% of the children below the average in 

language development. Interestingly, it was observed that 67% of the children with lower scale 

scores in language development were male. Finally, there was association between the language 

and the subtype of adaptive behavior, communication, in which 62% of children with lower 

language skills than the average exhibited scale scores in adaptive behavior-communication 

below the average. Language development normally occurs during early childhood in an 

achievement of receptive and expressive skills gradually. The study presented here indicates the 

potential risk of the COVID-19 pandemic on the language development in children. Although 



more studies are required to characterize the long-term effects of the pandemic on the child 

development, public health strategies associated with parents and clinicians for this matter 

should be considered. 
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Abstract: Rationale: Multiday periodicities exist in numerous biological processes with neuro-

behavioral implications, including cycles of seizure risk. Ecological momentary assessments 

(EMAs) are behavioral measures wherein patients self-report symptoms in the present moment. 

The identification of multiday rhythms in EMAs is complicated by their sparse, irregular 

sampling, which invalidates many classic statistical methods that assume continuity or consistent 

repeated measures. We borrowed a model from digital compression methodologies, basis pursuit 

denoising (BPDN), to identify oscillations in sparsely and irregularly collected EMA data from 

patients with temporal lobe epilepsy (TLE). Methods: Three patients with TLE participated in 

this study as part of a larger investigational device trial of deep brain stimulation for drug 

resistant TLE. Participants were prompted to complete a 12-item Likert scale inventory of 

depression and anxiety symptom severity, one to four times per week, on a random day and time. 

We designed a BPDN model that yielded spectral coefficients representing component 

oscillations in the EMA timeseries, given the EMA scores, temporal spacing between samples, 

and a discrete cosine transform (DCT) basis as inputs. Using simulated and real data, parameter 

sweeps and model-based quality metrics accommodating both measurement and model error 

were employed to select optimal hyperparameters for each participant. Oscillations were deemed 

significant if their associated DCT coefficients exceeded the 99th percentile of the output 

distribution calculated by randomly shuffling the timeseries and recalculating the DCT 

coefficients 1000 times. Results: Strong participant engagement yielded 460 cumulative entries 

representing 5 years of data in ambulatory subjects living in their natural environment. In 

simulation and with real data, BPDN successfully recovered component oscillations. BPDN 

yielded significant, participant-specific cycles around 1 day, 2-4 weeks, and up to 70 days. 

Conclusions: Assuming adequate data and scientific rationale to anticipate an underlying 



behavioral periodicity, BPDN-based models are a viable method to identify cycles in sparsely 

and irregularly sampled behavioral timeseries. This may be a powerful tool to evaluate cycles of 

behavior in long-term studies with ambulatory patients. 
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Abstract: A recently proposed fractal analysis approach (Serpa, 2022) is applied to estimate the 

fractal dimension (FD) of segmented brain white matter (WM) MRI image in healthy and 

traumatic brain injury (TBI) subjects to investigate the differences among the two groups. The 

WM volume is extracted from the structural MRI data with an image processing algorithm. The 

number of voxels pertaining to WM are then summed up separately along the three axes of the 

Cartesian coordinate system. The row and column of each matrix with the largest sum of array 

elements are considered as the candidate sequences for FD estimation. Each one of these 

sequences deduced from the WM-MRI data is fit to a mathematical function, which has a fractal 

structure and is the solution of a system of equations. Such a fractal function is known to 

characterize the self-similarity at the fractal levels. The fractal function that approximates the 

real data is estimated with a regression procedure in two steps: first, the sum of square residuals 

(SSR) between a formally defined function and the real values will be computed; next, the 

critical points will be sought, where the partial derivatives of SSR vanish, meaning that the error 

is minimized. The coefficients of the fractal function are therefore regarded as the parameters to 

be estimated by the fractal regression method. As there is no explicit analytical solution for the 



regression system, the fitting goal is achieved by a numerical approach implemented through a 

software, namely Fractal Real Finder (Serpa, 2022). The theoretical properties of the underlying 

fractal function allow us to obtain a more reliable estimate of Hausdorff (fractal) dimension 

compared to traditional FD estimation approaches and render a better characterization of the 

fractal structure of the data (Serpa & Buescu, 2017, Buescu & Serpa, 2019). The preliminary 

results with five healthy and five TBI subjects show that some specific MRI-derived sequences 

corresponding to both groups have markedly different FD estimates. Future research is to include 

more MRI data from either category and to perform statistical tests to confirm our findings and 

to compare the results with those obtained with the box-counting FD estimation approach. 

References Serpa, C. (2022). Affine fractal least squares regression model. Fractals. Accepted. 
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Abstract: Bibliometrics is a field of research that uses quantitative analysis to understand better 

the impact of the results of the scientific literature. On the other hand, epilepsy is considered 

chronic neuropathology that affects around 50 million people worldwide, which makes it one of 

the most common neurological diseases in Latin America. The etiology of this pathology is 

broad; considering the genetic causes have found a relationship between calcium channels and 

the generation of epileptic seizures. A search of the scientific production on this topic was 

carried out considering the database provided by Scopus, from the beginning of the publications 

on this topic, until March 2022. The variables studied were type of publication, number of 

citations, area (clinical/experimental), chronological profile, and publication journals. In the 

period from 1976 to 2022 in Latin America, a total of 224 publications were found. The country 



that leads epilepsy and calcium channel research in Brazil, with a total of 96 articles. While 

Mexico ranks second, with 63 documents related to the theme. The main collaborations between 

Latin American countries have been with the United States United and United Kingdom. The 

trending topics in each area are pharmacology (clinical and experimental). This bibliometric 

study allows us to infer that there are still some areas that require attention. in the study of 

epilepsy. Due to its frequency and incidence in developing countries, more research should be 

carried out on the mechanisms involved in its appearance. 
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Title: Eeg-based measures of cortical connectivity link to clinical outcomes in newborn infants 

Authors: *A. TOKARIEV1,2, M. AIRAKSINEN1,3,2, S. VANHATALO1,2;  
1Dept. of Physiol., Univ. of Helsinki, Helsinki, Finland; 2Dept. of Clin. Neurophysiology/BABA 

Ctr., Helsinki Univ. Hosp., Helsinki, Finland; 3Dept. of Signal Processing and Acoustics, Aalto 

Univ., Espoo, Finland 

Abstract: Early postnatal period of a human brain is characterized by a rapid activity-dependent 

development of brain connections (Molnar et al., 2020), the foundation of lifetime cognitive 

functions. This process is sensitive to a range of medical adversities and environmental effects. 

An assessment of infant’s neuronal network function holds significant promise for early 

prediction of neurodevelopmental disorders and guidance of intervention strategies. Here, we 

propose an analytical framework that uses connectivity-based features computed from infant 

sleep EEG in a combination with machine learning to predict clinical outcomes. We collected 

multi-channel EEG data from N = 107 newborn infants during daytime sleep at conceptual age 

of 42.3 ± 0.9 weeks (mean ± std). Three-minute-long artifact-free EEG epochs of active (AS) 

and quiet sleep (QS) were selected for further analysis. Next, these data were band-pass filtered 

into four frequency bands of interest: delta (0.4-1.5 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta 

(13-22 Hz) - and source reconstructed into 58 cortical parcels using a realistic infant head model 

and dynamic statistical parametric mapping (Tokariev et al., 2019). Functional connectivity by 

phase-phase correlations was estimated between pairs of all cortical parcels using weighted 



phase lag index. We computed connectivity features as the mean connectivity levels within and 

between anatomical regions (frontal, central, occipital, and temporal) at each frequency. A 

Support Vector Regression classifier (with ridge regularization and 10-fold cross-validation) was 

trained to predict neurological performance of these infants, as assessed with Hammersmith 

Neonatal Neurological Examination. Our trained classifier provided significant prediction of 

infant’s neurological performance with cross-validated correlation to real scores R = 0.33 (p < 

0.001; Spearman test). The connectivity measures during AS showed stronger prediction (R > 

0.3) compared to connectivity during QS (R = 0.1). Comparison of frequency-specific feature 

combinations (using mutual information criteria) showed that the most predictive power is 

concentrated within the delta frequency band. Our results suggest that cortical brain networks of 

neuronal function carry latent information that correlates with clinical performance. Combination 

of multiple features may have potential for clinical use as an early functional biomarker in the 

newborn infant brain. 

