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Abstract: Light signals have long been recognized as having a powerful influence on the 

structure and function of specific brain systems. The light-entrained circadian clock and 

circadian photoperiod are associated with affective and reward-related behaviors, but the 

underlying neurobiological mechanisms are largely unknown. The mesolimbic dopamine 

pathway is one of the most well-studied pathways within the brain’s reward circuit. Within this 

pathway, dopamine input to the nucleus accumbens (NAc) plays a critical role in maintaining 

efficiency and flexibility coordinating goal-directed, motivated behaviors. Here, we provide 

novel findings of how day length, or photoperiod, affects dopaminergic-signaling dynamics in 

the NAc. We assess reward circuit dopamine content and signaling dynamics using mass 

spectrometry and fast-scan cyclic voltammetry (FSCV) in mice maintained in different 

photoperiods. To determine behavioral consequences of DA signaling we investigate cocaine-

induced behaviors. We find differential NAc DA content and that summer-like photoperiod 

enhances dopamine release and uptake in the NAc of female mice, but not in males. Further, we 

demonstrate that the dopamine transporters are a primary locus of action for sex-specific 

photoperiod modulation of dopamine signaling dynamics. Lastly, we demonstrate that 

photoperiod-driven basal differences in dopamine signaling dynamics manifest in observable 

differences in dopamine-dependent behaviors. Taken together, this work uncovers a potential 

neural circuit basis for sex-linked seasonality of neuropsychiatric disorders. By revealing novel 

mechanisms regarding circadian light input and neural plasticity, the findings presented here can 

change conceptualization of the impact on brain and behavior of a pervasive stimulus - 

environmental light cycles. This work creates an integrated picture of a novel circuit mechanism 

that has potential to stimulate a basis for discovery of environmental influence on typical and 

atypical neural function. 

Disclosures:  A.N. Jameson: None. J.K. Siemann: None. K.G. Moore: None. J.R. Melchior: 

None. E. Calipari: None. C.A. Grueter: None. D.G. McMahon: None. B.A. Grueter: None. 
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Pennington Biomed. Res. Ctr., Baton Rouge, LA 

Abstract: Dysfunctions of serotonin neurons are implicated in multiple psychological disorders, 

including feeding disorder, anxiety, depression, and mania behavior. However, whether and how 

altered serotonin neural activity may affect these complex behaviors differently in different 

genders remain unclear. We found that 5-Hydroxytryptamine (5-HT) neurons in the dorsal 

Raphe nucleus (5-HTDRN) displayed basal neuronal firing activity in males V.S. females. Male 5-

HTDRN neurons have lower spontaneous action potential firing frequency compared to female 5-

HTDRN neurons. This was associated with higher expression of a small conductance Ca2+-

activated K+-3 channel (SK3, encoded by the Kcnn3 gene) in male mice compared to female 

mice. When male mice were isolated from group-housed to single-house conditions, male 5-

HTDRN neurons reduced neuronal firing activity with elevated SK3 currents while 5-HTDRN 

neuronal firing activity in female mice did not significantly change. Male mice also showed slow 

recovery of daily food intake compared to female mice when isolated from group-housed to 

single-housed. To examine the physiological role of SK3 in serotonin neurons, we generated a 

conditional knockout mouse model, in which SK3 was deleted selectively in mature serotonin 

neurons (Kcnn3f/f/Tph2-CreER). We found that serotonin neurons in these mutant mice showed 

diminished SK3-mediated outward potassium currents, decreased after-hyperpolarization, 

increased firing frequency, and elevated resting membrane potential. More importantly, both 

male and female mice with SK3 deleted from 5-HTDRN neurons failed to show a reduction in 

daily food intake after isolation. In summary, we demonstrated that SK3 is required to maintain 

the regular firing activity of serotonin neurons, and we further suggest that enhanced SK3 

functions in serotonin neurons will be involved in the reduction of daily food intake during the 

onset of chronic isolation. 

Disclosures:  B. Feng: None. J. Harms: None. P. Gao: None. T. Smiley: None. Y. He: None. 
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Abstract: At excitatory synapses, autoreceptors provide a feedback mechanism that modulate 

neurotransmitter release and ensure stable neuronal network activities. Disruptions to this 

feedback have been linked to various neuronal disorders. Autoreceptors localize on presynaptic 

membranes and respond to neurotransmitter released by the cell on which they sit. Detection of 

these low abundant modulators has been challenging; so far, the presynaptic distribution has 

been inferred from functional and genetics studies. At Drosophila NMJ, an autoreceptor 

containing the KaiR1D glutamate receptor subunit controls the glutamate release; in the absence 

of KaiR1D, basal neurotransmission is reduced to half of the normal levels. We and others 

previously showed that KaiR1D requires at least two auxiliary proteins, Neto-α and Sol1, to 

fulfill its in vivo functions. Here, we focus on the roles of Neto-α in modulating KaiR1D 

properties and subcellular distribution. Neto-α limits KaiR1D in vivo activities: Basal 

neurotransmission is reduced by ~50% in neto-αnull animals and neuronal overexpression of 

KaiR1D cannot rescue this defect. Using fast perfusion on outside-out patches of HEK cells 

transfected with KaiR1D, we measured the gating properties of KaiR1D alone or in complexes 

with Neto-α. We found that Neto-α modulates the gating properties of KaiR1D channels, 

decreasing the desensitization and deactivation rates. Neto proteins have conserved extracellular 

domains, including two CUB domains and a LDL motif, and variable intracellular domains 

(CTD). CUB1 is required for modulation of KaiR1D gating properties as well as in vivo 

autoreceptor activities. The CTD participates in the modulation of KaiR1D gating properties but 

is dispensable in vivo. This difference may be reconciled by the presence of Sol1 in vivo but not 

in reconstituted systems. To search for a role for Neto-α in the subcellular distribution of 

KaiR1D, we examined KaiR1D localization in primary rat hippocampal neurons. KaiR1D 

localizes to dendrites with or without Neto-α. However, KaiR1D alone cannot effectively enter 

into the axon even when overexpressed. Neto-α or ΔCUB1, but not ΔCTD, promote KaiR1D 

axonal localization. All Neto variants distributed at both neurites and formed puncta largely 

colocalizing with KaiR1D. Finally, Neto-α and KaiR1D colocalize in the proximity of the active 

zones marked by the presynaptic scaffold Bassoon, suggesting that Neto-α may stabilize KaiR1D 

at the site of autoreceptor function. Our data indicate that multiple layers of modulation ensure 

proper autoreceptor activities and reveal potential targets for pharmacological interventions. 

Disclosures:  W. Hsieh: None. T. Han: None. R. Vicidomini: None. P. Nguyen: None. Z. Li: 

None. M. Serpe: None. 
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Abstract: The goal of the present study was to elucidate how opioid drugs modulate excitatory 

and inhibitory synaptic transmission between the mediodorsal thalamus and the anterior 

cingulate cortex, two interconnected brain regions involved in pain and reward processing. 

Opioids are one of the most prescribed drugs in the United States for their efficacy to ameliorate 

pain, but little is known about how opioid drugs and their receptors modulate neuronal circuits in 

the central nervous system to elicit pain relief. Endogenous opioids and exogenous opioid drugs 

like morphine can elicit pain relief through actions in the ACC. Morphine primarily activates the 

mu opioid receptor expressed in MD terminals, while endogenous opioids like enkephalin (Enk) 

and endorphin can activate both mu and delta opioid receptors expressed on MD terminals and 

cells within the ACC, respectively. Based on our previous work describing cellular expression of 

mu and delta opioid receptors, our hypothesis is that Enk attenuates inhibitory transmission more 

than excitatory transmission in the ACC, causing a relative increase in the activity of ACC layer 

V pyramidal neurons ultimately leading to pain relief. To test this hypothesis, we used 

optogenetic manipulations to selectively excite thalamic, cortical or claustral inputs to ACC, and 

measured changes induced by opioid drugs using brain slice electrophysiology. We compared 

the effects of Enk and selective mu and delta opioid receptor agonists (and antagonists) on 

excitatory and inhibitory synaptic currents in L5 ACC pyramidal neurons and measured the 

relative change in excitation-inhibition balance in response to different opioid drugs. We also 

compared the effect of Enk versus mu and delta opioid receptor agonists on the membrane 

potential in current clamp configuration and found that mu and delta opioid receptor mediate 

opposite neuronal responses: mu agonists depressed the postsynaptic potential, while delta 

agonists facilitate it. Finally, to understand how the ACC excitability and opioid sensitivity may 

be altered in animals undergoing pain, we used the complete Freund’s adjuvant (CFA)-induced 

inflammatory pain model. We injected CFA in the hind paw of naïve mice to induce chronic pain 

and five days later we euthanized these animals and examined synaptic transmission to 

determine how the responses to opioid drugs were affected by chronic pain. We hope that these 

results will contribute to the identification of novel pharmacological targets and the development 

of more selective opioid-based therapies for chronic pain management with lower risk of 

unwanted effects. 

Disclosures:  E. Arias Hervert: None. W. Birdsong: None. 
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Abstract: The stress response has a major role in survival and prepares the body to deal with 

different challenges, however if prolonged, often drives adverse health consequences. A key 

pathway of the stress response is through the adrenal medulla. Adrenal medullary cells are 

architecturally clustered and electrically coupled, however the in vivo dynamics of these cells 

remain unknown. Therefore, the goal of this project is to dynamically and precisely monitor the 

electrophysiological responses from the adrenal medulla in the living animals during normal and 

under stress conditions to topographically dissect the chromaffin cells population and their 

interactions. To achieve this, a high-density silicon probe was slowly inserted into the 

immobilized left adrenal gland while recording, then the system was challenged first by 

electrically stimulating the splanchnic nerve with different intensities, frequencies, and train 

durations, and thereafter by inducing hypoglycemia or hypoxia to assess the evoked stress 

response. Under basal conditions, spontaneous single as well as compound action potentials with 

distinct firing rates that ranged from 0.5 to 4.5 Hz were recorded in the anesthetized subjects. 

Spontaneous activity was partially blocked by locally applying TTX to the splanchnic nerve or 

completely abolished by severing the nerve. The recordings revealed submillisecond interactions 

that most likely reflect the activity from highly synchronized neighboring chromaffin cells firing 

in a specific order. This synchronization was also occasionally observed between units separated 

by several hundreds of micrometers. Electrical stimulation to the splanchnic nerve evoked the 

same spatio-temporal firing patterns that were recorded during basal conditions, with latencies 

from 5 to 30 ms after the stimulus and distinct thresholds. The recorded units were able to follow 

up frequencies of up to 40Hz. To assess the physiological response to a stress condition, 

hypoglycemia was induced by insulin shock with three incremental doses, producing a drop in 

the glycemic levels that correlated to a gradual increase in the firing rate in a subset of 

chromaffin cells. Hypoxia by respiratory arrest was induced through an anesthesia overdose, 

resulting in a generalized increase in the firing rate of the recorded units at the moment breathing 

stopped, reaching a maximum several seconds after and then gradually dropping to a complete 

silence upon the animal's demise. For the first time we were able to document the internal 



dynamics of the intact adrenal medulla, showing the extend of the local circuitry that drives the 

adreno-medullary stress response in the living animal. 

Disclosures:  J.R. Lopez Ruiz: None. R.W. Holz: None. E.L. Stuenkel: None. 
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Abstract: Background: The gut-microbiota plays a role in regulation of emotions, behavior, 

and higher cognitive functions through the ‘microbiome-gut-brain axis’. Much research 

demonstrates microbiome composition influences hypothalamic-pituitary-adrenal (HPA) axis 

function. Microorganisms that live in the gut can influence host brain through various 

mechanisms and mediators including cytokines, short chain fatty acids, hormones, and 

neurotransmitters. A lesser studied mechanism between microbiome composition and host 

behavior, is through epigenetic pathways. For example, folate-mediated, one-carbon metabolism 

refers to a complex network of pathways resulting in a supply of methyl groups for DNA 

methyltransferase (DNMT) to regulate DNA methylation and 13% of gastrointestinal reference 

genomes contain all genes required for complete de novo folate synthesis. Therefore, host 

microbiome composition and relative abundance of folate-producing strains may influence 

bioavailable folate and epigenetic machinery, especially DNA methylation patterns. 

Understanding these relationships in early life is especially important as the microbiome and 

epigenome are more responsive to the environment during this period. We tested the hypotheses 

that relative abundance of the phylum containing the highest percent of folate producing 

organisms (Proteobacteria 68%) would predict DNA methylation levels of NR3C1, the 

glucocorticoid receptor gene in infants and children. Methods: Study sample included healthy 

infants and children (age range 2m – 15 yrs; M = 4.8 yrs, SD = 3.5; N = 146, Female = 65). 

Nucleic acids extracted from fecal samples were used for metagenomic sequencing; 

metagenomic data were analyzed using bioBakery workflows. DNA extracted from buccal cells 

was used for DNA methylation analyses on the Illumina EPIC array. PCA was used to generate a 

methylation summary score for NR3C1. Results: Multiple regression analysis with age, sex, and 

sequencing depth used as covariates revealed a significant global test F(4, 131) = 37.38, p < 



2.2e-16) and that relative abundance of Proteobacteria predicts DNA methylation of NR3C1 (p = 

0.000199). Conclusions: These results suggest that one pathway by which microbiome 

composition may influence HPA physiology is through bioavailable folate and epigenetic 

regulation. Future analyses will assess more HPA genes. 

Disclosures:  C.R. Lewis: None. K. Bonham: None. S.H. McCann: None. S.C.L. Deoni: 

None. V. Klepac-Ceraj: None. 
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Abstract: Sh2b1 is an SH2 domain-containing adaptor protein mediating cell signal transduction 

in response to leptin, insulin, brain-derived neurotrophic factor (BDNF), and additional ligands. 

Sh2b1 directly binds to BDNF receptor TrkB and enhances BDNF signaling in cell cultures. 