Disclosures:  A. Tokariev: None. M. Airaksinen: None. S. Vanhatalo: None. 

Poster 

580. Imaging and Analysis of Specific Human Populations and Traits 

Location: SDCC Halls B-H 

Time: Tuesday, November 15, 2022, 1:00 PM - 5:00 PM 

Program #/Poster #: 580.23 

Topic: I.07. Data Analysis and Statistics 

Title: Topological Data Analysis reveals alterations in the brain functional connectome in autism 

spectrum disorder. 

Authors: *J. DIAZ-PATINO1, S. ALCAUTER1, N. LÓPEZ GUERRERO2;  
1Inst. de Neurobiología, Univ. Autónoma de México, Queretaro, Mexico; 2Inst. de 

Neurobiología, Univ. Autónoma de México, Querétaro, Mexico 

Abstract: Topological Data Analysis (TDA) is a recent mathematics research area that has been 

used to study brain networks; previously, it was used to differentiate study groups with ADHD 

with good results (Gracia-Tabuenca et al., 2020, https://doi.org/10.1523/ENEURO.0543-

19.2020). The approach of TDA may be used to extract different topological features as a 

function of the connectivity threshold, exploring all possible connectivity values instead of 

exploring a single threshold. Previous studies show differences of brain morphology in 

individuals with Autism Spectrum Disorder (ASD) (Zheng W., et al 2021, 

https://doi.org/10.1002/hbm.25251, Kazeminejad A. et al., 2019, 

https://doi.org/10.3389/fnins.2018.01018). This work focused on the Betti_n functions for 

dimensions n=0,1,2 to differentiate patients with ASD over typically developing (TD) subjects. 

We used the preprocessed data of the ABIDE I database and three different atlases: AAL, 

CC200, and CC400 (http://preprocessed-connectomes-project.org/). We omitted any subject with 

void time-series and kept all the subjects with complete full-scale IQ test data. Our final sample 

has 854 subjects (ages between 6 and 64 years old, 410 ASD patients, 444 TD). We computed 



the Betti functions for each atlas and then computed the area under the curve (AUC) of each of 

these functions. The AUC of dimension 0 gives an idea of how the initially disconnected nodes 

connect when decreasing the connectivity threshold so that a connectome with lower AUC is 

associated with edges with greater connectivity that bind the nodes at higher connectivity 

thresholds. The AUC for dimensions 1 and 2 indicates the number of topological holes through 

the connectivity values. A hole occurs when there is a less dense set of connections between the 

nodes, i.e., a hole is a set of nodes that form a component, but they miss enough connections to 

form the hole. We applied an ANOVA for the AUC of all Betti functions. For the AAL, 

significant differences were identified for the AUC for dimension 0 in the Parietal lobe (p=0.02) 

and for dimension 1 in the Temporal lobe (p=0.01), where the area of the TD subjects is smaller 

than the area of the ASD subjects, but no differences were found when exploring the whole brain 

as a network. For the atlases CC200 and CC400, we found differences between groups in 

dimensions 1 and 2 (p=0.014 and p=0.017 for dimension 1; p=0.047 and p=0.045 for dimension 

2, respectively) with the same pattern seen in dimension 0. These results suggest that TD 

subjects have some higher connections that bind the brain network at higher connectivity 

thresholds, and ASD patients have less density of connections, favoring the presence of 

topological holes. 
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participants Aged 55 and Older 
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Abstract: Research and Objective: Within the US, dietary supplements are commonly used. 

Supplement use and/or the types of supplements used may be influenced by cognitive status. The 

goal of this analysis was to investigate the association between aggregated supplement use and 

cognitive status (normal cognition (NC), mild cognitive impairment (MCI), dementia, or 

cognitive impairment not MCI (CI-nMCI)) from 2015-2019 in National Alzheimer’s 

Coordinating Center (NACC) participants aged 55 and older. Methods: Analyses were conducted 

using data from the NACC. NACC participants aged 55 years and older with a visit from 

1/1/2015 to 12/31/2019 with a complete medications form were included. Co-participants filled 



out a medication form for the participant having used a supplement/medication in the past 14 

days. The first available visit for participants meeting inclusion criteria was taken to maintain 

statistical independence. Supplement use was defined as reported use of any vitamin/mineral 

(VM) or nonvitamin/nonmineral (NVNM) supplement. The number participants using 

supplements was aggregated across 2015-2019. Results: When restricting the dataset to 2015-

2019 with an age of 55 or greater, 19,932 participants were obtained. 19,696 (98.8%) of these 

participants had at least one complete medications form, resulting in a total of 19,696 

participants. Of these participants, 9,357 (47.51%) were classified with normal cognition, 3,934 

(19.97%) with MCI, 5,503 (27.94%) with dementia, and 902 (4.58%) with CI-nMCI. Use of any 

supplement was reported by 73% of participants in the analysis. A significant association was 

found between use of any supplement and cognitive status (P<0.0001, chi-square). Use of any 

supplement was 75.1% (95% CI: 74.2, 75.9%) in normal cognition, 74.6% (95% CI: 71.8-

77.5%) in CI-nMCI, 73.1% (95% CI: 71.7-74.5%) in MCI, and 67.9% (95% CI: 66.7-69.1%) in 

dementia. Supplement use decreased by 7.2% (95% CI: -8.7, -5.7%) in dementia and decreased 

by 1.9% (95% CI: -3.6, -0.3) in MCI when compared to normal cognition. An association was 

found between cognitive status and use of: any vitamin (P<0.0001, chi-square), any vitamin 

including multivitamins (MVM) (P<0.0001), any vitamin excluding MVM (P<0.0001), any 

mineral (P<0.0001), and any NVNM supplement (P<0.0001). Significant decreases were found 

within each of these supplement categories for MCI and dementia when compared to normal 

cognition, with the percent decrease in use being greatest for dementia. Conclusion: A significant 

association was found between many categories of dietary supplement use and cognitive status, 

with use decreasing as cognitive status worsened. 
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Abstract: Motor neuroscience research examines a wide spectrum of actions, ranging from 

finger tapping to cracking a whip. Even the simplest of such actions show variability arising 

from various sources in the sensorimotor loop. To extract interpretable features from the 

measured spatiotemporal profiles, the multiple repetitions of movement are often summarized by 

resampling and binning the time series, and calculating the mean and variance in the spatial 

domain. The resulting mean profile aims to highlight the essential characteristics of the ensemble 

to provide a basis for insights into control priorities. The band of standard deviations around the 

mean may indicate exploration, performance refinement, and learning. However, such extraction 

of summary statistics is far from straightforward, as every single movement is affected by 

potentially different variabilities in the spatial and temporal domains that cannot easily be 

dissociated. Due to such coupling, simple averaging across repeated time series can lose 

information in both spatial and temporal dimensions of the movement. The issue has been 

recognized in the motor control literature but has rarely been accounted for in a systematic way. 

This work explored and discussed several techniques to decouple variability into spatial and 

temporal components and to extract salient characteristics separately for these two domains. In 

particular, we present a powerful analysis tool, called elastic functional analysis, which has been 

successfully applied in statistics, animation, and shape analysis, but only very rarely in motor 

neuroscience. This method uses optimization procedures to rescale the temporal evolution in a 

nonlinear fashion to align salient features, such as peaks, valleys, and slopes, of an ensemble of 

time series. This technique was compared with conventional time-normalization and time-

padding, using synthesized signals with controlled levels of induced variability, as well as real 

hand kinematics of a three-dimensional unconstrained reaching task. Systematic analysis of these 

data demonstrates that the method of elastic functional analysis can be successfully applied to 

movement signals. It teases apart temporal and spatial variability and can substantially mitigate 

the potential biases in movement features when using conventional methods. Other application 

examples are presented and implications of this method in motor neuroscience are discussed and 

may inform the research when extracting subtle and otherwise covert features of movement 

kinematics. 
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Abstract: Twins studies are based on the premise that Monozygotic twins (MZ) share about 

100% of their DNA and dizygotic (DZ), about 50%, whereas the environment remains the same 

for both types of twins. Then, if a trait has a higher resemblance or covariance in MZ than DZ, 

this can be interpreted as a higher genetic contribution. Historically, intelligence has been one of 

the most fascinating cognitive traits to explore in twin studies. Previous twin meta-analysis has 

shown that the Intelligence quotient (IQ) has a genetic contribution (or heritability) of around 

80% in adulthood, another study showed a heritability of 72% in the American population; 

however, this is unknown in the Mexican population. This study aimed to compare the IQ of MZ 

and DZ twins to evaluate a potential genetic contribution in the Mexican population. IQ was 

evaluated using the A version of the Shipley-2 (standardized by age) scale; this scale measures 

both crystallized and fluid cognitive ability. For MZ and DZ comparison, three different methods 

were performed to estimate a potential genetic contribution: IQ values correlation between twins, 

concordance rates of the IQ range, and ACE analysis. A sample of 146 adult participants (18-61 

years old), corresponding to 73 twin pairs (n=48 MZ and n=25 DZ) part of the Mexican Twin 

Registry, TwinsMX (https://twinsmxofficial.unam.mx/) answered the Shipley-2. As result, no IQ 

correlation was observed between MZ twins (r=0.14, p=0.35) nor DZ (r=-0.04, p=0.83). 

Additionally, the IQ range of interpretation (i.e., well below average, below average, average, 

above average, and well above average) was compared between twins to the concordance rate 

analysis, when both twins’ score corresponds to the same range of interpretation (e.g., twin 1: 

average IQ, twin 2: average IQ) was classified as concordant twins, if they do not match then 

were classified as discordant. The probandwise concordance rate for the IQ range in MZ was 

0.73 and 0.79 for DZ; the likelihood-ratio test showed no significant differences between groups 

(p=0.43). Finally, ACE modeling showed for genetics (A) a contribution of 13%; meanwhile, 

environmental (E) had an 86% contribution. These preliminary results through the three methods 

suggest a higher environmental contribution to IQ level; however, it is necessary to increase the 

sample size and to include relevant covariables (e.g., age or sex) to improve the precision of the 

estimations. This will allow us to understand the genetic or environmental basis of cognitive 

ability in the Mexican population. 
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Abstract: Twins studies allow the assessment of the weight of genetic and environmental 

contribution to different traits and diseases, being extremely helpful in physical and mental 

health research. The variability of a phenotype is compared between Monozygotic (MZ) or 

identical twins who share about 100% of their DNA, and dizygotic (DZ) or fraternal twins who 

share about 50% of their DNA. Furthermore, MZ and DZ twins share their environment for a 

large portion of their lives. If a trait is more frequent or similar among MZ twins, it is likely to 

have a higher genetic load. Twin studies in the Latin American population have been very 

limited, and it is of great need to obtain results that can be translated to the genetically admixed 

Mexican population. This study aims to compare the score of the Symptom Checklist-90-

Revised (SCL-90-R) used to assess mental health traits in nine symptomatic dimensions in 

Mexican MZ and DZ twins. A sample of 174 pairs of twins (n=108 MZ and n=66 DZ) answered 

the SCL-90-R through the official website of the Mexican Twin Registry, TwinsMX 

(https://twinsmxofficial.unam.mx). A significant correlation for MZ, but not for DZ twins was 

found in the traits of depression (MZ rs= 0.468, p<0.01; DZ p= 0.086), hostility (MZ rs= 0.319, 

p<0.01; DZ p= 0.132), phobic anxiety (MZ rs= 0.323, p<0.01; DZ p= 0.426), and somatization 

(MZ rs= 0.306, p<0.01; DZ p= 0.202) suggesting a greater genetic contribution to these traits. 

Whereas significant correlations for both MZ and DZ were found in the traits of obsessive-

compulsive disorder (MZ rs= 0.420, p<0.01; DZ rs=0.279 p<0.05), interpersonal sensitivity (MZ 

rs= 0.466, p<0.01; DZ rs=0.288 p<0.05), anxiety (MZ rs= 0.413, p<0.01; DZ rs=0.255 p<0.05), 

paranoid ideation (MZ rs= 0.450, p<0.01; DZ rs=0.380 p<0.01), and psychoticism (MZ rs= 

0.409, p<0.01; DZ rs=0.268 p<0.05) which suggest that these are probably mediated by 

environmental influences. These results are the first step to evaluate the genetic and 



environmental contributions in mental health traits; however, further analyses are required to 

estimate their heritability of these traits in the Mexican population. 
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Abstract: There are two concepts that most people are unaware of and that can help us to 

understand how a person experiences anxiety. These are “state anxiety” and “trait anxiety”. The 

first one is the response to certain situations, at a certain time, and symptoms associated with 

anxiety can be identified; while trait anxiety is the way of responding frequently to life situations 

and helps to identify tendencies when acting anxiously. The 'heritability' (i.e., the proportion of a 

trait in a population that can be attributed to genetic factors) of anxiety in Latinos in the United 

States has been found to be approximately 7.2%, while in populations of European ancestry, 

genetic factors could be contributing to around 31% of the variance in anxiety symptoms. The 

purpose of this study was to correlate symptomatology of anxiety in Monozygotic (MZ) and 

Dizygotic (DZ) twins separated by sex. A sample of 195 twin pairs (n=120 MZ pairs in which 

n=100 women and n=20 men; and n=75 DZ pairs in which n=57 women and n=18 men) from 

the Mexican Twin Registry, TwinsMX, answered the State-Trait Anxiety Inventory (STAI). lt 

was observed a significant correlation for Anxiety-Trait in MZ twins (rₛ=0.49; p<6.21e-09), and 



in DZ (rₛ=0.35;p<0.0018). On the other hand, for Anxiety-State there were significant results for 

MZ (rₛ=0.37;p<3.002e-05) but not in DZ (rₛ=0.20;p=0.71). Meanwhile, there was a significant 

correlation for both MZ females (rₛ= 0.51; p<3.791e-08) and for DZ females (rₛ=0.43;p<6.319e-

04); however, there was no significant correlation for MZ males (rₛ= 0.42; p=0.06) neither DZ 

males (rₛ= 0.15; p=0.53). On the other hand, for Anxiety-State there were significant results for 

MZ females (rₛ=0.40;p<2.709e-05) but not in DZ females (rₛ=0.35;p=0.059). In addition, there 

were no significant results in both MZ males (rₛ=0.10;p=0.64) and DZ males (rₛ=0.15;p=0.54). 