Global deletion of Sh2b1 results in obesity, type 2 diabetes, and nonalcoholic fatty liver disease 

(NAFLD). In humans, SH2B1 deletion or mutations are linked to obesity and metabolic 

syndrome, indicating that Sh2b1’s metabolic function has conserved across mammals. Given that 

leptin, insulin, and BDNF act on hypothalamic neurons to regulate metabolism, we conditionally 

deleted Sh2b1 specifically in ventromedial (VMH, Sh2b1ΔVMH) and paraventricular (PVH, 

Sh2b1ΔPVH) hypothalamic neurons using the Cre/loxp system. Sh2b1ΔVMH mice were prone to 

high fat diet-induced obesity and metabolic disorders. In contrast, Sh2b1ΔPVH male and female 

mice spontaneously developed obesity, insulin resistance, glucose intolerance, and NAFLD on a 

chow diet. Sh2b1ΔPVH mice consumed more food relative to wild-type littermates, while their 

energy expenditures were lower. We bilaterally microinjected AAV-CAG-BDNF vectors into 

the PVH. PVH-specific overexpression of BDNF reduced body weight and metabolic disorders 

to a higher degree in wild-type mice relative to Sh2b1ΔPVH mice, indicating that Sh2b1 

deficiency in the PVH impairs hypothalamic BDNF/TrkB signaling and actions. Taken together, 

these results unveil a novel hypothalamic BDNF/TrkB/Sh2b1 signaling cascade that governs 

body weight and metabolic homeostasis. 

Disclosures:  Y. Li: None. D. Olson: None. L. Rui: None. 
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Abstract: The COVID-19 pandemic globally altered daily life in March 2020 and impacted the 

lives of children, as their normal routines were disrupted by community lockdowns, online 

learning, limited in-person social contact, more screen time, and less physical activity. 

Considerable research has been conducted on the symptoms and physical health impact of 

COVID-19 infection, but far less research has investigated the psychological impact of the 

pandemic, especially in children. The purpose of this study was to investigate neurophysiological 

outcomes associated with the stay-at-home orders on preadolescent children by leveraging an 

ongoing randomized controlled trial that included the collection of salivary cortisol samples 

before, during, and following the orders. Preadolescent children (n=94) provided salivary cortisol 

on three testing days. Cortisol was collected prior to any procedures and averaged across the 

three testing days. For this analysis, participants were divided into three groups relative to the 

onset of the stay-at-home orders: Before Orders (n=40), During Orders (n=25), and Following 

Orders (n=29). Results suggest that cortisol was lower in children in the During Orders group 

(M=.06 µg/dL) compared to children in the Before (M=.12 µg/dL) or Following (M=.17 µg/dL) 

Orders groups, suggesting that the chronic stress associated with staying at home potentially 

dysregulated the hypothalamic-pituitary-adrenal (HPA) axis that regulates cortisol in children, 

resulting in hypocortisolism (p<.001). Further, the number of days of the stay-at-home orders 

experienced prior to the initial testing day related to salivary cortisol, such that the early days of 

the orders showed the most intense dysregulation (p<.001). In previous research, hypocortisolism 

has been linked to fatigue, depression, sleep disturbances, stress sensitivity, and negative health 

outcomes. These findings suggest that in a sample of preadolescent children, the pandemic stay-

at-home orders was considered a chronic stressor that resulted in dysregulation of the HPA axis. 

This dysregulation may influence the mental health of children. These findings emphasize the 

need for social and mental support for children following the pandemic stay-at-home orders, as 

mental health concerns may be the newest pandemic stemming from COVID-19. 

Disclosures:  K. McDonald: None. L. Gabbard-Durnam: None. K. Beaudry: None. M. De 

Lisio: None. L.B. Raine: None. T. Morris: None. Y. Bernard-Willis: None. J.N.H. Watrous: 
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Abstract: Frontotemporal dementia (FTD) is an early onset dementia characterized by 

neuropathology and behavioural changes. A major genetic cause of FTD is loss of function of a 

single copy of the gene progranulin (GRN). Mouse models of progranulin deficiency have 

provided some insight into progranulin neurobiology, but currently available models 

incompletely recapitulate important features of FTD. We asked if genetic expression of human 

GRN in mice would better model FTD-like phenotypes. To this end, we have developed a novel 

mouse model that expresses a single, targeted copy of human GRN in the absence of mouse 

progranulin. As the GRN transgene is expressed from the X-linked Hprt locus, only male animals 

were studied to avoid issues with X-inactivation. We performed a parallel, longitudinal 

characterization of wild type, humanized progranulin-deficient, and heterozygous mouse 

progranulin-null mice over 18 months. FTD-associated behaviour was probed at multiple 

timepoints, neuropathology was assessed at 12 and 18 months of age, and the cortical 

transcriptome was evaluated at 18 months of age. Our analysis yielded several progranulin-

dependent physiological and behavioural phenotypes in both models of progranulin deficiency, 

including increased marble burying, open field hyperactivity, and thalamic microgliosis. 

RNAseq analysis of cortical tissue revealed an overlapping profile of transcriptomic dysfunction 

with 302 genes commonly dysregulated in both progranulin deficient strains relative to wild type 

mice. Further transcriptomic analysis uncovered potential functional differences between mouse 

and human progranulin in the regulation of lipid metabolic gene expression, suggesting that 

humanized progranulin-deficient mice may offer new insights into certain aspects of progranulin 

neurobiology. In sum, we have identified several consistent phenotypes in two independent 

mouse models of progranulin deficiency that are expected to be useful endpoints in the 

development of therapies for progranulin-deficient FTD. Furthermore, the presence of the human 



progranulin gene in the humanized progranulin-deficient mice will expedite the development of 

clinically translatable gene therapy strategies. 

Disclosures:  B. Life: None. T.L. Petkau: None. G.N.F. Cruz: None. E.I. Navarro-Delgado: 

None. N. Shen: None. K. Korthauer: None. B.R. Leavitt: None. 
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Abstract: Neuronal mislocalization of the normally nuclear TDP-43 to the cytoplasm, 

aggregation and ubiquitination is the most common disease pathology in Amyotrophic Lateral 

Sclerosis (ALS). TDP-43 pathology is characterized by the presence of low molecular weight 

TDP-43 species generated through proteolytic cleavage and/or abnormal RNA processing events. 

In addition to TDP-43 C-terminal fragments, it has become evident that N-terminal fragments 

(NTFs) generated through alternative splicing in exon 6 also contribute to the pathophysiology of 

ALS. Three such NFTs have been previously reported each sharing the same C-terminal unique 

sequence of 18 amino acids containing a putative nuclear export sequence. Herein, we identify 

an additional NFT of TDP-43 in human spinal cord tissue. This variant, termed TDP43C-spl, is 

generated through use of non-canonical splice sites in exon 6, skipping 1020 bp and encoding a 

272 aa protein lacking the C-terminus with the first 256 aa identical to full-length TDP-43 and 

the same 18 amino acid C-terminal unique sequence. Ectopic expression studies in cells revealed 

that TDP43C-spl is localized to the nucleus in microglial and astrocytic cell lines, while forming 

ubiquitinated aggregates in neuronal cell lines. Generation of an antibody raised to the unique 18 

amino acid sequence showed elevated levels of NFTs in ALS spinal cord tissues, and co-labeled 

TDP-43 pathology in ALS tissue samples. The retention of this 18 amino acid sequence among 

several TDP-43 NTFs suggests an important functional relevance. Our studies of TDP43C-spl 



suggest this may be related to the selective neuronal vulnerability to TDP-43 pathology and cell-

subtype differences in nuclear export. 

Disclosures:  M. Shenouda: None. S. Xiao: None. L. Macnair: None. A. Lau: None. J. 
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Abstract: Bax is a well-known mitochondria-targeted pro-death tumor suppressor. We 

previously discovered a Bax variant (Bax∆2) that cannot target mitochondria but aggregates in 

the cytosol and triggers caspase 8-driven cell death. Unlike Bax, Bax∆2-positive cells were 

detected at a low rate (1-4%) in most human normal organ tissues, including the brain, but rarely 

in cancer. As protein aggregates are a hallmark of Alzheimer’s disease (AD), we wondered if 

such Bax∆2 aggregates would present in AD brains. Here, we analyzed Bax∆2 expression in AD 

using tissue immunostaining and RNAseq database of ROSMAP. We found that a strikingly high 

number of Bax∆2-positive neurons were mainly located in the AD-susceptible brain regions: up 

to 30% in the hippocampus and 20% in the frontal and temporal lobes, but primarily negative in 

AD occipital and parietal lobes and control brains. Consistently, RNAseq database analysis 

indicated an upregulation of Bax∆2 transcripts in the AD brains compared with the controls. 

Further analysis of Bax∆2 protein intracellular distribution showed that Bax∆2 aggregates could 

coexist with T-tau or P-tau in the same cell but with no colocalization. Interestingly, many 

Bax∆2 aggregates colocalized well with stress granules, a large protein-RNA complex involved 

in AD pathogenesis. Although the underlying mechanism remains to be explored, these data 

suggest that off-target mitochondrial proteins, like Bax∆2, could serve as a new source of protein 

aggregates which may interfere with neuronal stress signaling regulation and contribute to AD 

pathogenesis. 
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Title: Detection of MAP2K3 Immunoreactivity in the Human Cerebral Cortex and Primary 

Human Microglia, and loss in Frontotemporal Lobar Degeneration with TDP-43 Proteinopathy 
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Abstract: Mitogen Activated Protein Kinase Kinase 3 (MAP2K3) is a dual specificity 

serine/threonine cell-signaling kinase activated by stress. The MAP2K3 pathway has been 

implicated in processes such as embryonic development, cell proliferation, β-Amyloid (Aβ) 

deposition associated with Alzheimer's Disease (AD), and learning and memory. Evidence from 

the mouse brain indicates high MAP2K3 expression in microglia, which is associated with 

production of inflammatory proteins. Consistent with the role of MAP2K3 in learning and 

memory, different variants of this kinase distinguish cognitive SuperAgers, individuals 80 years 

or older with memory performance equal to or better than individuals 20-30 years their junior, 

when compared with age-matched cognitively normal peers. Previous studies have investigated 

MAP2K3 protein and downstream target abundance in mouse brain tissue. However, detection 

and measurement of MAP2K3 protein in the human brain has not been described. The purpose of 

this study was 1) to detect MAP2K3 protein in the human cerebral cortex as well as in cultured 

primary human microglia, and 2) to investigate potential changes in its level in cases diagnosed 

with behavioral variant frontotemporal dementia due to TDP-43 proteinopathy of frontotemporal 

lobar degeneration (FTLD-TDP). An antibody against human MAP2K3 (Proteintech, 1/500) was 

used for Western blot analysis of levels in the middle frontal gyrus of FTLD-TDP participants 

(N=5) and age-matched cognitively normal participants (N=5), and in primary human microglia 

isolated and cultured from postmortem frontal cortices of cognitively normal participants. We 

successfully detected and measured MAP2K3 in all brain specimens and in microglia. Cultured 

microglia contained high levels of this protein. On average, microglia contained more than five-

fold concentration of MAP2K3 than tissue homogenates from normal human frontal cortex. The 

participants with FTLD-TDP displayed substantial loss of MAP2K3 (average of 83%) when 

compared with controls (p=0.02). These results demonstrate that the MAP2K3 protein can be 



detected and measured in the human brain, and that similar to the mouse brain, it is present at 

high levels in human microglia. The substantial decrease in MAP2K3 in FTLD-TDP is 

consistent with the proposed role of this protein in cognitive processes. 
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Abstract: Background: Vascular cognitive impairment and dementia (VCID) is the second 

leading cause of dementia, but there is no animal model that can faithfully replicate all 

pathological changes of VCID. Here, we developed a new VCID model with long-term cognitive 

impairment. Methods: the right murine common carotid arteries (CCA) was ligated temporarily 

with a 31-gauge needle to stop the blood flow and the left CCA with a 33-gauge needle. Needles 

were removed immediately after ligation. Blood flow was monitored by Perivascular Flow 

Module and two-dimensional laser speckle. White matter (WM) injury was analyzed by 

immunohistochemical staining and diffusion tensor imaging (DTI). Sensorimotor and cognitive 

impairments were assessed weekly for 8 weeks, and then at 24 weeks. Results: Removal of the 

needle led to ~23% blood flow recovery in the left CCA and ~52% recovery in the right CCA. 

The needle model caused hypoperfusion in both hemispheres, but more severe hypoperfusion in 

the left hemisphere, with similar hypoperfusion extents at 2, 4, 6 and 8 weeks after surgery. 

Immunohistochemical staining indicated that brain injury mainly occurred in the external 

capsule, corpus callosum, internal capsule, and striatum in the left hemisphere. DTI showed 

reductions of fractional anisotropy in the above regions. Needle mice showed gradual increases 

in the latency to fall in rotarod testing, starting 7d after surgery, and this loss of sensorimotor 

function increased thereafter. Similarly, gradually reduced sensorimotor function was observed 

in adhesive tape removal and the corner and cylinder tests. Needle mice spent longer locating the 

submerged platform and less time in the goal quadrant in the Morris water maze at the 6th week 



after surgery. The new object recognition test and the passive avoidance test further confirmed 

impaired cognitive function in needle mice. Importantly, WM injury and cognitive impairments 

in needle mice lasted for up to 24 weeks after surgery. Conclusion: A novel and versatile VCID 

model was established. Compared with other WM injury models, the needle model is easy to 

master, low in cost, causes lower mortality, and better replicates the pathophysiology of long-

term cerebral hypoperfusion. Furthermore, asymmetric brain injuries allow for special behavioral 

assessments and fiber tract-tracing. Finally, no metal items are implanted into the brain, allowing 

for live DTI imaging to monitor WM injury. Supported by: NIH grant RF1NS117509 (to GC) 

and VA Merit Review grants BX003923 (to G C). 
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Abstract: A strong association of variations in MAPT 17q.21.31 locus H1 haplotype occurs with 

PD. Recombinant α-synuclein and tau proteins interact in vitro. Reducing tau is protective in 

models of Alzheimer’s disease, tauopathies and some α-synuclein transgenic mice. Here, we 

examined the relationship between tau and α-synuclein using the α-synuclein pre-formed fibril 

mouse model in tau heterozygous and tau knock-out mice. We show using proximity ligation 

assays in primary neurons, and expansion microscopy in cortex from wild type mice, that tau and 

α-synuclein colocalize and interact at excitatory presynaptic terminals. However, tau 

heterozygous and tau knock-out mice do not show a reduction in fibril-induced α-synuclein 

inclusion formation in the substantia nigra pars compacta, amygdala, hippocampus or cortex. 