Anxiety-State significant results in MZ twins, but not in DZ, suggest that it is attributed to 

genetic factors. Furthermore, the results segmented by sex, show a greater difference between 

MZ females and DZ females in Anxiety-State rather than Anxiety-Trait. Nethertheless, results of 

Anxiety-State and Anxiety-Trait in males, for both MZ and DZ are still preliminar because of the 

small number of men, therefore a larger sample is necessary to refine the statistical analysis. On 

the other hand, these studies will be of great value for the advancement in the field of mental 

health in the Mexican population. We expect that the recently created TwinsMX, in the future, 

may contribute to develop strategies for prevention, diagnosis and more suitable treatments. 
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Abstract: The twin studies allow us to detect the relative genetic and environmental contribution 

to a trait; the principal assumption is that the genetic resemblance in monozygotic (MZ) twins is 

close to 100%, whereas in the dizygotic (DZ) twins is ~50%, and both of them share the same 

environment. Regarding this fact, when MZ twins have more resemblance in a trait, rather than 

DZ twins, it suggests that there is a higher genetic contribution for that trait. Sleep quality is a 

very broad concept that includes several measures, such as duration, latency, efficiency, sleep 

disturbances, use of drugs for sleep, and how well people perform during the day. Sleep quality 

has been measured in several studies using the Pittsburgh Sleep Quality Index (PSQI). The 

genetic contribution of sleep quality has been studied in various populations. For example, in the 

Spanish adolescent population, a genetic contribution of 42% has been estimated, while in the 

American, English, and Finnish populations a contribution of 34%, 43% and 44%, respectively, 

has been found. This suggests that environmental and genetic contributions to sleep quality may 

differ between populations. The aim of this study was to assess the PSQI total scores in Mexican 

monozygotic (MZ) and dizygotic (DZ) twins. A sample of 143 pairs (n=93 MZ pairs and n=50 

DZ pairs) answered through the website of the Mexican Twin Registry, TwinsMX 

(https://twinsmxofficial.unam.mx/) the PSQI, which analyzes the quality of sleep in the last 

month. This instrument considers different categories to measure sleep quality (included: 

habitual sleep efficiency, sleep disturbances, subjective sleep quality, among others). As a result 

of this study, a significant correlation was observed for the PSQI total score in MZ twins 

(rₛ=0.41; p=0.003), but not in DZ (p=0.41). The PSQI total score results suggest that sleep 

quality is probably associated with a greater genetic contribution.  However, more data collection 

is needed to perform ACE analyses to calculate more accurately the heritability of sleep quality 

in our population. Overall, this study shows the need for twin data in the Mexican population to 

strengthen the knowledge of mental health traits such as sleep quality. 
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Abstract: The Big Five Instrument is widely used in psychology to assess people's personality. 

Through a self-assessment, this instrument can report the degree of extraversion, agreeableness, 

conscientiousness, neuroticism, and openness of a person. The present work aims to evaluate the 

hereditary and environmental components of each of the traits evaluated with the Big Five 

Instrument in the Mexican population, which presents a genetic admixture, different from that 

observed in other regions of the world. To achieve this objective, we developed a classic study of 

twins with the data collected by the Mexican Twin Registry, which has around 4100 registries 

(May 2022). In a twin study, it is possible to compare the similarity of a trait in monozygotic 

twins (who have a resemblance of 100% of their DNA and about 100% of environmental factors) 

and dizygotic twins (who have a resemblance of about 50% of their DNA and about 100% of 

environmental factors). With the help of structural equation models and the ACE model, the 

relative contribution of genetic (heritability; a2) and environmental factors to a specific trait can 

be calculated. Of the total records, 270 pairs of twins have completed the Big Five Instrument, of 

which 173 are monozygotic and 78 are dizygotic. Participated a higher proportion of female 

(71%) and young people between 20-30 years old (40%). According to the data we currently 

have, the following explained variance percentages by factors have been obtained (V: explained 

variance by A: additive genetic; C: common environment; E: unique environment): Extraversion: 

a2=VA=48.9%, VC=0%, VE=51.1%; Agreeableness: a2=VA=26.0%, VC=7.6%, VE=66.4%; 

Awareness: a2=VA=40.9%, VC=0%, VE=59.1%; Neuroticism: a2=VA=39.3%, VC=0%, 

VE=60.7%; Openness: a2=VA=45.7%, VC=0%, VE=54.3%.As preliminary conclusions, in the 

Mexican population, extraversion is the trait with the highest genetic variance, while 

agreeableness is the trait with the lowest genetic variance. This last trait is the only one to date 

that presents a significant common environment component.This preliminary study is one of 

several others from the Mexican Twin Registry, which is a recently started effort and is expected 

to be an invaluable resource for the characterization of different traits in the Mexican population. 
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Abstract: Activation of neural tissue while documenting behavioral change is the gold standard 

for studying brain function. For decades electrical currents, and more recently, optogenetics 

produce similar tissue activation and behavioral results when applied to the same brain region. 

However, both techniques require invasive surgeries to implant stimulating electrodes, virus 

vectors and/or optic sources. State of the art noninvasive stimulation techniques such as 

transcranial magnetic stimulation (TMS) have poor spatial resolution. In contrast, low intensity 

transcranial focused ultrasound (TFUS) is noninvasive and capable of high spatial resolution 

(~1mm3). We report here, the use of TFUS to elicit changes in electrophysiology and behavior at 

unprecedented spatial resolution. 

As part of the DARPA Next-generation Noninvasive Neurotechnology program, we delivered 

TFUS to the right frontal eye field (FEF) region of a macaque performing a task requiring 

fixation followed by saccades to targets. In brief, we delivered 2.8 MHz pulsed TFUS to the FEF 

for 200 ms from a phased array of 4096 transducer elements. TFUS was targeted with phase 

delays calculated to correct for inhomogeneities between transducer and target location. Multiple 

locations in the FEF were targeted without physically moving the device by steering the beam 

using unique phase delays. Local field potentials were recorded with multi-channel electrodes in 

FEF. 

TFUS elicited theta and alpha (5-12 Hz) activity during the stimulation epoch that was not seen 

during non-stimulated “sham” trials. Changes in FEF activation altered saccade behavior and 

disrupted behavioral performance. TFUS caused saccades to 5 locations distinct from the visual 

target positions, even effecting sham trial performance. In addition, the TFUS targets in FEF 

appeared to be volumetrically confined enough to elicit different & specific effects. Targeted 

stimulation at one point caused generalized disruption of performance while a target 1 mm away 

induced saccades to a very specific, non-target location. Our results demonstrate that TFUS 

affects small, specific regions of brain tissue and that steering the beam to different locations in 

FEF produces differentiable behavioral outcomes. 

This work was supported by the Naval Information Warfare Center (NIWC) and the Defense 

Advanced Research Projects Agency (DARPA) under Contract No. N65236-19-C-8013. The 



views, opinions, and/or findings contained in this abstract are those of the author and should not 

be interpreted as representing the official views or policies, either expressed or implied, of the 

NIWC Atlantic, DARPA, or the Department of Defense. 
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Abstract: Low-intensity transcranial focused ultrasound (TFUS) is a promising method for non-

invasive stimulation of brain tissue. TFUS has been used for neural stimulation in rodent, non-

human primate, and human subjects. However, the parameters for optimized TFUS effects 

remain a topic of investigation. 