Further, reduction of tau did not rescue loss of dopamine neurons induced by α-syn inclusion 

formation. Thus, reduction of endogenous tau does not appear to prevent the templated formation 

of α-synuclein inclusions or subsequent neurodegeneration. We further analyzed the potential 

interactions between α-synuclein and tau by performing dual label immunofluorescence in 



temporal cortex tissue from human individuals with Dementia with Lewy Bodies. The cortex 

shows abundant pathologic tau and α-synuclein inclusions. Notably, the tau and α-synuclein 

aggregates were almost completely non-colocalized. Rarely, neurofibrillary tau appears to wrap 

around Lewy neurites or Lewy bodies. Thus, the data suggest that pathologic α-synuclein and 

pathologic tau do not co-assemble in the same inclusions, at least in DLB temporal cortex. 

Instead, the aggregates of α-synuclein and tau may contribute to DLB phenotypes by affecting 

independent neurons and disrupting circuitry. 
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Title: Contribution of GLT1 and NMDARs to excitotoxicity through the interplay of FOXO1 
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Abstract: Dysfunction of glutamatergic corticostriatal synapse via excitotoxicity is thought to 

drive pathogenesis of striatum atrophy in Huntington’s Disease (HD). Here, we hypothesized 

that reduced cortical GLT1 contributes to reduced synaptic glutamate clearance and NMDAR 

composition in the striatum is skewed towards GluN2B and its pro-death extrasynaptic signaling. 

The study was performed in the early stage of HD (3 months old, ES) and in the late stage of HD 

(7 month old, LS). We found that striatal GluN2B/GluN2A ratio was upregulated at ES and 

continued till LS of HD. This, in turn, resulted in GluN2B to be reduced and these reduction 

were localized at synaptic locations, revealed by immunohistochemistry. At LS of HD, the 

percentage of Glu2B at extrasynaptic site is significantly increased in HD (HD=93%; WT= 87%, 

p<0.005, n=3 per genotype). This increase exacerbated FOXO1, a transcriptional factor 

downstream of extrasynaptic GluN2B, and its localisation to the nuclei. Localisation of FOXO in 

nuclei in LS was significantly increased in HD (HD=38%; WT= 20%, p<0.05, n=3 per genotype) 

and at LS, TXNIP protein level was increased in HD (HD=59%; WT= 39%, p<0.005, n=3 per 

genotype). The interaction of FOXO1 with TXNIP was investigated and we found that they were 



both localized in the nuclear compartments of the striatal neurons, as shown in the 

immunohistochemistry images. Further investigations with chromatin immunoprecipitation in LS 

HD mice found that FOXO1 associated with TXNIP 1.3 fold (p<0.05) more in HD compared to 

age-matched WT mice. This interaction of FOXO with TXNIP promoter regulated its expression 

and may lead to caspase activation and striatal degeneration that is observed in HD. 
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Abstract: The Neuronal Ceroid Lipofuscinoses (NCL) are the most common neurodegenerative 

disorders of childhood and presently 13 different genetic NCL variants are known. CLN5, one of 

them, is caused by mutations in the CLN5 gene and is associated with variable types of 

neurodegenerative disorders ranging from late infantile epileptic encephalopathy to adult-onset 

dementia. In fact, the Cln5 variant Asn320Ser segregates with multiplex Alzheimer’s disease 

families. However, Cln5 shows no significant homology to other proteins by primary amino acid 

sequence, and the molecular functions of Cln5 have not been previously demonstrated. We 

crystallized the glycosylated human Cln5 protein, determined its protein structure and revealed 

unexpected thioesterase activity of Cln5. We demonstrated complete loss of enzymatic activity 

for mutations affecting the catalytic H166 and C280 as well as for the two patient mutations 

Y258D and D279N and discovered that Cln5-deficient neuronal progenitor cells showed reduced 

thioesterase activity. These findings represent an important step toward understanding the 

neurodegenerative disease mechanisms associated with the CLN5 variant of NCL disease and 

will stimulate further investigations to elucidate the mechanism of neuronal loss in the state of 

unbalanced protein lipidation. 
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Abstract: Society for Neuroscience 2022 Annual MeetingJulie NecarsulmerPoster title: 

Toward a better model: TDP-43 acetylation and neurodegenerationAbstract:Frontotemporal 

lobar degeneration (FTLD) and amyotrophic lateral sclerosis (ALS) are two neurodegenerative 

disorders on a spectrum of disease related to the nucleic acid binding protein TAR DNA-binding 

Protein of 43 kDa (TDP-43). Most pathology specimens FTLD- and ALS-affected individuals 

possess the characteristic signature of aggregated and hyperphosphorylated TDP-43 protein 

within affected neurons. This classical TDP-43 pathology is often observed in other 

neurodegenerative disorders, such as Alzheimer’s Disease and Hippocampal Sclerosis, which 

suggests a common mechanism linking TDP-43 dysfunction and neurodegeneration. How TDP-

43 becomes dysfunctional and aggregated, and how this imparts neurotoxicity, remains poorly 

understood. Our lab identified an important post-translational modification, namely TDP-43 

acetylation at a key lysine residue (Ac-K145), as a driver of TDP-43 pathology. With the goal of 

better modeling sporadic illness and enabling discovery of pathogenic mechanisms, we used 

CRISPR/Cas9 technology to insert a K145Q acetylation-mimic mutation in the endogenous 

mouse Tardbp locus (TDP-43K145Q) to generate a novel model of TDP-43 proteinopathy in 

sporadic FTLD-ALS. TDP-43K145Q mice develop signs of neurodegeneration, particularly FTLD, 

such as learning difficulties and social deficits. CNS tissue of homozygous TDP-43K145Q mice 

display multiple neuropathologic signatures of TDP-43 pathology, particularly in the 

hippocampus and neocortex. These include TDP-43 mislocalization, TDP-43 

hyperphosphorylation, and splicing defects. In summary, we have leveraged our knowledge of 

disease-associated posttranslational modifications to create a novel endogenous model of TDP-

43 proteinopathy that recapitulates key protein and RNA dyshomeostasis signatures found in 

TDP-43-related neurodegeneration. We hope this model will allow the field to better study TDP-

43 proteinopathy in sporadic disease and therefore enable discovery of pathogenic mechanisms 

and therapeutic interventions. 
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Abstract: Strain-Dependent Disease Progression in a Conditional Wild-Type Human TDP-

43 Transgenic Mouse ModelAmber Chiodini, Ivan Ayala, Katherine R. Sadleir, Robert 

Vassar, Hongxin Dong, M.-Marsel Mesulam, and Changiz GeulaFrontotemporal lobar 

degeneration (FTLD) is among the most prevalent dementias of early onset. Pathologically, 

FTLD presents with tauopathy or TAR DNA-binding protein 43 (TDP-43) proteinopathy. A 

biallelic mouse model of FTLD was produced on a mix FVB/129SVE background 

overexpressing wild-type human TDP-43 (hTDP-43) employing tetracycline transactivator 

(tTA). tTA activates hTDP-43 which was placed downstream of the tetracycline response 

element (TRE). We have backcrossed the tTA and hTDP-43 transgenic mice to the C57BL/6 

background and found significant strain-dependent differences in disease progression. TDP-43 

expression was turned on at 21 days postmortem by taking animals off doxycycline in diet. 

Bigenic animals on the mixed FVB/129SVE background displayed rapid progression of 

pathology and neurodegeneration. Punctate, cortical intraneuronal TDP-43 inclusions were 

detected after 5 days of expression. Inclusions attained a peak in density between 14-20 days of 

expression. Thereafter, they decreased in density, such that few were observed after 8 weeks of 

expression, and at 24 weeks, none could be identified. Neuronal degeneration and cortical 

thickness displayed the opposite pattern, with decreased neuronal density and cortical atrophy 

peaking at 24 weeks of expression. A subpopulation of cortical neurons contained intense 

ubiquitin immunoreactivity, which showed the same pattern of appearance and disappearance as 

TDP-43 inclusions. In contrast, bigenic animals on the C57BL/6 background displayed a 

considerably slower progression of disease and milder pathology. Accumulation of human TDP-

43 immunoreactivity in cortical neurons slowly increased and was at a peak at 20 months of 

expression (the oldest age tested). Few and very small TDP-43 immunoreactive inclusion-like 

structures were visible in cortical neurons at 10 months of expression and thereafter. Ubiquitin 

immunoreactivity in cortical neurons was considerably less pronounced when compared with 

that in the mixed FVB/129SVE bigenic animals. These observations point to significant strain-

dependent differences in disease progression and pathology in a conditional TDP-43 transgenic 

model. Thus, attention to strain of animals is crucial in studies using transgenic mice 

overexpressing proteins involved in neurodegenerative disorders. 
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Abstract: The hereditary spastic paraplegias (HSP) comprise a heterogenous group of heritable 

neurodegenerative diseases characterized by progressive weakness and spasticity of lower limbs. 

SPG4-HSP, the commonest HSP variant, is caused by mutations in SPAST, a gene that encodes 

the microtubule-severing protein spastin. SPG4-HSP symptoms are associated with progressive 

degeneration of corticospinal motor neurons. Located in the cerebral cortex, the cell bodies of 

these neurons extend unusually large axons into various levels of the spinal cord. To better 

understand the etiology of SPG4-HSP, we recently generated a mouse model that expresses 

human spastin bearing a pathological HSP-linked mutation (transgenic hspastinC448Y mice). 

Starting at age P90 and older, transgenic hspastinC448Y+/- mice display mild gait deficiencies 

reminiscent of HSP and histological evidence of axonal degeneration in the spinal cord.To better 

evaluate and characterize degeneration of corticospinal neurons in transgenic hspastinC448Y+/-

mice, we performed genetic crosses with two different YFP-based reporter mouse models. 

Because each of these reporter mice has attributes and shortcomings regarding specificity for 

corticospinal motor neurons, we also performed immunostaining analyses for cell-type-specific 

markers. Interestingly, we observed dystrophic corticospinal axons and a loss of corticospinal 

neuron somata long before the presentation of locomotor symptoms, manifested as gait deficits. 

These observations have implications relevant to the pre-symptomatic wiring of corticospinal 

axonal tracts, cellular changes associated with the onset of symptoms, and the timetable of 

potential therapeutic interventions in human patients. 
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Abstract: Charcot-Marie-Tooth disease (CMT) is a rare, genetically heterogeneous 

neuromuscular disorder with causative mutations found in over 100 different genes. The tRNA 

synthetases (aaRSes) are the largest gene family associated with CMT. The integrated stress 

response (ISR) is activated through GCN2 in motor neurons of mouse models of aaRS-

associated CMT, including multiple models of CMT type 2D (CMT2D - caused by dominant 

mutations in GARS1) and one model of dominant intermediate CMT type C (diCMTC - caused 

by dominant mutations in YARS1). Knockout of the ISR activting kinase, GCN2, in GARS1 

mutant mice significantly improves the CMT2D phenotype, indicating ISR activation contributes 

to the disease phenotype. The ISR precipitates two major cellular consequences - shutdown of 

cap-dependent translation, and selective translation of the transcription factor ATF4 leading to 

expression of stress response genes. It is unclear which of these two events contribute to the 

neuropathy phenotype. 

Gars/CMT2D mice are being crossed to motor neuron-specific ATF4 knockouts to determine if 

ATF4 target-gene expression is necessary for the neuropathy phenotype. Conversely, motor 

neuron-specific transgenic ATF4-overexpressing mice are being assessed to determine if ATF4 

target-gene expression is sufficient to cause the phenotype. Neuromuscular performance, nerve 

histology, ATF4 target-gene expression, and translation levels will be assessed in these mice. 

Initial litters are just arriving from these crosses. Pilot data from the these mice will be presented 

showing neuromuscular performance and levels of ATF4 and its targets in motor neurons. The 

results of this project will further refine our understanding of the pathomechanism underlying 

aaRS-associated CMT, potentially uncovering additional therapeutic targets. 
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Abstract: Spinal and bulbar muscular atrophy (SBMA; Kennedy’s Disease) is an X-linked 

neuromuscular neurodegenerative disease for which there is no cure. Disease is caused by a 

polyglutamine-encoding CAG repeat expansion in exon 1 of the androgen receptor (Ar) gene. 

SBMA is characterized by the loss of lower motor neurons from the spinal cord and brainstem 

motor nuclei, and by a selective decrease in fast-muscle power and fast-twitch muscle fibers. 

Motor units, defined as the lower motor neuron and the muscle fibers it innervates, are classified 

on a spectrum from slow-twitch to fast-twitch based on the contractile properties of the muscular 

cytoskeleton. However, the relationship between neuromuscular junction (NMJ) pathology and 

increased fast-twitch motor unit vulnerability seen in SBMA has yet to be explored. In this study, 

we aimed to evaluate NMJ pathology in relation to motor unit subtype in order to further 

understand the intersection of neuronal and myofibrillar pathology in SBMA. We used a cross-

model comparison of two mouse models of SBMA to evaluate NMJ pathology, glycolytic-to-

oxidative muscle fiber-type switching, and cytoskeletal alterations in pre- and postsynaptic 

termini of mouse hindlimb muscles tibialis anterior (TA), gastrocnemius, and soleus. We 

observed significantly increased NMJ and myofiber pathology in fast-twitch, glycolytic motor 

units of the TA and gastrocnemius compared to slow-twitch, oxidative motor units of the soleus, 

as seen by decreased pre- and post-synaptic membrane area, decreased pre- and post-synaptic 

membrane colocalization, increased acetylcholine receptor compactness, decreased endplate area 

and complexity, and deficits in neurofilament heavy chain. These studies provide significant 

evidence for correlated neuronal and muscular dysregulation that contribute to NMJ pathology, 

which is more severe in fast-twitch motor units. We propose a model in which the dynamic 

communicative relationship between the motor neuron and muscle, along with the developmental 

subtype of the muscle, promotes motor unit subtype specific vulnerability, metabolic alterations, 

and NMJ pathology. These data show specific fast-twitch motor unit vulnerability in SBMA and 

highlight the value of quantitative evaluation of the NMJ due to the dynamic nature of the NMJ 

and the combined muscular and neuronal contributions to disease. 
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Abstract: ALS is a progressive neurodegenerative disease with no known cure. TAR DNA-

binding protein (TDP-43) is a pathological marker of ALS and aggregation of TDP-43 is 

observed in 97% of ALS cases. Our lab has generated a Drosophila model of ALS via 

overexpression of human TDP-43 in motor-neurons which recapitulates key disease phenotypes. 