As part of the DARPA Next-generation Noninvasive Neurotechnology program, we delivered 

TFUS to the right frontal eye field (FEF) region of a macaque performing a task requiring central 

fixation followed by saccades to visual targets. In brief, we delivered 2.8 MHz pulsed TFUS to 

the FEF for 200 ms from a phased array. TFUS was targeted with phase delays calculated to 

correct for inhomogeneities between transducer and target. The TFUS transducer arrays were 

placed in two locations. The “tilted” transducer position targeted FEF through a window of thin 

compact bone and positioned the transducer plane tangential to the dorsal lateral skull surface. 

The “tilted” position resulted in two transducer array segments close to scalp and two more 

distant requiring connection to scalp via thick ultrasound gel. The second, “flat”, location 

targeted FEF by placing the transducer array where all array segments were tangent to and 

approximately equidistant from the scalp. Local field potentials were recorded with multi-



channel electrodes in FEF. 

We observed that the “flat” position was superior to the “tilted” position in producing temporally 

and spectrally specific neural responses and behavioral outcomes. In the “flat” position the 

activation of neural tissue was temporally focused during periods of stimulation and specific to 

the theta and alpha bands (5-12 Hz). Conversely, the “tilted” position produced broadband 

differences across frequencies from 2-40 Hz that lasted more than 500 ms. In concert with the 

neural responses TFUS in the “tilted” position elicited small variable changes in saccade 

performance after fixation. While TFUS in the “flat” position induced larger saccade amplitudes 

as well as saccades to multiple, replicable, non-target saccade locations. In conclusion, the 

position of the transducer relative to scalp and skull tissues significantly influenced the outcome 

of TFUS in this study and should be carefully considered when developing paradigms. 
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Abstract: Low intensity focused ultrasound (FUS) is an emerging technology for noninvasively 

modulating brain activity with millimeter-scale spatial resolution. Studies in humans and 

nonhuman primates have provided evidence that the technology’s high spatial resolution can be 

leveraged to induce measurable changes in fine motor and sensory function, for example in digit-

specific cortical modulation. Small animal models present an attractive, higher-throughput 

alternative for optimizing stimulus and targeting parameters partly because there is a wide array 

of genetically-driven toolboxes for imaging that are available. However, the majority of such 

preclinical research has heretofore focused on sensory modalities that are behaviorally of limited 



interest in humans, e.g. gross stimulation of forelimb/hindlimb. Here, we use a steerable, phased-

array FUS transducer to target regions of primary auditory cortex (A1) in mice. The 

tonotopically-organized auditory cortex provides a convenient testbed for assessing high-

resolution editing of a cortical sensory target that requires millimeter precision in humans as 

well. In transgenic mice expressing the Ca2+-sensitive reporter GCaMP6s under the Thy1 

promoter, we performed simultaneous in vivo wide-field Ca2+ imaging in A1 and targeted FUS 

through chronically implanted cranial windows. Rather than directly observing FUS-evoked 

activity, we measured resulting modulation of tone-evoked responses, thus avoiding direct 

auditory sensory artifacts from ultrasound stimulation that have been well documented. We 

observed spatially complex, tonotopic maps of cortical activity in response to acoustic 

frequencies ranging from 5kHz - 20 kHz and explored the impact of targeting FUS at individual 

frequency centroids. We observed post-sonication changes in cortical responses including altered 

spatial profile. While in most cases the effects appeared to resolve on a timescale of minutes, 

other changes such as alterations in response intensity, persisted throughout the remainder of 

imaging sessions (~30 min). We additionally performed behavioral tests and imaged blood flow 

in the cortical microvasculature using optical coherence tomography angiography to ensure that 

FUS induced no gross changes. Beyond immediate applications to animal models of auditory 

dysfunction such as tinnitus, this platform can more broadly be used to elucidate the mechanisms 

of FUS neuromodulation in vivo, as well as to ultimately inform parameters and limitations for 

personalized therapy for a multitude of other conditions that require high-resolution intervention. 
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Abstract: In a recent study, we showed that sonogenetic therapy can be applied to stimulate the 

visual cortex at a high spatiotemporal resolution with ultrasound following the expression of the 

MscL mechanosensitive ionic channel in cortical neurons1. 

Here we investigated if the sonogenetic activation of the visual cortex can generate visual 

perception using an associative learning test. 

Methods: The mechanosensitive ion channel (MscL) was expressed by AAV injection in the 

mouse visual cortex. Mice under water restriction and head-fixed were first taught to associate 

water delivery to a flash of light. After for days fo the associative learning task , ultrasounds 



were then applied using an ultrasound transducer on a cranial window above the visual cortex in 

head-fixed mice. 

Results: In the associative learning task, all the animals increased their licking behavior in the 

time window between the flash and the water delivery from a mean of 30.9 ± 17.9% the first day 

up to 86.2 ± 14.1% the fourth day for injected mice and 30.5 ± 28.2% up to 91.7 ± 10.3% for 

non-injected mice. After this association training, the flash stimulus was replaced by an 

ultrasound stimulation. For only the injected mice expressing MscL (n=14), the efficacy of the 

ultrasound stimulations induced response (69.3 ± 25.4%) was not statistically different to the 

efficacy of their visually induced response at the fourth day of associative learning (86.2 ± 

14.1%). On the other hand, it was not the same case for the non-injected mice (n=9) which 

efficacy of the ultrasound stimulations induced response (38.1 ± 18.5%) was far from the one 

that was induced by the flash (91.7 ± 10.3%). The US-elicited response was highly dependent 

upon the ultrasound intensities in AAV-injected animals. 

Conclusion: We here demonstrated that mice expressing the MscL ionic channel in their cortical 

neurons perceived an ultrasonic stimulation of the visual cortex as a natural visual stimulation. 

These results are encouraging for the application of sonogenetics as a novel strategy to restore 

vision at a cortical level in blind patients with optic nerve atrophy. 

1)S. Cadoni et al. (In Press). “Ectopic expression of a mechanosensitive channel confers 

spatiotemporal resolution to ultrasound stimulations of neuronal circuits”. 
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Authors: T. HE1,2, X. LI3, Y. LUO3, Y. GU4, H.-Y. LAI1,2, L. WANG3;  
1Col. of Biomed. Engin. and Instrument Science, Zhejiang Univ., Hangzhou, China; 2Dept. of 

Neurol. of the Second Affiliated Hospital, Interdisciplinary Inst. of Neurosci. and Technology, 

Zhejiang Univ. Sch. of Med., Hangzhou, China; 3Dept. of Neurol. of the First Affiliated 

Hospital, Interdisciplinary Inst. of Neurosci. and Technology, Zhejiang Univ. Sch. of Med., 

Hangzhou, China; 4Zhejiang Univ., Ctr. of Stem Cell and Regenerative Medicine, and Dept. of 

Neurol. of the Second Affiliated Hospital, Zhejiang Univ. Sch. of Med., Hangzhou, China 



Abstract: Autism spectrum disorder (ASD) refers to a group of neurodevelopmental disorders 

characterized by deficits in social communication, restrictive interests and repetitive behaviors. 