Glycolysis upregulation by an increase in Phosphofructokinase (PFK) has been shown to have a 

neuroprotective effect in Drosophila models of ALS based on TDP-43 proteinopathy. In this 

work we aim to decipher the mechanisms underlying the restorative effect of PFK 

overexpression (OE) in ALS. Evidence from other groups reveals that PFK can form clusters at 

the synapses of C. elegans where it is required for synaptic vesicle cycling, and it associates with 

other glycolytic enzymes to form Glycolytic bodies (G-bodies) in yeast under stress. In addition, 

pyruvate, the end product of glycolysis, was found to be increased in multiple ALS models. 

Interestingly, pyruvate has been shown to have strong Reactive Oxygen Species (ROS) 

scavenging capacity, protecting mitochondrial membrane potential, and regulating cell 

metabolism. These findings led us to hypothesize that 1) PFK localization and/or G-body 

assembly are altered at ALS synapses 2) PFK OE mitigates TDP-43 dependent SV cycling 

deficit at the larval NMJ in Drosophila and/or 3) PFK OE mitigates oxidative stress through the 

antioxidant activity of pyruvate. To test these hypotheses, we used confocal and expansion 

microscopy, and found that PFK forms puncta within Drosophila NMJs, in the context of TDP-

43G298S OE. Furthermore, PFK clustering is observed in Drosophila primary motor neurons with 

TDP-43 proteinopathy. To identify protein partners of PFK in these puncta, we 

immunoprecipitated the puncta using anti-GFP nanobodies. Using Mass Spectrometry, we have 

preliminarily identified TDP-43-dependent changes in PFK complexes, suggesting a role for the 

interaction of synaptic proteins with PFK. Using FM1-43, a membrane probe, we found that PFK 

OE rescues TDP-43 induced SV cycling deficits. Together, these results suggest that PFK forms 

puncta at the synapse and mitigates TDP-43 induced SV cycling deficits 
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Abstract: Amyotrophic lateral sclerosis (ALS) is an incurable neurodegenerative disease 

characterized by the progressive loss of upper and lower motor neurons in the brain and spinal 

cord. Only about 10% of ALS cases are linked to a known, inherited genetic mutation, while the 

remaining ~ 90% are “sporadic,” caused by complex, ill-defined interactions between genetic 

and environmental risk factors. To develop disease-modifying therapies for sALS patients, we 

must characterize the key risk factors that cause disease. BMAA is a non-protein amino acid 

produced by cyanobacteria found throughout the world. On the island of Guam, ingestion of high 

doses of BMAA by the indigenous Chamorro people remains the leading cause of an 

ALS/parkinsonism dementia complex (ALS/PDC). Studies have thus far ruled out a genetic basis 

for disease and the rate of ALS/PDC in the Chamorro population dramatically decreased in 

conjunction with westernization of their diet, further correlating BMAA exposure with disease. 

The key mechanism by which environmental BMAA exerts toxicity is through aberrant 

accumulation into proteins (due to tRNA mischarging), causing protein misfolding and cell 

death. The goal of the present study was to determine whether chronic exposure to a 

physiologically-relevant dose of BMAA leads to motor dysfunction or neuropathology in a 

mammalian model system and to further investigate whether genetic predisposition to motor 

neuron disease (TDP-43 mutation) synergistically exacerbates its effect. Cohorts of wildtype or 

transgenic TDP-43Q331K mice were treated with a control diet or a matched diet containing 

300ppm BMAA for 16 months. We found that BMAA exposure exacerbated motor dysfunction 

in transgenic mice, corresponding with reduced motor neuron area. Additionally, we used highly 

sensitive mass spectrometry analysis of BMAA protein incorporation to determine the extent to 

which free and protein-incorporated BMAA accumulates in the mammalian central nervous 

system (CNS) and peripheral tissue, finding significant accumulation of free and protein-

incorporated BMAA in liver, and low levels of free BMAA in the brain. This corresponded with 

dysregulation of the unfolded protein response (UPR) in mouse liver, but not brain. Altogether, 

these findings indicate that while chronic exposure to BMAA is not acutely toxic, as suggested 

by prior studies, it may significantly contribute to ‘multi-hit’ sALS, warranting consideration as 

an environmental risk factor for disease. 

Disclosures:  F.J. Arnold: None. M. Burns: None. Y. Chiu: None. A. La Spada: None. C.L. 

Bennett: None. 

 



Nanosymposium 

015. ALS, CMT, and Degenerative Diseases 

Location: SDCC 33 

Time: Saturday, November 12, 2022, 1:00 PM - 4:30 PM 

Presentation Number: 015.07 

Topic: C.06. Neuromuscular Diseases 

Support: T32AG000255 

U19 AG062418 

R01NS110688 

ALS Association 

Title: Slow motor neurons resist pathological TDP-43 and mediate motor recovery in the rNLS8 

model of amyotrophic lateral sclerosis 

Authors: *S. HUR1,2, V. M. LEE3;  
1Neurosci. department, Genentech Inc., South San Francisco, CA; 2Univ. of Pennsylvania, 

Philadelphia, PA; 3Perelman Sch. of Medicine,, Univ. of Pennsylvania, Philadelophia, PA 

Abstract: In the intermediate stages of amyotrophic lateral sclerosis (ALS), surviving motor 

neurons (MNs) that show intrinsic resistance to TDP-43 proteinopathy can partially compensate 

for the loss of their more disease-susceptible counterparts. Elucidating the mechanisms of this 

compensation may reveal approaches for attenuating motor impairment in ALS patients. In the 

rNLS8 mouse model of ALS-like pathology driven by doxycycline-regulated neuronal 

expression of human TDP-43 lacking a nuclear localization signal (hTDP-43ΔNLS), slow MNs 

are more resistant to disease than fast-fatigable (FF) MNs and can mediate recovery following 

transgene suppression. In the present study, we used a viral tracing strategy to show that these 

disease-resistant slow MNs sprout to reinnervate motor endplates of adjacent muscle fibers 

vacated by degenerated FF MNs. Moreover, we found that neuromuscular junctions within fast-

twitch skeletal muscle (tibialis anterior, TA) reinnervated by SK3-positive slow MNs acquire 

resistance to axonal dieback when challenged with a second course of hTDP-43ΔNLS pathology. 

The selective resistance of reinnervated neuromuscular junctions was specifically induced by the 

unique pattern of reinnervation following TDP-43-induced neurodegeneration, as recovery from 

unilateral sciatic nerve crush did not produce motor units resistant to subsequent hTDP- 

43ΔNLS. Using cross-reinnervation and self-reinnervation surgery in which motor axons are 

disconnected from their target muscle and reconnected to a new muscle, we show that FF MNs 

remain hTDP-43ΔNLS-susceptible and slow MNs remain resistant, regardless of which muscle 

fibers they control. Collectively, these findings demonstrate that MN identity dictates the 

susceptibility of neuromuscular junctions to TDP-43 pathology and slow MNs can drive 

recovery of motor systems due to their remarkable resilience to TDP-43-driven degeneration. 

This study highlights a potential pathway for regaining motor function with ALS pathology in 

the advent of therapies that halt the underlying neurodegenerative process. 
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Abstract: Amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD) 

encompass a spectrum of neurodegenerative diseases affecting upper and lower motor neurons 

and cells in the anterior cingulate cortex (ACC) and frontoinsula (FI), with age dependent 

progressive degeneration in other brain regions. The classification of ALS and FTD as related 

diseases is based on clinical, pathological, and genetic overlap among patients. It has been 

hypothesized that overlapping cellular and molecular pathways link neurodegeneration in these 

diseases, however the precise mechanisms underlying degeneration in different neuronal circuits 

remain poorly understood. Given its presence in ubiquitin-positive aggregates among greater 

than 95% of ALS and nearly half of FTD cases (FTLD-TDP), the trans active response (TAR) 

DNA-Binding protein 43 (TDP-43) provides a common denominator for identifying the 

http://files.abstractsonline.com/CTRL/74/7/043/8E2/523/417/EBB/121/01C/2CD/650/74/g8590_1.png


molecular mechanisms linking disease across the ALS/FTD spectrum. We have recently 

developed a Drosophila model of FTD based on overexpression of human TDP-43 in the 

mushroom bodies (MBs), a higher-order associative circuit that overlaps in function and gene 

expression with neurons in the human hippocampus and frontal cortex, making it an appropriate 

brain structure to model human cognitive disease. Using this approach we identified age 

dependent TDP-43 mislocalization, axonal degeneration as well as working memory and sleep 

deficits. Here, using Drosophila models of TDP-43 proteinopathy based on expression of human 

TDP-43 either in motor neurons or MBs we identify shared as well as circuit specific mRNA 

targets of TDP-43. Genetic interaction approaches in conjunction with ALS and FTD relevant 

behavioral assays show that dally like protein, (Dlp), a glypican regulating wingless/wnt 

signaling is a TDP-43 target in vivo, in both the motor and MB circuits. We are currently 

evaluating other candidate mRNA targets for their ability to mediate TDP-43 dependent toxicity 

in both ALS and FTD models and validating them in patient tissues. 
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Abstract: Evolving evidencesuggest the presence of propagating prion-like species in several 

types ofneurodegenerative diseases associated with misfolding of host-encodednon-mutated 

proteins. Among these are AD, PD, the tauopathies, HD and amyotrophiclateral sclerosis (ALS). 

A hallmark of prions is the presence of differentconformational aggregate strains with different 

biological activities. Anothercharacteristic of prions is that subsequent prion passage within the 

same hostcan lead to a shorter incubation period. In ALS, using binary epitope mapping(BEM) 

we identified two structurally different strains of mutant humansuperoxide dismutase 1 (hSOD1) 

aggregates (named A and B) in the CNS oftransgenic (Tg) mice models expressing full-length 

hSOD1 variants. When seededinto spinal cords of adult hSOD1G85R Tg mice, these strains 



transmitexponentially propagating hSOD1 aggregation selectively in the motor systemwith 

concomitant development of muscle wasting and paresis. To furtherinvestigate prion-like 

properties of hSOD1 strains in ALS, and explore thespreading characteristic of the disease in 

vivo, stereotaxic inoculation ofhSOD1 aggregate strains into spinal cords of pre-symptomatic 

Tg-hSOD1D90A micewere performed. This mutation is essentially wt-SOD1 like. Normally,Tg-

hSODD90A only develop MND phenotype when the transgene is homozygous. 

Micehemizygous for the hSOD1D90A transgene insertion do not spontaneously developALS 

pathology and have a normal murine lifespan (>700d). First & second passagestudies were 

performed to investigate further prion-like properties of hSOD1.Inoculations of strain A or B 

seeds into the lumbar spinal cord of 100-day-oldhemizygous hSOD1D90A mice induced 

progressive hSOD1 aggregations and prematurefatal ALS-like disease after ≈250 and ≈350 days, 

respectively. BEM analysis ofaggregates in the terminal stage lead to a surprise discovery: 

Inoculation ofstrain A into hemizygous hSOD1D90A mice gave rise to a new strain named 

C,which has the C-terminal end apparently recruited to the aggregate core. Secondpassage 

inoculations were then performed in hemizygous hSOD1D90A mice, usingspinal cord 

homogenates with strain C aggregates as seeds. The novel prionstrain was much more efficient, 

and transmitted progressive hSOD1 aggregationand ALS-like disease which was fatal 100 days 

after inoculation. We providefurther evidence of the similarities between hSOD1 and the prion 

protein. Ourdata suggest that mutations in SOD1 are inducing aggregation and ALS 

pathologyvia a prion mechanism. 
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Abstract: Amyotrophic Lateral Sclerosis (ALS) and Fronto-Temporal Dementia (FTD) are two 

neurodegenerative diseases that belong to the same disease spectrum. ALS-FTD's most common 

genetic cause is a G4C2 repetition in the intron 1 of the C9orf72 gene. This mutation results in 

three main toxic events: C9orf72 protein reduction, RNA foci formation, and aberrant repeat-

associated non-AUG translation (RAN-T). The products of RAN-T are five dipeptide repeat 

proteins (DPRs: polyGA, polyGP, polyGR, polyPA, and polyPR). These proteins can be 



transmitted from one cell to another, possibly causing disease progression.To monitor in vivo 

spreading of DPRs, we employed a mouse model which expresses one single DPR (poly(GR)) 

tagged with GFP upon Cre recombination. We focally injected an AAV-mCherry-Cre in the 

ventral horn of the spinal cord of these mice. Interestingly, we detect some DPR signals even in 

distant areas from the injection point, suggesting in vivo poly(GR) spreading. One of the means 

of protein propagation is extracellular vesicles,, double membrane organelles released by cells 

through different pathways whose content varies according to cells’ patho/physiological 

conditions. We already know that neurons in vitro shed poly(GR)+ EVs. We thus checked 

whether in vivo neurons could also spread poly(GR) through the EVs and whether these could be 

detected in biofluids. We employed a mouse that expressed CD63-GFP, and we injected 

lentiviral particle expressing poly(GR) in the motor cortex. After 14 days,, we detected CD63-

GFP particles containing poly(GR) in areas surrounding the injection site indicating EVs as one 

of the means of poly(GR) spreading. We then analyzed circulating EVs in the plasma, and we 

found that a small but detectable percentage of them were poly(GR)+. Last, to check whether 

poly(GR)+ EVs were able to cause a neuronal loss in vivo, we intraspinal inject poly(GR)+ EVs. 

We observed that after 14 days, poly(GR)+ EVs could cause significant neuronal loss paralleled 

by astrogliosis and microgliosis. In conclusion, with this work,, we determined that poly(GR) is 

distributed in the CNS through EVs and that poly(GR) transmission can cause neuronal loss. 
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Abstract: The most common cause of amyotrophic lateral sclerosis and frontotemporal dementia 

is the presence of a G4C2 expansion in the C9orf72 gene. This expansion is aberrantly translated 

by non-AUG-dependent translation into dipeptide repeat proteins (DPRs), which accumulate into 

inclusions and are, to a different degree, toxic to neurons. The arginine-rich DPRs are known to 

be highly aggregation-prone and to interact with multiple other proteins aberrantly. Building on 

preliminary results showing the interaction between the dipeptide poly-glycine-arginine 

(polyGR) and TNPO1, we sought to explore the effect of this interaction in disease relevant-



models. We observed in neurons in-vitro and mice that polyGR co-precipitated with TNPO1. We 

found by FRAP assay that TNPO1 could not disaggregate polyGR inclusions nor change their 

liquid-like properties. We thus hypothesized that this aberrant interaction could hinder TNPO1 

function and that restoring TNPO1 levels could benefit neurons bearing polyGR. Overexpression 

of TNPO1 in neurons did not change their normal viability in-vitro. We then co-expressed 

polyGR and TNPO1 and found that TNPO1 relieved neuronal toxicity caused by poly(GR) and 

restored TDP-43 levels in the nucleus. This work dissects the role of TNPO1 in counteracting 

poly(GR) toxicity in neurons and opens a new therapeutic avenue centered on the modulation of 

TNPO1 in C9orf72-linked ALS/FTD. 
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Abstract: GGGGCC (G4C2) hexanucleotide repeat expansion in the C9orf72 gene is the most 

common genetic cause of frontotemporal dementia (FTD) and amyotrophic lateral sclerosis 

(ALS). C9orf72 repeats are bidirectionally transcribed into sense G4C2 and antisense CCCCGG 

(C4G2) RNAs and are proposed to confer gain of toxicity by sequestering key RNA binding 

proteins into RNA foci and/or by production of toxic dipeptide repeat (DPR) proteins via non-

canonical repeat-associated non-AUG-dependent (RAN) translation from all reading frames. 

Several lines of studies, by expressing either G4C2 repeats or individual codon-optimized, ATG-

driven DPR proteins, support that gain of toxicity from the repeat expanded RNAs plays a 

central role in disease pathogenesis. However, the underlying toxic species is debated, and 

whether antisense C4G2 expanded RNAs contribute to C9FTD/ALS and thus are targets of 

intervention is less clear. Several studies show antisense RNA foci are as abundant as sense RNA 

foci in multiple brain region, raising a possibility that antisense C4G2 repeat expanded RNAs also 

contribute to diseases. To test this hypothesis, we generated antisense constructs containing 2 or 



75 C4G2 repeats using recursive directional ligation and checked for neuronal toxicity. We 

expressed these constructs in primary cortical neurons together with an mApple construct and 

performed an automated longitudinal microscopy to track the survival of hundreds of neurons as 

indicated by the mApple fluorescence over several days. We find that neurons expressing 

(C4G2)75 die much faster than those expressing control 2 repeats, suggesting that C9rof72 

antisense C4G2 expanded repeats are neurotoxic. Mechanistically, our study shows that C9orf72 

(C4G2) antisense repeat expanded RNAs trigger the activation of the PKR/eIF2α-dependent 

integrated stress response independent of dipeptide repeat proteins that are produced through 

RAN translation in HEK293T cells and primary neurons. Such activation further leads to global 

translation inhibition and stress granule formation. We also observed the increased 

phosphorylation of PKR/eIF2α in the frontal cortex of C9orf72 FTD/ALS patients (n=6) 

compared to age matched controls (n=6) by immunocytochemistry and immunoblotting analysis 

respectively. Finally, we find that only antisense (C4G2), but not sense (G4C2), repeat expanded 

RNAs can activate the PKR/eIF2α pathway. Together, these findings provide a mechanism by 

which antisense repeat expanded RNAs elicit neuronal toxicity in FTD/ALS caused by C9orf72 

repeat expansions. 
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Abstract: The C9orf72 (G4C2)n repeat expansion is one of the most common genetic causes of 

ALS/FTD. It leads to the production of dipeptide repeat proteins (DPRs) in neurons by an 

aberrant, non-canonical mechanism known as repeat-associated non-AUG (RAN) translation. 

These DPRs are toxic in various model systems and are thought to be a primary driver of 

neurodegeneration in C9orf72-linked ALS/FTD. Recently, various forms of cellular stress have 

been shown to increase RAN translation in neurons, specifically via activation of the integrated 

stress response (ISR) pathway. The core event in this pathway is the phosphorylation of eIF2α by 

one of four kinases: PERK, PKR, GCN2, or HRI, each of which is activated by different forms 



of stress, leading to increased DPR production. One potential source of stress in neurons is 

altered metabolic homeostasis. Indeed, a growing list of metabolic imbalances is observed in 

ALS patients and model systems, including increased metabolic rate, glucose hypometabolism, 

and mitochondrial dysfunction. Notably, glucose hypometabolism is explicitly seen in carriers of 

the C9orf72 repeat expansion prior to symptom onset and could potentially serve as an early 

trigger of RAN translation and DPR production. However, whether this is the case remains 

unexplored. To test this hypothesis, we transduced either primary or human iPS-derived neurons 

with a lentiviral vector that encodes a GFP-tagged (G4C2) repeat expansion, then applied a 

glucose hypometabolism paradigm - which sharply reduces the metabolic rate of the cells - and 

monitored its effect on the accumulation of DPR aggregates monitored via the reporter GFP tag. 

We observed that glucose hypometabolism indeed enhances the accumulation of DPRs in 

parallel with activation of the ISR. Furthermore, DPR accumulation can be entirely blocked by 

co-treating the cells with a pharmacological inhibitor of the GCN2 kinase, which is known to 

respond to nutrient and metabolic imbalances. These data suggest that glucose hypometabolism 

enhances RAN translation, and that it does so precisely via activation of the GCN2 arm of the 

ISR. We also show that glucose hypometabolism negatively impacts the survival of C9orf72 

patient-derived iPS neurons and worsens behavioral phenotypes in a BAC transgenic mouse 

model of C9orf72 ALS. These studies highlight new potential therapeutic targets and strengthen 

conclusions in the field about the mechanism and molecular triggers of C9orf72-linked RAN 

translation. 
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Abstract: When an animal sees a stimulus, a pattern of activity is triggered across many neurons 

in its visual cortex. Together, these neurons’ firing rates define a representation of the stimulus in 

a high-dimensional vector space. Recordings from individual neurons in primary visual cortex 

(V1) have shown that their encoding of visual stimuli can change when animals associate these 

stimuli with motor actions. However, it remains to be established how this representational 

plasticity is coordinated across neurons and how it affects population coding. 

One suggested purpose for the plasticity of cortical representations is to improve the precision of 



stimulus encoding in the face of noise. However, V1 stimulus representations are extremely 

precise even in naive animals [Stringer 2021], so representational plasticity is not required to 

improve coding precision. This does not mean it is useless: a neural population could represent 

stimuli in multiple formats, some better suited for downstream circuits to associate them with 

appropriate behaviors. Indeed, representations vary in their generalizability, captured by the 

angle between two population activity vectors. Identical representations will generalize, whereas 

orthogonal representations will not at all. Similarly, stimuli that evoke similar representations in 

the brain are likely to evoke similar behaviors, while stimuli that evoke orthogonal 

representations could evoke opposing behaviors. 

We used two-photon calcium imaging to investigate how the tuning of populations of V1 

neurons changes after mice learn to associate opposing actions to two visual stimuli. At a single-

cell level, the results appear complex: neuronal tuning curves evolve according to a lawful but 

complicated dependence on their prior stimulus preference and tuning strength. At the population 

level, however, a simple principle emerges: visuomotor association transforms response vectors 

by a nonlinear function, whose convexity is largest for motor-associated stimuli. This 

transformation sparsens the population representations and makes them more orthogonal. The 

degree of sparsening varied consistently across the population on a trial-by-trial basis, suggesting 

it emerges from rapid circuit dynamics (e.g. local inhibition). Sparsening did not improve the 

precision of representations in V1, in fact, stimuli could be decoded perfectly with only a few 

neurons in all experiments. However, a feedforward-inhibition model demonstrated that 

orthogonalization could amplify and further differentiate motor-associated stimulus responses in 

downstream regions, supporting its role in generating stimulus-specific behaviors. 
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Title: Specialized basal dendrites with co-tuned inputs drive cortical neurons 
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Abstract: A key question in neuroscience concerns the functional role of dendrites: are all 

dendrites the same, or are individual dendrites specialized to integrate dedicated input? We 

addressed this question in the primary visual cortex (V1), where the aggregate orientation 

preference of synaptic spines on pyramidal cells matches those of the neuron, but individual 

synaptic inputs can exhibit diverse preferences. It is not clear whether these synaptic inputs are 

organized, and whether different dendrites play distinct roles in conferring selectivity. Thus, we 

sparsely expressed the glutamate sensor iGluSnFR3 to measure the visual selectivity of synaptic 

inputs to different basal dendrites in mouse V1, relating these dendrites to the preferred 

orientation of the neuron after careful measurement of the local map of retinotopy. The results 

revealed a marked asymmetry in the distribution of synaptic inputs: the inputs onto dendrites 

oriented parallel to the preferred orientation were mostly selective for the same orientation, 

whereas those on dendrites orthogonal to the preferred orientation exhibited a variety of 

preferences. We then speculated that the co-tuned inputs on parallel dendrites could be 

strengthened by plasticity to provide greater drive. To test this hypothesis, we reconstructed the 

dendritic arbor of neurons sparsely labeled with a red structural marker, and characterized their 

tuning with somatic imaging of GCaMP6. Spine density was similar across dendrites, but spines 

were indeed larger on parallel than on orthogonal dendrites. Finally, in the same mice, we tested 

causally the impact of synaptic inputs onto different basal dendrites, by using two-photon optical 

micro-dissection. Pruning the dendrites parallel to the preferred orientation dramatically reduced 

the responses of V1 neurons to gratings, significantly decreased orientation selectivity and 

occasionally shifted preferred orientation; by contrast, pruning the orthogonal dendrites had 

much weaker effects. These results reveal a new form of specialization in the basal dendrites of 

pyramidal neurons in the cortex: the dendrites parallel to the neuron’s preferred orientation 

receive co-tuned, stronger synaptic inputs that provide a dominant drive. This specialization 

opens new questions about the role of the orthogonal dendrites. These dendrites receive a 

mixture of inputs, which likely reflects the variety of stimulus preferences of nearby neurons. 

They do not affect the responses to gratings, but perhaps they carry contextual signals that shape 

the responses to more complex natural stimuli. 
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Title: Global synchronization of spontaneous activity across layer 5 pyramidal neurons during 

anesthesia-induced loss of consciousness 
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Abstract: Identifying a circuit mechanism underlying the loss of consciousness induced by 

general anesthesia is a long-standing question in neuroscience. Activity within cortex drives 

conscious perception and, hence, loss of consciousness is thought to result from the 

disconnection of cortex. Here, we identified an aperiodic temporal synchronization of 

spontaneous neuronal activity during general anesthesia, specific to layer 5 pyramidal neurons, a 

major output of cortex. This synchronous activity was maintained across different anesthetics 

with diverse molecular modes of action, despite having different event frequencies and 

amplitudes. Additionally, during transitions to and from anesthesia, the change in synchrony 

within layer 5 coincided with the loss and recovery of consciousness. Further, this synchronous 

layer 5 activity extended globally across cortex. In contrast, neurons in each of the other cortical 

layers, targeted through mouse Cre lines, did not show a consistent change in synchrony across 

anesthetics. We demonstrated that the synchronous activity in layer 5 pyramidal neurons results 

in a decrease in information entropy, with the entire population acting as a single effective unit. 

Hence, our results show that, during general anesthesia, cortex shifts from a mode characterized 

by spatially asynchronous outputs transmitting high information, to a mode characterized by 

spatially synchronous outputs, transmitting low information. This reduction in information 

output disconnects cortex and, thereby, provides a possible mechanism for the loss of 

consciousness. 
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Abstract: Face cells are neurons that generally respond more to faces than non-faces, leading to 

the wide-spread belief that face cells encode semantic or visual information that is mainly or 

even exclusively applicable to faces. Indeed, most previous face-cell studies have used only 

faces to characterize face-cell tuning, with no consideration of the smaller responses to non-

faces. Here, we asked whether these non-face responses contain information about face-cell 

tuning that cannot be characterized using only faces. By analyzing responses to hundreds of 

images (N=1408) in macaque inferotemporal cortex (N=448 sites), we asked how accurately we 

can infer the defining property of a face cell, namely its face versus non-face selectivity, from 

only the non-preferred category of non-faces. We found that the response selectivity for only 

non-face images can predict a neural site’s face versus non-face selectivity (R2=0.69) better than 

the response selectivity for only face images (R2=0.49). Thus, non-face responses contain 

information about face-cell tuning that cannot be characterized with only faces. The link between 

non-face responses and face versus non-face selectivity was not explained by color or simple 

shape features, but by complex image statistics encoded by higher classification-trained DNN 

layers, particularly when the DNN had been pre-trained on general object classification 

(ImageNet; R2=0.54) rather than on face identity (R2=0.41). Even in the most face-selective 

neural sites (face d'>1.5), we found some face images with a significantly lower response than 

some non-face images, suggesting that face cells do not merely encode the extent to which an 

object looks like a face. Overall, our work challenges the assumption that face cells owe their 

face selectivity to face-specific information, instead supporting the notion that category-selective 

neurons are best understood as tuning directions in a domain-general object space. 
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Title: Whole-brain functional mapping of face patch neurons during rest 
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Abstract: Resting state fMRI (rs-fMRI) is a widely used method that measures the coordination 

of slow fluctuations (<0.1 Hz) across the brain in the fMRI response. Brain areas showing 

coherent activity are operationally defined to be functionally connected, with patterns that often 

recapitulate networks observed in task-based testing. While multiple mechanisms contribute to 

the fMRI activity correlation across the brain, direct neural projections are thought to be a central 

determinant of observed network structure. However, little is known about the functional 

connectivity of individual neurons with fMRI signals across the brain. Would the functional 

connectivity of individual neurons primarily reflect the known anatomical connections of the 

area in which they reside? To what extent would individual cells exhibit distinct patterns of 

correlation across the brain? We addressed these questions by concurrently measuring local 

single-unit activity and fMRI signals across the brain of five macaques. Specifically, the spiking 

fluctuations of individual neurons in two face patches were compared with brain-wide 

hemodynamic fluctuations to create maps of functional connectivity. We found neurons within 

each face patch population exhibited a high degree of overlap in their large-scale fMRI 

correlations, with the strongest correlations in visual areas V4, TEO, other face patches, and 

ventral premotor cortex. At each location, subpopulations of neurons had inverse time courses 

and were thus anticorrelated with these structures. Many neurons also exhibited a pronounced 

anticorrelation with thalamic structures and brainstem neuromodulatory centers. Corresponding 

maps derived from fMRI seeds and local field potentials from the same recording location 

showed marked differences in their structure, particularly regarding the inverse correlations. 