To date, there is no effective treatment for ASD yet. Recently, emerging evidence suggests 

oxytocin (OT), a nine amino-acid peptide, might be used for ASD treatment in clinic. However, 

due to its molecular weight, OT cannot efficiently pass the blood brain barrier (BBB), which 

may significantly limit its effect. Focused ultrasound (FUS) combined with microbubbles is a 

newly developed technique which can temporarily disrupt the BBB, showing the great potential 

to precisely deliver drugs into local brain regions. However, whether this novel technique can be 

applied for ASD treatment has not been explored. In the present study, using valproic acid 

(VPA)-exposed rat as ASD animal model, we explored the effect on social novelty deficits in 

ASD by selectively delivering OT into the medial prefrontal cortex (mPFC) by FUS-induced 

BBB opening. We first verified that 0.55-mechanical index FUS could open the BBB of 5-week 

rats without cellular and circuit damage. We then found precise OT delivery in the mPFC by 

FUS partially recovered social novelty deficit in VPA-exposed rats. Moreover, compared with 

the effect of intravenous injection of OT, FUS did improve the effect of OT at low concentration 

on treating social novelty deficits in ASD. Together, our results suggest that FUS-aided OT 

administration in the mPFC could be a valuable strategy to be applied in the treatment of ASD in 

clinic. 
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Abstract: Transcranial low intensity focused ultrasound (TUS) is a novel non-invasive brain 

stimulation (NIBS) technique that uses acoustic waves to alter neuronal excitability. TUS has a 

greater spatial focality and can reach deeper brain structures compared to other NIBS techniques 

such as transcranial magnetic stimulation (TMS). This makes TUS particularly well-suited to 



target functional subregions of the cerebellum. We investigated the effects of cerebellar TUS 

(cbTUS) on motor cortex (M1) excitability. We hypothesized that 1) longer cbTUS duration will 

induce greater inhibition of M1 excitability; 2) TUS will transiently lower M1 excitability post-

sonication; 3) cbTUS of cerebellar lobule VIII will have greater inhibition and longer lasting 

effects compared to scalp-based coordinates (i.e., Crus I/II). Real cbTUS stimulation consisted of 

sonication at 20 W whereas sham consisted of 0 W. A 12 kHz tone was used to mask the 

mechanical sound of the transducer. In Experiment 1 (n = 16), cbTUS was applied to Crus I/II 

and motor evoked potentials (MEPs) from TMS of contralateral M1 were measured at pre-TUS 

(i.e., baseline), after 150ms, 300ms, and 450ms of TUS, and 150ms following 500 ms of TUS. 

We observed a trend that longer sonication duration induced greater inhibition, with peak 

inhibition observed following 450 ms of cbTUS and 150 ms post-sonication. Comparison of 450 

ms of real and sham cbTUS showed that MEPs were significantly lower after real stimulation. In 

Experiment 2 (n = 15) we assessed longer latencies post-sonication and compared Crus I/II 

stimulation to lobule VIII stimulation. We again found a significant inhibition following 450 ms 

of cbTUS and at 150 ms post 500 ms sonication. However, MEPs 150 ms post-real TUS did not 

differ from sham. No effect of stimulation location was found. In Experiment 3 (n = 7), we used 

similar timepoints as Experiment 2 but tested primarily 0W sham and included two active sham 

conditions: 450ms of 20 W TUS targeting V1, and 450 ms of 20 W stimulation with the active 

face of the transducer facing away from the scalp. A real stimulation condition consisting of 450 

ms cbTUS was also included. Preliminary results show that inhibition occurred at multiple times 

points post-sonication and following 450ms of sham stimulation, likely due to an inhibitory 

effect of the sound mask. MEPs immediately following 450ms of real cbTUS was lower than 

450 ms of sham stimulation. The results provide evidence of an inhibitory effect of cbTUS in 

addition to the inhibitory effect of the sound mask. Our study shows that cbTUS can effectively 

modulate motor cortical excitability and is the first demonstration of an effect of cerebellar TUS 

in humans. 
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Abstract: Focused ultrasound (FUS) is emerging as a promising non-invasive neuromodulation 

modality. Although it is widely employed to modulate brain circuits, its application to peripheral 

nerves is still limited and debated. In this study we aim to (1) characterize FUS-evoked responses 

in isolated peripheral neural fascicles, and (2) elucidate the FUS recruitment properties of 

different fiber types by analyzing the propagation properties of the evoked responses, in order to 

confirm the potential of FUS for peripheral neuromodulation and guide the design of effective 

sonication protocols. We used an ex vivo experimental setup to apply electrical and ultrasonic 

exposures to neural fascicles and record the evoked neural activity. Nerve fascicles were isolated 

from explanted rat spinal roots and inserted in a microfabricated nerve-on-a-chip platform (Gribi 

et al., 2018), consisting of two aligned microchannels electrodes: one for electrical stimulation 

and one for recording (the last one with multiple active sites placed along the channel length). 

Acoustic stimulation was delivered through a FUS transducer (500 kHz central frequency) 

placed above the fascicle. The stimulation protocol consisted of single FUS pulses varying in 

peak pressure amplitude and duration. Electrical stimulation was applied to assess the viability of 

the fascicle. We recorded propagating compound action potentials (CAPs) generated by both 

electrical and ultrasonic stimuli along the fascicle. We checked that the applied US stimulations 

did not damage the neural fibers. Our data shows that FUS evokes neural responses with very 

high success rates (above 80%) with an optimized combination of acoustic parameters. These 

responses have shapes and amplitudes similar to the ones obtained with electrical stimulation. 

Furthermore, clear strength-duration excitability patterns emerged when exploring the 2D 

stimulation parameters space. Thanks to a velocity selective recording algorithm, we 

differentiated the responses from different fiber types and evaluated their distinct FUS 

recruitment properties. This ex vivo characterization of FUS-evoked responses in isolated neural 

fascicles confirms that FUS stimulation can directly excite peripheral fibers and reveals effective 

stimulation parameters. Comparing these experimental results with modeling predictions could 

give insights on the mechanism of interaction between FUS and the neural membrane. Moreover, 

leveraging distinct FUS recruitment properties of different fiber types could open new 

possibilities for selective peripheral neural stimulation strategies. 
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Abstract: Low-intensity focused ultrasound is an effective method for inducing blood-brain 

barrier (BBB) opening, but its underlying mechanisms remain unknown. Here, we investigated 

the molecular mechanisms of BBB opening induced by low-intensity focused ultrasound. Rats 

were sacrificed at different timepoints (1, 4, 24, and 48 h) after receiving focused ultrasound 

sonication (FUS). Immunohistochemistry and western blot were performed to assess levels of 

tight junction proteins (occludin and ZO-1) and transcytosis proteins (major facilitator 

superfamily domain-containing 2a [MFSD2a] and caveolin-1). Levels of ZO-1 and occludin 

were most prominently decreased at 1 h after FUS at the timepoint when the transient BBB 

opening was most prominent based on Evans blue extravasation. Caveolae formed 

predominantly at 4 h post-sonication. MFSD2a levels were lower after FUS. At 4 h post-

sonication, MFSD2a levels showed the greatest decrease whereas caveolin-1 levels showed the 

greatest increase. In conclusion, our results highlight a temporal window between transcytosis 

and tight junction mechanisms. Therefore, the timepoint of injections should be taken into 

consideration depending on specific characteristics of the drug when delivering a drug following 

ultrasound-induced BBB opening. 
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Abstract: Background: Transcranial ultrasound stimulation (TUS) is a promising non-invasive 

brain stimulation technique with advantages of high spatial precision and ability to target deep 

brain regions. Our pervious study found that theta burst TUS (tbTUS) can produce long-term 

potentiation (LTP)-like plasticity in human motor cortex. However, the effects of different 

sonication parameters of tbTUS on the induction of brain plasticity have not been investigated. 