These findings demonstrate a restricted and largely shared pattern of functional connectivity 

among neurons in functionally defined face patches that partially reflects known anatomical 

connections. The direct linking of local circuitry to whole-brain functional architecture offers 

new avenues to study how diverse types of signals are integrated within functionally defined 

brain areas. 
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Title: Optogenetic inactivation of cortico-cortical feedback modulates gamma oscillations in 

marmoset primary visual cortex 
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Abstract: Top-down cortico-cortical feedback (FB) is hypothesized to contribute to numerous 

cognitive and perceptual phenomena. There is also evidence that FB connections are involved in 

the generation and/or modulation of gamma oscillations, a network phenomenon hypothesized to 

be critical for facilitating inter-areal communication and neural coding, in primary visual cortex 

(V1). That is, the effect of stimulus size on V1 gamma power is greater in FB-recipient layers, 

and cooling of V2/V3 decreases the amplitude of V1 gamma. Using optogenetic inactivation of 

FB terminals, we previously demonstrated that FB from V2 to V1 play a critical role in 

regulating single-unit response amplitude and receptive field size in V1. Here, we have 

investigated the effects of selective inactivation of V2-to-V1 FB on V1 gamma oscillations. We 

used the inhibitory opsin ArchT to silence V2-to-V1 FB projections. Specifically, we drove 

selective expression of ArchT in V2 pyramidal cells in 2 marmosets. After allowing time for 

ArchT expression, we performed V1 recordings using 64 channel linear electrode arrays (LEA). 

To activate ArchT in V2 FB terminals and silence V2-V1 FB, we applied focal surface 

photostimulation to an approximately 1.5mm radius area around the LEA. We measured size 

tuning to full contrast drifting sinusoidal gratings of optimal orientation and spatiotemporal 

frequency with and without FB inactivation. Consistent with prior work (Clark et al 2021; 

Gieselmann & Thiele, 2022), V1 gamma power was size tuned, with some suppression at large 

stimulus diameters, and the peak frequency of the gamma oscillation decreased with increasing 

diameter. Also consistent with prior findings, we observed a selective decrease in the gain of 

multi-unit (MU) responses when stimuli were matched to the RF but an increase where the 

stimuli extended into the near surround, resulting in an increase in RF size during V2 FB 

inactivation. To look at the effects of FB inactivation on local field potential (LFP) gamma 

power, we examined the ratio of gamma power in baseline and FB-inactivation conditions for 

LEA channels that exhibited significant size tuning in the baseline condition. For each channel, 

we selected the stimulation intensity that elicited the largest change in MU RF size (critically, 

either a decrease or an increase). When FB was inactivated, we found a decrease in gamma 

power for stimuli that were either matched to the LFP RF size or extended into the near, but not 

the far, surround. We are currently examining laminar differences in these effects as well as 

changes in other frequency bands. Finally, we are examining a network model of visual cortex to 

identify putative circuit mechanisms. 
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Abstract: Neural information processing in dynamic, natural environments requires the brain to 

flexibly allocate limited computational resources to varying task demands. One example is 

selective attention in the visual system, which allows to preferentially route signals from 

behaviourally relevant stimuli to downstream visual areas, while suppressing irrelevant visual 

information. It is an open question which neural mechanisms realize selective routing, and how 

this process is controlled. Here we propose that spontaneous synchronization in recurrent 

networks is the key mechanism for selective processing. We study a hierarchical network 

consisting of recurrently coupled populations of spiking neurons which send activation to a 

common receiver/output population. The network is driven by two external signals of which one 

has to be routed to the output, while the other signal has to be ignored. Communication takes 

place via propagation of spike avalanches between sending and receiver populations. Routing is 

established by releasing inhibition from control populations which enhance avalanche generation 

and increase sizes of synchronous events carrying the information from the attended stimulus. 

Optimal routing configurations need to balance signal representation in the upstream areas and 

transmission to the downstream area and are derived analytically using a newly-developed theory 

for describing spike-pattern formation. Our framework provides a unifying account for selective 

information transfer through the visual hierarchy while reproducing a series of key experimental 

observations, such as typical rate modulations induced by attention in different visual areas, 

biased competition, and the emergence of gamma oscillations and inter-areal phase 

synchronization. In contrast to previously proposed routing schemes based on oscillatory 

dynamics such as Communication-through-Coherence, selective routing can be established 

quickly since it does not need an intricate control scheme organizing the phase relationship 

between different oscillatory units. In addition, it proposes a simple and biophysically plausible 

control mechanism in form of a population with a critical dynamics, which becomes engaged by 

attention and then boosts generation of synchronous events for enhancing signal transfer. 
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Title: Forming 3-dimensional multimodal object representations relies on integrative coding 
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Abstract: Combining information from multiple senses is essential to object recognition. Yet 

how the mind combines sensory input into coherent multimodal representations - the multimodal 

binding problem - is not well understood. Here, we applied multi-echo fMRI across a four-day 

paradigm, in which participants learned 3D multimodal objects that were created from well-

characterized visual shape and sound features. Our novel paradigm decoupled the learned 

multimodal object representations from the baseline unimodal shape and sound feature 

representations, thus tracking the emergence of multimodal concepts as they were learned by 

healthy adults. Critically, we found that the whole object was different from the combined 

representation of its individual parts, with evidence of an integrative object code in anterior 

temporal lobe structures. Intriguingly, the perirhinal cortex - an anterior temporal lobe structure - 

was by default biased towards visual shape, but this initial shape bias was attenuated with 

learning. Pattern similarity analyses revealed that the perirhinal cortex orthogonalized 

combinations of visual shape and sound features with experience, transforming overlapping 

feature input into distinct multimodal object representations. These results reveal that sounds are 

integrated with existing shape representations in the perirhinal cortex, with visual content serving 

as the foundation by which new multimodal object concepts are constructed. 
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Abstract: Cortical circuits embody remarkably reliable neural representations of sensory stimuli 

that are critical for perception and action. Building these network representations is a complex 

developmental process beginning prior to the onset of sensory experience with endogenous 

mechanisms generating an initial framework that is subsequently refined with experience. What 

we lack is a fundamental understanding of this nature-nurture transform: how endogenous 

networks respond to the onset of sensory experience, and the extent to which experience 

reorganizes these initial networks to generate a mature representation. Here we examine this 

question focusing on the representation of edge orientation in primary visual cortex of the ferret, 

a species that exhibits a well-defined modular network of orientation-selective responses. Using 

in vivo calcium imaging we find that the initial presentation of visual stimuli to endogenous 

networks generates robust modular patterns of activity, but these patterns lie on a high-

dimensional manifold and are highly variable both across and within individual trials. With the 

onset of visual experience, the evoked manifold develops novel components, becomes low-

dimensional, and the individual responses reliable. By using patterns of spontaneous activity to 

define endogenous network structure, we test whether the endogenous network could provide a 

stable framework for the emerging sensory representations. Inconsistent with this idea, we find 

that spontaneous patterns at eye opening are neither a good predictor of the initial nor the future 

visually evoked patterns. Instead, highly reliable visual responses emerge via an experience-

dependent process that involves substantial reorganization of both evoked and spontaneous 

activity patterns to achieve a stable aligned network structure that is better predicted by the early 

evoked than by early spontaneous activity. Based on a computational network model whose 

predictions closely match the biology, we propose that visual experience drives the alignment of 

feedforward inputs and recurrent networks to achieve highly reliable sensory representations. 

Taken together, these results demonstrate that experience plays a critical role in transforming a 

nascent modular network with diverse and unreliable visual responses into a mature network 

with a distinctive modular structure and highly reliable visual responses and suggest that 

feedforward-recurrent alignment is a main factor in this process. 
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Abstract: Our visual world consists of an immense number of unique objects and yet, we are 

easily able to identify, distinguish, interact, and reason about the things we see. Object 

processing encompasses more than being able to assign categories to things. For example, we are 

easily able to recognize a cat, but we also understand a variety of different properties that 

constitute that cat (e.g., living, moves, has ears). Similarly, we can discern properties even for 

objects we have never experienced before. In the current study, we examined how these rich 

object representations unfold in the human brain by testing how behaviorally-relevant object 

properties contribute to the neural signal.We recorded Magnetoencephalography (MEG) data 

while participants (n = 4) viewed 22,248 images from a large-scale image set (THINGS, Hebart 

et al., 2019, PloS One) sampled evenly from 1,854 object categories. Based on behavioral 

modelling results (Hebart et al., 2020, Nature Human Behaviour), we used 49 continuous and 

interpretable object dimensions to examine how object representations unfold in the neural signal 

over time. The dimensions are a behavioral measure of how strongly a given property is 

associated with an image class. For example, images of crayons score highly on the dimension 

“colorful” while images of zebras have lower scores on that dimension. Using these behavioral 

predictions, we trained a linear regression model to learn how the multivariate MEG response is 

related to these dimension weights. The results show at what timepoint each behavioral 

dimension is a good model to explain the variations in the MEG signal. We found that 

information about most dimensions was present in the multivariate MEG signal at some point in 

time. Dimensions describing low-level visual differences, such as the dimension “many small 

things”, peak earlier than higher-level dimensions, such as “body-part related”, showcasing that 

our method is able to differentiate between different stages of processing in the visual hierarchy. 

Using dynamic time warping and clustering methods, we compared dimension timecourses and 

extracted prototypical timeseries shapes. Collectively, our results show that continuous, 

multivariate predictors afford a high sensitivity to disentangle complex representations from 

MEG data. Our findings provide novel insights into how feature-rich, complex, and flexible 

object representations emerge and unfold in the human brain. 
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Abstract: The neural basis of object recognition is typically studied using 2-D pictures of 

unfamiliar objects. In the human brain, regions of lateral occipital and ventral temporal cortex 

are known to respond more to pictures of intact objects than to pictures of scrambled objects. 

Although humans are skilled at making detailed inferences about an object from its photographic 

image, additional forms of object knowledge (e.g. multisensory perception, episodic memory, 

semantic associations) are obtained from real-world experience. It is unknown how real-world 

experience with a specific object affects the representation of its photographic image in the brain, 

particularly in areas of ventral temporal cortex implicated in object recognition. Accordingly, we 

conducted an fMRI study that involved real-world exploration of objects prior to scanning. 

Participants (N = 40) physically explored one of two sets of 12 ordinary household objects (e.g. 

clocks, mugs, bags) for 30 seconds each. Following real-world exploration, participants viewed 

photographs of both explored and unexplored objects in the MRI scanner (3.0T GE Discovery) 

in an event-related design using a whole-brain multiband, multiecho echo planar acquisition 

sequence. Each of the 24 individual objects were depicted twice in different contexts (indoor, 

outdoor) and at different viewing angles, for a total of 48 images. A post-scan memory test 

confirmed that participants correctly identified which objects they had explored from the 

photographs. Multivariate pattern analysis revealed that the identity of an object could be cross-

decoded across image context in both lateral occipital and ventral temporal object-responsive 

cortex, regardless of whether an object has been physically explored or not (all p < .0001). 

However, real-world encounters with objects were associated with foci of increased activation in 

response to their 2-D image in the medial parietal lobe and posterior cingulate cortex. The effect 

of real-world experience was lateralized, with stronger activation in the left hemisphere in 

response to photographs of explored versus unexplored objects. Together, these results 

demonstrate that although the representation of objects in lateral occipital and ventral temporal 

object-responsive cortex is remarkably robust to both substantial image transformations and real-

world experience, even brief encounters with objects alter their brain representation, particularly 

in medial parietal cortex. The richness of object representations beyond their photographic image 

has important implications for understanding object recognition in both the human brain and in 

computational models. 
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Title: Object space in human occipitotemporal cortex: category trumps shape 

Authors: *E. YARGHOLI, H. OP DE BEECK;  

Katholieke Univ. Leuven, KU Leuven, Leuven, Belgium 

Abstract: Objects are represented in the occipitotemporal cortex (OTC). This large cortical area 

has a complex functional architecture, but it is unclear how different aspects of OTC’s functional 

organization can be put together in one comprehensive model. Recently, Bao et al. (2020, 

Nature) proposed a characterization of object space in monkeys in which OTC is organized as a 

map with two main dimensions, stubby-spiky and animate-inanimate. However, the definition of 

their two dimensions might be confounded by selectivity for faces and bodies, because their face 

stimuli were mostly stubby and body stimuli were mostly spiky. To dissociate individual 

dimensions that might characterize object space, we prepared a novel set of stimuli including 

images of animates (face and body) and inanimates (natural and man-made) with a comparably 

wide range of aspect ratios in each of these four categories (52 stimulus images; 13 images for 

each category). We obtained fMRI (15 human subjects, 11 females, 19–46 years of age) and 

deep neural network (BigGAN) responses to stimuli and employed multivariate pattern analyses 

to examine the similarity of representational space between OTC, BigGAN, and models of 

animacy or aspect ratio. Results of representational dissimilarity analysis showed that object 

space in BigGAN and most category-selective regions in OTC was much better explained by the 

animacy rather than the aspect ratio model. In addition, no category-selective region showed 

sensitivity to the aspect ratio of stimuli from their selected category, an effect of aspect ratio was 

restricted to the right object-selective cortex. Brain decoding resulted in much higher accuracy 

for animate-inanimate classification across changes in aspect ratio than stubby-spiky 

classification across changes in animacy. We also observed transitions in the representational 

content along the anatomical posterior-to-anterior axis in OTC. Employing data-driven 

approaches, we clearly see clusters for face and body stimuli and separation of animate from 

inanimate stimuli in the representational space of OTC and BigGAN, but there is not any 

arrangement related to aspect ratio. In sum, aspect ratio remains an important shape dimension 

for representing object shape in general, but it does not function as a primary organizing 

principle for object representations in general, for which animacy and the face/body distinction 

are much more prominent candidates. 
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Abstract: The neural representation of objects dynamically unfolds over time across all stages of 

the human ventral visual stream. These representational dynamics are thought to reflect the 

cortical computations that support object recognition. Recent years have seen substantial 

progress in modeling such computations via deep neural networks (DNNs). However, the 

agreement between models and brain representational dynamics is far from perfect. This raises 

the question which representational features are left unaccounted for in the neural data. 

We analyzed existing source-reconstructed MEG data acquired in human participants during 

object viewing (n = 15, mean age = 26 years, 10 females). Stimuli were 92 colored object images 

from a range of categories. MEG data consisted of representational dissimilarity matrix (RDM) 

movies for lower visual areas V1-3, intermediate visual areas V4t/LO, and higher visual areas 

IT/PHC. We used general linear modeling to explain variance in the RDM movies using DNNs 

(CORnet-Z and CORnet-R) and visuo-semantic models. Visuo-semantic models consisted of 

human-generated labels of object features and categories. 