The objective of this study is to examine a range of sonication parameters, including pulse 

repetition frequency (PRF), duty cycle (DC), sonication duration (SD) and acoustic intensity (AI) 

to maximize the efficacy of tbTUS while ensuring safety. 

Method: We studied 12 right-handed healthy subjects who attended 8 study visits on separate 

days. One visit applied the standard tbTUS (PRF=5Hz, DC=10%, SD=80s, AI = 20W). In the 

other 7 visits, one sonication parameter was changed (PRF=2Hz or 10Hz; DC= 5% or 15%; 

SD=40s or 120s; AI=10W). The effects of tbTUS on motor cortical excitability were tested 

before, and at 0, 30, 60 and 90 minutes after TUS. The transcranial magnetic stimulation (TMS) 

measures of motor cortical excitability were motor-evoked potentials (MEP) amplitudes, short 

interval intracortical facilitation (SICF), short-interval intracortical inhibition (SICI) and 

facilitation (ICF). 

Results: The results showed that standard tbTUS increased motor cortical excitability for at least 

60 mins. In contrast, tbTUS with PRF of 2Hz and 10Hz produced significant changes for only 5 

mins and 30 mins. Motor cortical excitability increased less than 60 mins with 5% DC and more 

than 90 mins with 15% DC. 40s train of tbTUS increased motor cortical excitability more than 

30 mins and 120s train of tbTUS prolonged the effect to more than 90 mins. When the AI was set 

as 10W, tbTUS had no effect on motor cortical excitability. In addition, tbTUS reduced SICI and 

enhanced SICF, but had no effect on ICF. 

Conclusion: This work demonstrated 5Hz is the best PRF in tbTUS to induction human plasticity 

and AI should be ~20W to effectively target the human cortex. Furthermore, higher duty cycle 

and longer sonication time are associated with longer duration of increased cortical excitability 

induced by tbTUS. These findings have important implications for the potential use of tbTUS as 

treatment of neurological and psychiatric disorders. 
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Abstract: Electrical vagus nerve stimulation has been shown to reduce systemic inflammation 

by activating the cholinergic anti-inflammatory pathway (CAP) through the spleen. Our group 

hopes to accomplish similar effects in humans using low- intensity pulsed ultrasound (US) 

stimulation delivered directly to the spleen. CAP is controlled by efferent vagus and splenic 

nerve activity which causes norepinephrine release in the spleen and initiates a signaling cascade 

involving T-cells and macrophages to inhibit pro-inflammatory cytokine release. We have shown 

that focused US directed at the spleen decreases inflammation in a mouse model of inflammatory 

arthritis. We are now developing a wearable US device for human use to stimulate the spleen. 

In humans, delivery of splenic US is complicated by the rib cage shielding the spleen. A solution 

is to determine rib location using US echoes received by the therapy device. A small human 

study was conducted to classify US rib reflection features to indicate the presence of ribs and 

locate intercostal regions. In a cohort of 20 healthy volunteers (8 male, 12 female) with a mean 

age of 39 years (range 21-74), the position of the ribs and spleen were first identified using a 

commercial US imaging system. Next, using the therapy device, US echoes were recorded at five 

positions over and between two ribs above the spleen. Reflection signals fell into three 

categories: intercostal, partially over a rib, and fully over a rib. Using a threshold algorithm, we 

correctly detected a rib 76% of the time and determined that there is no rib 83% of the time. 

Separating the data set into two groups by body mass index (BMI), using a cutoff of BMI=30, 

increased classification accuracy to 92% and 96% respectively for low BMI participants and 

85% and 88% for high BMI. This is evidence that body type is a significant factor in determining 

spleen and rib location. To provide automated onboard classification and further improve 

performance, we are also applying machine learning methods that leverage anatomical data such 

as BMI, torso landmarks, intercostal space width, and rib and spleen depth as input features to 

different classifiers to more reliably predict the echo signals. We will compare the accuracy of 

these classifiers with each other and the thresholding method with the goal of showing near 

perfect detection of ribs. We will also utilize deep learning algorithms to track respiration-

induced splenic motion to provide targeted therapy delivery. These technologies will enable the 

SecondWave noninvasive US platform to be an effective, cost-efficient and portable peripheral 

stimulation therapy for the potential treatment of acute and chronic inflammation. 
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Abstract: Transcranial ultrasound stimulation (TUS) shows great promise as a powerful, non-

invasive focal brain stimulation (Rabut et al., 2020). However, recent studies discovered an 

auditory confound using common human TUS parameters, which was clearly audible in humans. 

There is a discrepancy in the literature on whether auditory masking can be used as mitigation 

(Braun et al., 2020 & Johnstone et al., 2021). Here, we ran three experiments focusing on the 

airborne-auditory confound. In experiment 1, we traced the possible sources of the auditory 

confound and tested whether it is audible using a wide range of the parameters used in human 

TUS. We recorded sound clips of the ultrasound stimulation using a specialized microphone that 

covers the full-human hearing range — we presented the audio clips online to 50 participants 

who performed a detection task followed by confidence ratings. We recorded three waveforms: 

continuous, pulsed, and ramped ultrasound bursts. The results, calculated as D prime, showed 

that participants were reliably able to hear the auditory artifact with high confidence for most of 

the presented ultrasound bursts.In experiments 2 (n=80) and 3 (n=98), we texted the 

effectiveness of auditory tones to mask the TUS auditory confound. Participants performed a 

two-interval forced-choice (2IFC) task in which they presented online with a mask-only audio 

clip or a mask with an ultrasound burst one, followed by a confidence rating. Their task was to 

choose which stimulus contained the ultrasound burst. We used two ultrasound waveforms: 

continuous and pulsed (in both cases, we used increasing pressure ranging from 0.4 ~ 1.2 MPa). 

We tested a square wave monotone mask (as in previous reports), a pulsed sin wave monotone 

mask (to match the auditory artifact), and a random multi-tone mask or “Auditory Mondrians” 

(inspired by the Mondrians used in the continuous flash suppression to mask visual targets; 

Tsuchiya & Koch, 2005). Results showed that the correct response dropped to a chance level 

with 50% confidence using monotone masks for all the continuous ultrasound bursts and low 

pressure (0.4 MPa) pulsed waveform ultrasound bursts. However, participants achieved around 

80 - 90 % correct response with high confidence for the high-pressure pulsed ultrasound bursts 

(0.8 ~ 1.2 MPa). For Auditory Mondrians, the correct response dropped to a chance level with 

50% confidence for all the tested ultrasound bursts, including high-pressure pulsed waveform. 