We found that DNN features explain variance over and above visuo-semantic features in lower 

and intermediate visual areas, especially during the early phase of the response (< 125 ms after 

stimulus onset; p < .05 corrected, signed-rank test; Fig. 1). In contrast, visuo-semantic features 

explain variance over and above DNN features in higher visual areas during a more prolonged 

time window (100 – 650 ms after stimulus onset; p < .05 corrected, signed-rank test; Fig. 1). 

Among the visuo-semantic features, object parts and basic categories drive the explanatory 

advantage over DNNs. 

Our results suggest that current DNNs provide a promising image-computable model of ventral-

stream computations but fail to fully capture the visuo-semantic features represented in higher 

human visual cortex. Future models of human ventral-stream representational dynamics may 

benefit from a stronger focus on visuo-semantic features during model development. 
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Abstract: Real-world size is a behaviorally-relevant object property that can be decoded from 

neural activity, peaking around 190 ms after stimulus onset. Object size is also reflected in the 

organization of the visual cortex, where large objects activate scene-selective regions. It is 

currently unclear what drives these effects. One possibility is that they reflect visual feature 

http://files.abstractsonline.com/CTRL/98/E/640/D3A/9BB/48F/DBA/59D/B19/C56/3FE/9E/g9115_1.jpg


differences between large (typically rectilinear) and small (typically curvilinear) objects. 

Alternatively, or additionally, they may reflect functional associations of large versus small 

objects. For example, it has been proposed that large objects prime a sense of space. Here, using 

EEG, we aimed to dissociate the time course of object size from that of covarying shape 

properties and relate shape-invariant size responses to the temporal profile of scene processing. 

In Experiment 1, participants (N=33) viewed isolated objects that varied in real-world size 

(large, small), shape (rectilinear, curvilinear), and fixedness (fixed, transportable). We decoded 

each dimension (e.g., size) across the other dimensions (e.g., shape, fixedness). Across posterior 

electrodes, cross-decoding of shape (rectilinear vs curvilinear) peaked at around 190 ms after 

stimulus onset, in line with previous studies decoding object size without controlling for shape 

differences. By contrast, shape-invariant object size was significant only from 350 ms after 

stimulus onset, thus emerging relatively late during object processing. In Experiment 2, a new 

group of participants (N=32) viewed images of buildings (large and fixed objects), visually 

matched boxes (small and portable objects), scenes, and chairs. Conceptually replicating the first 

study, buildings and boxes could be distinguished from around 350 ms after stimulus onset. 

Interestingly, the building (vs box) classifier around 350 ms generalized to distinguish scenes 

from chairs earlier in time, at around 200 ms. Taken together, these results show that real-world 

object size can be decoded from EEG responses independently of visual feature differences 

(which are represented earlier). Furthermore, these large-object response patterns correspond to 

earlier scene-selective response patterns, in line with accounts that propose that large objects 

prime a sense of space. 
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Abstract: Animals respond differently when recalling threatening memories, which is subject to 

conditioning. Conditioned proactive threat-coping behavior enhances the individual perception 

of control over a threatening environment, suppressing Pavlovian freezing or paralyzing 

responses. We used the rats' signaled active avoidance conditioning test (SigAA) to model 

proactive actions that suppress freezing. The cannabinoid receptor 1 (CB1r) and 

endocannabinoids (eCBs) modulate the circuit that reinforces the incentive properties of SigAA 

acquisition, representing a potential pharmacological target to facilitate this adaptive behavior. 

We hypothesized that SigAA responses are facilitated by cannabinoid-dependent plasticity in the 

nucleus accumbens (NAcc), stimulated by glutamatergic projections from the basal amygdala 

(BA). Initially, we found a positive correlation between the success in acquiring SigAA 

responses and eCB levels in the brain and serum of conditioned animals. Pharmacological 

approaches by systemic manipulation of CB1R, or locally by altering CB1R signaling in NAcc 

modulated SigAA responses. Using pharmacological, chemogenetic, and optogenetic inhibition, 

we showed that glutamatergic projections from BA to NAcc Core underlie the acquisition of 

SigAA responses and that those projections are cannabinoid-sensitive since activation of CB1r in 

NAcc Core while silencing the projections rescues the capability to acquire SigAA. To assess 

cellular and network mechanisms, chemogenetic and pharmacological approaches showed that 

parvalbumin-expressing cells in NAcc Core negatively modulate the acquisition of SigAA, and 

this cell population is sensitive to exogenous cannabinoids treatment.Additionally, a deep 

learning pipeline analysis of pose estimation allows for precisely assessing freezing responses 

during SigAA conditioning and circuit manipulation. For a neural mechanism substrate of our 

behavioral model, ongoing electrophysiological experiments in slices seek to explore CB1r-

dependent synaptic plasticity in glutamatergic and GABAergic synapses in NAcc Core, 

stimulated by BA projections. Our initial and ongoing results show that in vivo endogenous and 

exogenous cannabinoids gate network dynamics of cell populations in NAcc that enable adaptive 

threat-coping. These data suggest the novel use of endocannabinoid-based drugs combined with 

proactive learning strategies might have a lasting effect on reducing anxiety disorder symptoms. 
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Abstract: Post-learning sleep contributes to memory consolidation. Yet, it remains contentious 

whether sleep affords opportunities to modify or update memory, particularly those unwanted 

memories that people prefer not to remember. For the first time, we examined whether we can 

update unwanted memories via pairing positive emotional words (vs. neutral words) with 

aversive memory cues during human non-rapid-eye-movement (NREM) sleep. We found that 

such pairing during NREM sleep reduced negative affect judgments toward paired aversive 

memory cues during the post-sleep tests. Cue-elicited EEG analyses showed that theta power 

differences between the positive words and the paired aversive memory cues predicted affect 

changes across sleep. Particularly, if the positive words elicited larger theta powers than the 

subsequent memory cues, participants judged the cues less negatively. The item-level analysis 

further showed that slow oscillation upstate, a state characterized by cortical excitability during 

NREM sleep, was conducive to effective affect updating: when the onset of the first positive 

words coincided with slow oscillation upstates, affect updating was more likely to happen. Our 

study revealed that the affect tones of unwanted memories can be updated via pairing with 

emotional stimuli during human deep sleep, with both theta power and slow oscillation upstates 

contributing to affect updating. These findings offer novel possibilities for modifying unwanted 

memories during sleep, without people being consciously confronted with such aversive 

memories.  
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Abstract: Traumatic or fear-eliciting experiences can form long-lasting associative memories. 

Inappropriate recall of such memories can result in post-traumatic stress disorder (PTSD) and 

other negative valence disorders such as anxiety. Although there is a clear connection between 

fear memories and anxiety, circuit mechanisms coupling fear and anxiety behaviors are not well 

understood. Current theory holds that memory formation reflects structural and chemical changes 

among engram neurons and that recall of recently formed memories reflects reactivation of 

anatomically distributed ensembles of engram neurons. Over time, the engram circuit appears to 

reorganize such that memory storage migrates, partly or completely, to new neuronal ensembles. 

Despite engram migration, certain brain regions such as the basolateral amygdala (BLA) remain 

critical both for recent and remote memory recall. Here, we tested the hypothesis that ensemble 

neurons in the anterior BLA (aBLA), a brain region enriched with negative valence coding 

neurons, can drive both fear and anxiety-like behaviors. To investigate this, TRAP2 mice 

expressing a tamoxifen-inducible Cre-ER complex controlled by promoter/enhancer elements of 

the immediate early gene c-fos were exposed to contextual fear conditioning. Treatment with 4-

hydroxytamoxifen immediately thereafter allowed for Cre-dependent expression of a fluorescent 

reporter (TdTomato) or an effector-reporter combination (ChR2+EYFP) in aBLA ensemble 

neurons - a process referred to as “TRAPing”. First, we crossed TRAP2 and Ai14 mice for Cre-

dependent tdTomato expression and used Fos immunostaining to quantify aBLA neurons re-

activated during remote memory retrieval 3 weeks later. We found that remote memory recall re-

activated more aBLA neurons in mice previously fear conditioned than control mice exposed to 

context alone (n=6/group). Next, we bilaterally injected AAV5-DIO-ChR2-EYFP into the aBLA 

and placed fiber optic cannulae directly above the BLA 2 weeks prior to context exposure or fear 

conditioning, thereby permitting remote photostimulation of TRAPed aBLA ensemble neurons. 

Photostimulation 3 weeks later did not alter freezing behavior during fear memory recall but 

increased freezing in a novel context and promoted anxiety-like behaviors in the open field and 

elevated pulse maze tests of anxiety (n=6-10/group, each paradigm tested in a separate cohort). 

Results indicate that aBLA ensemble neurons encode negative valence rather than fear specific 

memories per se. We posit that fear- and anxiety-related inputs converge on aBLA ensemble 

neurons to couple remote fear memories with anxiety-like behaviors. 
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Abstract: The ubiquitin-proteasome system (UPS) controls the majority of protein degradation 

in cells through the protein ubiquitin. Multiple ubiquitin molecules can bind a target substrate 

and form polyubiquitin chains at 8 different linkage sites that have unique biological functions. 

The most abundant polyubiquitin modifications are linked at lysine-48 (K48) or lysine-63 (K63), 

the former of which is preferentially targeted for degradation by the proteasome, while the latter 

is thought to be independent of the degradation process. Over the last decade, numerous studies 

have demonstrated the necessity of UPS-mediated protein degradation for memory formation in 

the brain. However, the role of degradation-independent ubiquitin signaling, such as K63 

polyubiquitination, during memory formation remains unknown. To investigate this, we used a 

K63-specific Tandem Ubiquitin Binding Entity (TUBE) and liquid chromatography mass 

spectrometry (LC/MS) to identify proteins targeted by K63 polyubiquitination in the amygdala 

of male and female rats following contextual fear conditioning (n = 5 per group per sex). 

Interestingly, we identified 13 proteins that gained and 9 proteins that lost K63 in females 

following fear conditioning, but only 1 protein was identified in males that lost K63, suggesting 

that changes in K63 polyubiquitination may be specific to females following fear conditioning. 

Western blot analysis revealed no change in levels of the top proteins identified by LC/MS (n = 5 

per group, unpaired t-test, p < 0.05), which included a mitochondrial protein and proteasome 

subunit, indicating these proteins were not undergoing degradation. To manipulate K63 

polyubiquitination in the amygdala, we used the CRISPR-dCas13b RNA-editing system to make 

site-specific modifications on the major ubiquitin coding gene, Ubc, at the nucleotide sequence 

coding for K63. Consistent with our proteomic analysis, we observed that CRISPR-dCas13-

mediated reductions in K63 polyubiquitination in the amygdala impaired fear memory in 

females, but not males (n = 5-6 per group, unpaired t-test, p < 0.05). Furthermore, loss of K63 

polyubiquitination in females reduced, but did not eliminate, learning-related increases in ATP 

levels and proteasome activity in the amygdala. This suggests that K63 polyubiquitination is 

involved in, but does not independently regulate, ATP synthesis and proteasome activity in the 

female amygdala during fear memory formation. Together, these findings provide the first 

evidence of a novel, sex-specific role for K63 polyubiquitination in the co-regulation of ATP 

synthesis and proteasome activity in the amygdala during fear memory formation. 
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Abstract: It is well established that post-transcriptional modification of histone proteins, such as 

the transcription activator trimethylation of histone H3 lysine 4 (H3K4me3), are critically 

involved in the formation of long-term memory. Recently, we showed that monoubiquitination 

of histone H2B at lysine 120 (H2BubiK120) regulates H3K4me3 in the hippocampus during 

memory formation. However, the transcriptome controlled by H2BubiK120 and the cell-type 

specificity of this during memory consolidation remain unknown. Here, we report a vital role for 

histone H2B ubiquitination in active and repressive gene transcription during long-term memory 

formation. Using siRNA, the histone H2B ubiquitin ligase, Rnf20, was knocked down in the 

dorsal CA1 (dCa1) area of adult male Sprague Dawley rats’ hippocampus (n=5/group) prior to 

training for contextual fear memory and their dCA1 was microdissected one hour later for whole 

genome RNA-sequencing. We found that training induced significant transcriptional changes in 

31 genes (14 upregulated and 17 downregulated) after one hour. Remarkably, the loss of Rnf20 

completely abolished these changes in 30 of the 31 genes, suggesting a critical role for the 

H2BubiK120 epigenetic mark in active and repressive gene transcription during memory 

consolidation. We next studied the cell-type-specific role of H2BubiK120 in the hippocampus of 

adult male Sprague Dawley rats (n=7/group) during memory formation by using a modified 

version of CRISPR-dCas9 (SYN-driven) fused with a transcription suppressor (KRAB-MECP2) 

to manipulate Rnf20 transcription only in neurons. Four weeks later, the rats were trained and 

tested for contextual fear memory. We found that the loss of Rnf20 in neurons of the dCA1 

impaired long-term memory consolidation. These findings suggest that neuronal H2B 

ubiquitination is essential for long-term memory formation. Taken together, our data suggest that 

monoubiquitination of histone H2B in neurons may be a master regulator of the transcriptome 

necessary for the memory consolidation process. 
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Abstract: Following traumatic events, new memories of safety do not readily generalize to novel 

contexts, representing a barrier to the treatment of PTSD. Here, we sought to better understand 

the neural mechanisms by which the human brain promotes contextual generalization of 

associative memories. In a two-day fMRI experiment (N=30), we tagged and tracked the 

encoding and retrieval of neural representations corresponding to the episodic context in which 

associative memories were formed. On day 1, participants underwent aversive Pavlovian 

conditioning with auditory conditioned stimuli (CS). Two distinct tones were paired with a mild 

electric shock (CS+s), and one tone served as a safe control stimulus (CS-). Immediately 

following conditioning, participants underwent extinction, during which no shocks were 

delivered. Critically, only one of the CS+ tones was extinguished. During conditioning and 

extinction, participants were exposed to two distinct categories of visual cues (animals and 

tools), that served to differentiate and tag these distinct phases of associative learning. We have 

previously used this technique (Hennings 2020) to show that successful extinction recall is 

associated with reinstatement of the extinction mental context. Here, we predicted that we would 

be able to build on these results by showing that the competition between the conditioning and 

extinction mental contexts would meaningfully relate to both behavior and neural processing in 

canonical brain regions. The following day, participants underwent a fear renewal test, during 

which we used a multivariate pattern classifier to decode reinstatement of both the conditioning 

and extinction mental context tags. As predicted, the competition between the conditioning and 

extinction contextual representations was significantly correlated with explicit shock expectancy 

behavior, such that more decoded extinction context predicted safe responding. In addition, we 

found that this neural marker of contextual competition was significantly related to neural 

activity in canonical threat processing regions, including the ventromedial prefrontal cortex 

(vmPFC), amygdala, and anterior insula. These brain and behavior correlations with contextual 

competition were only observed for the ambiguous (extinguished) CS+, and were not observed 

for the unextinguished CS+. These results shed new light on how episodic contextual retrieval 

processes influence the outcome of associative memory competition, 

and will inform future clinical translation efforts seeking to enhance the contextual 

generalization of extinction learning. 
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Abstract: Humans have a remarkable capacity to use an internal model of the environment to 

make inferences about unseen outcomes. How the brain assigns credit for outcomes to latent 

causes is poorly understood.We scanned hungry participants (N=28) while they tracked 2 

probabilistic systems of stimulus-reward associations for 2 desserts, with each system 

comprising 2 stimuli of different visual categories but sharing the same reward probabilities. We 

hypothesize that the underlying latent cause is reinstated in the lateral orbitofrontal cortex (OFC). 