These results show that Auditory Mondrians were more effective than monotone masks at 

masking the auditory confound of the ultrasound bursts at all the parameters tested. 
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Abstract: Low-intensity shockwaves are used in orthopedic, cardiology, urology, dermatology 

and aesthetics since 1990. Shockwaves transmitted through the skull were first applied to the 

brain in 2005. Next to shockwaves, there is another focal, mechanical stimulation tool in 

medicine, the focused ultrasound (FUS). It is used for tissue ablation and drug delivery since the 

last decade of the 20th century. There are emerging neurological applications with low-intensity 

tFUS (transcranial Focused Ultrasound) for neuromodulation. Transcranial Pulse Stimulation 

(TPS) uses focused shockwave pulses. Shockwaves are single pulses with high positive 

amplitude, very steep leading edge and short duration. Due to the asymmetrical pulse shape 

broad frequency spectrum results. Typical focal zone of an electromagnetic generator is an 

ellipsoid with 5mm diameter and 20-30mm length. TPS shockwave pulses have Energy Flux 

Density (EFD) of up to 0.25mJ/mm2. Due to the application through the skull, pressure 

amplitude is reduced to 35% and correspondingly, 85% of energy are absorbed. Compared to 

shockwaves, ultrasound is a continuous train of sinusoidal pressure oscillations with typical 

frequency of 0.5 to 5MHz. The frequency spectrum contains only the main frequency with its 

harmonics. Focused ultrasound can have focal area similar to the focal size of an 

electromagnetically generated shockwaves. The intensity is expressed as power density (W/cm2). 

The skull attenuates transcranial FUS in a similar way like shockwaves. For minimizing the 

tissue heating capacity of the FUS, the continuous ultrasound train is applied intermittently with 

repeated pulse bursts. The TPS is used for experimental treatment of Alzheimer’s and 

Parkinson’s disease since 2010 with positive results. The average power density is less than 

0.1W/cm2 due to the low repetition pulse rate. There is no heating. TPS working principle is 

mechanotransduction, which describes the mechanical stimulation of biological processes. tFUS 

is meanwhile an established method for tissue ablation in the brain. Its working principle is the 

tissue heating. The neuromodulation applications are still experimental. Here is the average 

power density <25W/cm2. The high frequency of the ultrasound pulses compared to the single 



shockwave pulses (1’000’000 times) results in tissue temperature increase. The formation of 

bursts is a compromise between biological effect (neuromodulation) and tissue heating. On the 

contrary, with TPS there is no tissue heating, although the pressure amplitude is higher. 
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Abstract: Low intensity transcranial ultrasound stimulation (TUS) is a novel technique for non-

invasive brain stimulation (NIBS) that can deliver more focal and deeper stimulation compared 

to currently used forms of NIBS. Neuroplasticity refers to the ability of the brain to modify its 

connections in response to internal and external stimuli. It is primarily mediated by long-term 

potentiation (LTP) and depression (LTD), a persistent strengthening or weakening of synapses. 

Plasticity induction is further modulated by metaplasticity, which can be homeostatic or non-

homeostatic. Homeostatic metaplasticity acts as a negative-feedback mechanism, with a history 

of LTD enhancing future LTP and inhibiting future LTD. This process is critical for maintaining 

synaptic volume within the physiological range. LTP is also subject to depotentiation, the 

abolishment of LTP induction by subsequent stimulation with no plasticity-inducing effects 

alone. 

TUS delivered in a theta burst pattern (tbTUS) induces LTP-like effects in the human primary 

motor cortex (M1) for 30-60 minutes after 80s of sonication. While homeostatic metaplasticity 

and depotentiation have been shown to regulate plasticity induction by other forms of NIBS, 

their effects on TUS are unknown. This study characterized the effects of metaplasticity on TUS 

by investigating interactions between tbTUS and continuous theta burst stimulation with 150 

pulses (cTBS150), a sub-threshold LTD-like repetitive transcranial magnetic stimulation (rTMS) 

protocol. Based on results in other NIBS, we expected enhanced plasticity induction when 

cTBS150 is delivered immediately before tbTUS and reversal of plasticity induction when 

cTBS150 is delivered immediately after. 

Four interventions: 1) sham cTBS150 → real tbTUS, 2) real cTBS150 → sham tbTUS, 3) real 

cTBS150 (priming) → real tbTUS, and 4) real tbTUS → real cTBS150 (depotentiation) were 



conducted in randomized order on separate days. To characterize the effects of interventions, 

TMS measures of average motor-evoked potential amplitude and M1 intracortical circuits (IC) 

including short-interval intracortical inhibition, long-interval intracortical inhibition, intracortical 

facilitation, and short-interval intracortical facilitation were measured before and 5, 30, 60, and 

90 minutes after each intervention. 

The study showed that priming with real but not sham cTBS150 increased the duration of 

plasticity induction by tbTUS to at least 90 minutes and changes in some ICs may underlie 

plasticity induction. Depotentiation was observed when cTBS150 was delivered after tbTUS. 

The results suggest that TUS is modulated in manners consistent with metaplasticity. 
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Abstract: Abstract  

Title: Activity state-dependent transcranial ultrasound modulation of neural activity in the 

awake mammalian brain 

Author: Jack. P. Sherman, Emma P. Bortz, Hua-an Tseng, Xue Han 

Transcranial ultrasonic neuromodulation offers a promising new technology for the treatment of 

neurological and psychiatric disorders. Ultrasound has superior spatial resolution when 

compared to other non-invasive brain stimulation technologies, such as transcranial magnetic 

stimulation or transcranial direct current stimulation. Thus far, a few studies have demonstrated 

that ultrasound stimulation can activate neurons in the brain at single cell level, analyzed with 

calcium imaging or extracellular electrophysiology. However, most studies have used pulsed 

ultrasound delivered at a high pulse repetition frequency (PRF) of kilohertz rate. To understand 

whether pulsing ultrasound at slower PRF within the physiological range will produce distinct 



neuronal effects, we performed single cell GCaMP calcium imaging in awake head-fixed mice, 

while delivering transcranial ultrasound stimulation at 350Khz. 

We compared ultrasound delivered at a PRF of 10Hz and 140Hz for 1 second. We found that 

ultrasound stimulation significantly increased calcium activity across all the parameters tested, 

without significant difference between the parameters. Interestingly, the ultrasound-induced 

effect in individual neurons strongly correlated with their basal excitability, highlighting the 

weak modulatory nature of pulsed ultrasound. Together, these results demonstrate that 

ultrasound stimulation produces weak modulatory effects of neurons, which increases the 

probability of evoked suprathreshold calcium activities. This observation provides a cellular 

mechanism for the heterogeneous effect of ultrasound stimulation across individual neurons and 

highlights the importance of neuronal states in mediating ultrasound stimulation effects. 
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Abstract: Transcranial ultrasound is an emerging technique for non-invasive neuromodulation. 

Ultrasound has good penetrating depth, capable of targeting deep brain structures with 

millimeter-scale spatial precision, making it appealing for clinical translation. Previous studies 

demonstrate that transcranial ultrasound can induce various behavioral and neural responses such 

as muscle twitch, changes in blood oxygenation, and population-level neuronal calcium 

fluctuations. While these results are promising, ultrasound has been largely inconsistent and 

unreliable in evoking single-neuron spiking responses. To examine how noninvasive ultrasound 



stimulation influences neuronal membrane voltage, we performed optical voltage imaging in 

mice using the recently developed voltage indicator SomArchon. Specifically, we examined how 

superficial layer neurons in the motor cortex responded to pulsed ultrasound delivered 

transcranially at a spatial-peak pulse average intensity of 286 W/cm2 with a fundamental 

frequency of 350 kHz. We detected prominent membrane voltage depolarization of individual 

cortical neurons by transcranial ultrasound, leading to a significant increase in spike rate during 

ultrasound stimulation compared to the baseline period immediately prior to ultrasound 

stimulation. These findings provide first direct experimental evidence that noninvasive 

ultrasound can directly depolarize cortical neuron membrane potential, leading to increased 

spiking activity. 
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