Behavioral results from a Bayesian learning model show that participants efficiently learned to 

track reward probabilities both from choice and the inferred stimulus in the same system (choices 

1back t(27)>3.5 p<0.001). An univariate analysis of the DKL as a measure of belief confirmation 

of stimulus-outcome probabilities at feedback shows significant effects in the OFC, ventromedial 

prefrontal cortex and hippocampus (t(27)>4.3, p<0.0001 uncorrected). We used multivariate 

pattern analysis to test for a reinstatement of the causal choice at feedback (cross-validated 

across runs). Left lateral OFC and the hippocampus show a significant decoding accuracy 

relative to label-shuffled permutations, consistent with a role of OFC in choice reactivation 

during credit assignment (t(27)>3.745, p<0.001, uncorrected). To test if this reinstatement 

constitutes the identity representation of the stimulus, we trained a classifier on the stimuli in 

separate forced choice trials and decoded choice identity at feedback in free choice trials. 

Significant decoding accuracy was found in the bilateral OFC and the amygdala (t(27)>4.6, 

p<0.0001). We then tested for the reactivation of the inferred stimulus by training a classifier at 

forced choice for the paired but unpresented stimulus, and decoding at feedback in free choices. 

Left lateral OFC shows significant decoding accuracy (t(27)>3.7, p<0.0005) for the inferred 

stimulus that is informative for future decisions. These findings support a model whereby 

choices and inferred causes are reinstated at feedback time, coincident with prediction errors, to 

drive plasticity between co-active neural ensembles for the outcome and cause in the service of 

learning. 
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Abstract: Behavioral variability and choice biases are ubiquitous in economic choices, and 

understanding the neural origins of these phenomena is a major goal for decision neuroscience. 

In previous work, we let monkeys choose between two juices offered in variable amounts. We 

interleaved two types of trials, with offers presented simultaneously (Task 1) or sequentially 

(Task 2). We found that choices were systematically less accurate in Task 2 compared to Task 1. 

Furthermore, examination of neural activity in the orbitofrontal cortex (OFC) revealed that the 

lower choice accuracy reflected reduced dynamic range in the activity of offer value cells (i.e., 

weaker offer value signals) (Shi et al., 2022). In the current study, we further explored the 

relationship between the activity of offer value cells, choice variability and biases in choices 

under sequential offers. First, assuming that the read-out of offer value cells does not depend on 

the choice task (sequential or simultaneous offers), we show that reduced activity ranges in Task 

2 effectively induce a compression of the value space. We quantified the compression factor by 

calculating the average ratio between the activity ranges of N = 109 offer value cells in the two 

tasks. Second, using the choice pattern measured in Task 1 and the compression factor derived 

from neuronal measures, we simulated the choice pattern expected in Task 2 for each session. 

Simulated choices in Task 2 were significantly more variable than choices in Task 1, but not as 

variable as those measured experimentally in Task 2. This result confirmed that the increase of 

choice variability originated partly at the valuation stage (Shi et al., 2022). At the same time, this 

result suggested that additional factors contribute to the choice variability under sequential 

offers. Third, we conducted a series of analyses on choice hysteresis - a bias favoring, in any 

given trial, the same juice chosen in the previous trial (Padoa-Schioppa, 2013). Empirically, 

choice hysteresis was enhanced in Task 2 compared to Task 1. This result is somewhat 

counterintuitive because the time intervening between the end of the previous trial and the 

decision in the current trial was longer for Task 2 than for Task 1. However, simulation analyses 

demonstrated that value compression can explain enhanced choice hysteresis in Task 2. Taken 

together, our results indicate that changes in the activity of offer value cells can lead to changes 

in choice variability and choice biases. Specifically, value compression taking place under 

sequential offers induces higher choice variability and amplifies choice biases. 
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Abstract: Flexible decision-making is altered in individuals with psychiatric disorders, including 

alcohol use disorder. Excessive alcohol consumption has been linked to impaired flexible 

decision-making performance in reversal learning tasks. Most studies to date have exclusively 

examined decision making after alcohol exposure. How pre-existing differences in flexible 

decision making influence subsequent alcohol use is not known. Moreover, many rodent studies 

use deterministic schedules of reinforcement, forced alcohol exposure, or almost exclusively 

male animals. We have optimized a probabilistic reversal learning (PRL) task to assess dynamic 

decision-making strategies in mice. Here, we investigated the role of dynamic decision-making 

processes in alcohol self-administration in mice. Seventy-two adult male and female C57BL/6J 

mice were trained to acquire and reverse a three-choice discrimination problem to earn a 

probabilistically delivered 10% sweetened condensed milk reinforcer in the PRL task. Mice then 

were trained to self-administer 10% ethanol in 0.1% saccharin or 0.1% saccharin under a 

variable interval schedule for 24 days followed by contingency degradation to measure habit 

expression. Locomotor activity was then assessed and decision making reassessed in the PRL 

task. Finally, motivation for the sweetened condensed milk reinforcer was assessed using a 

progressive ratio schedule of reinforcement. We found that female mice performed better than 

male mice on aspects of the PRL task including better acquisition of, and adaptation to changes 

in, the reinforcement contingencies under select reinforcement schedules. In addition, female 

mice were more motivated for the sweetened condensed milk reinforcer under a progressive ratio 

schedule. Moreover, female mice self-administered more alcohol and reached higher blood 

ethanol levels compared to male mice. Female mice escalated intake of ethanol, but not 

saccharin, whereas male mice escalated their intake regardless of reinforcer. In male mice, 

alcohol caused lasting impairments in PRL performance, which were not explained by a loss of 

motivation or altered locomotor activity. The impact of alcohol in female mice was less clear, in 

part because behavior was disrupted in both ethanol- and saccharin-exposed groups. Overall, we 



identified sex differences in flexible decision making and alcohol self-administration, in addition 

to within-subject impairments in flexible decision-making due to alcohol in male mice. These 

findings suggest sex differences in key reinforcement learning strategies that are altered by 

alcohol consumption and highlight the importance of inclusion of females. 
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Abstract: Many studies of perceptual decision making in animals use a random-dot-motion 

discrimination task, where an animal must guess in which of two directions dots are moving on a 

screen. In this task, difficulty is varied by changing the proportion of randomly moving dots. 

When making saccadic responses during this task, recordings from primate medial temporal 

(MT) cortex suggest this area encodes the direction and magnitude of momentary motion on the 

screen. Downstream, the lateral intraparietal area (LIP) is thought to accumulate this momentary 

motion evidence over time to a decision threshold, which determines what direction the animal 

responds with and when. These dynamics and resultant behavior are consistent with a general 

decision mechanism—evidence accumulation—which is thought to underlie many perceptual- 

and value-based decisions in humans, non-human primates, and other animals. 

We trained an end-to-end deep recurrent neural network using reinforcement learning on a 

random-dot-motion discrimination task. Behavior and dynamics emerged in these agents that 

were consistent with an evidence accumulation mechanism, and similar to those observed in 

mammals. Trained artificial agents responded quicker and more accurately on easy trials, and 

varying discount rate between agents changed their balance between response speed and 

accuracy. The activation of the network’s convolutional layer emerged to encode the direction 

and magnitude of motion, much like in MT. Further, the network’s recurrent layer activations 



emerged to accumulate momentary motion over time, similar to primate area LIP. Targeted 

stimulation of individual network units influenced speed and accuracy in patterns predicted by 

evidence accumulation models and primate microstimulation experiments. Further, using a 

decoder on the internal dynamics of the network showed that agents changed their mind on some 

trials before committing to a decision. 

Finally, we extended the task for the artificial agent from a simulated saccadic response to a 

simulated reaching response. We compared this agent behavior to collected data from 14 humans 

performing a similar reaching task. In this continuous control task, both humans and artificial 

agents displayed more curved movement trajectories on hard trials, and changed their mind while 

moving to correct for initial errors. 

These results support the idea that a general decision making mechanism found in biological 

agents emerges in artificial agents trained to maximize reward in the face of noisy, temporally-

evolving information, suggesting the importance of neuroscientific tasks in artificial intelligence 

research. 
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Abstract: Humans possess a remarkable ability to integrate vast amounts of information from 

the environment, internal states, context, and prior experiences to make adaptive choices in novel 

situations. Despite this, most studies of decision-making in animal models take a reductionist 

approach where animals repeatedly make choices in familiar, not novel, situations. To elucidate 

the neural basis of decision-making in new situations, behavioral paradigms must be designed 

that allow for large numbers of new situations to be created, while still retaining tight 

experimental control that allows for precise measurement of behavior in combination with 

electrophysiological recordings and neural perturbations (Jazayeri and Afraz, 2017; Krakauer et 

al. 2017). 

Here we report the development of a new virtual reality experimental platform and behavioral 

task that requires subjects to use a spatial rule to make correct decisions, even when they are at 

locations they have never experienced before. Trained monkeys perform this task using a 

joystick to navigate across an open-field virtual environment, frequently making choices to 

collect colored objects. The rewarded color varied as a function of the subject's location in the 



virtual environment. When monkeys first experience a virtual environment, choices are made 

only at a subset of locations in the environment. Subsequently, monkeys must make choices in 

completely novel locations within the environment. Correct choices at these novel locations 

cannot be based on memorized scenes or singular landmarks; rather, they rely on forming an 

“abstract” representation of space that lets them generalize from previous experiences in the 

virtual environment to infer their current location. Behavioral data indicate that monkeys are able 

such construct abstract cognitive maps of virtual environments, and use these cognitive maps to 

make decisions in new, never-before-encountered situations. 

This new behavioral paradigm offers the opportunity to study decision-making in novel 

situations using electrophysiological approaches in behaving monkeys. We hypothesize that the 

ability to form correct decisions in novel situations will rest critically on the ability to form an 

abstract cognitive map of space during learning of new virtual environments (Ho et al. 2019). 

This type of map is hypothesized to be revealed by examining the geometry of neural 

representations, the pattern of firing in large neural ensembles across experimental conditions 

(Bernardi et al. 2020, Cell). 
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Abstract: Most of our impressions of the world are based on sight and it is fundamentally 

object-centered. We make sense of the visual world by organizing objects into categories. 

Categorization is the basis of thinking and reasoning. Dynamic changes in the strength and 

directionality of information transfer between the brain regions involved in visual object 

categorization occur in the range of milliseconds which can be resolved better using high-density 

EEG based effective brain connectivity. The current study aimed to elucidate the causal 

interactions underlying the categorization of visual objects using effective EEG brain 

connectivity. Visual object recognition task (VORT) was designed using 100 standard images 

with neutral valence. 128 channel EEG data were acquired from healthy participants (n = 55) 

during baseline (eyes open) and ‘categorization’ of visual objects. Standardized low-resolution 

brain electromagnetic tomography (sLORETA), phase slope index (PSI), and BrainNet Viewer 

were used for the source analysis, effective brain connectivity analysis, and plotting of the 



effective connectivity results respectively. Significant (p < 0.05) causal interactions were 

observed between orbitofrontal cortex (Brodmann area 11) and other brain regions (Brodmann 

area 5, 4, 27, 40) during the “visual object categorization” when compared to the baseline 

condition i.e. “eyes open”. The current study results indicate that the orbitofrontal cortex 

(Brodmann area 11) implicated in abstract reasoning, long term memory and decision making 

could play a vital role in the categorization of visual objects. Data analysis using complex neural 

network analysis and neural network modelling could further refine our current understanding of 

visual object recognition in health and disease states. 
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Abstract: The ability to map space, and use those maps to guide behavior, is central to our 

current understanding of the function of the hippocampus. Recent work has hypothesized a more 

general role for the hippocampus in mapping relationships independent of space. In this work, 

we directly pose the question of whether the hippocampus can learn representations of abstract 

metric spaces that cannot be embedded into 2D space. Using two-photon calcium imaging 

combined with simultaneous local field potential recording in a novel virtual reality learning 

task, we provide evidence that the hippocampus is able to learn metric spaces as cognitive maps. 

Conversely, we show that hippocampal representations are also constrained by rules governing 

metric spaces, notably the triangle inequality. Furthermore, we find that, once acquired, these 

representations are read out by hippocampal replay. Finally, we discuss a mathematical theory of 

how metric space learning can be implemented using biologically plausible primitives such as 



STDP, and can be used to support abstraction as well as to compute relational queries about the 

“world” downstream. 
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Abstract: Remembering what just happened is an essential component for the formation of long-

term memories but also for establishing and maintaining working memory. The neural basis for 

working memory is debated and particularly the activity of hippocampal time cells, with the 

ability to switch on and off at specific timestamps during a waiting period is a controversial 

candidate (Pastalkova et al. 2008, Sabariego et al. 2019). Animals with lesions of the medial 

entorhinal cortex (mEC) show a behavioral deficit in working memory but time cell activity did 

not seem to be impaired (Sabariego et al., 2019). Here we further explored this delay activity in 

the hippocampus (CA1 & CA3) of control rats and mEC-lesioned rats trained on a spatial 

alternation task as well as a second data set from CA1 of Mongolian gerbils that were trained to 

run on two mazes in virtual reality (distinguished by left and rightward turns)(Fetterhoff et al., 

2021) and had a 20s pause between trials during which they received a reward. We compared 

two versions of the task, one with familiar landmarks, one with recently changed landmarks. We 

used a linear neural network to examine whether the turn/choice direction in the preceding trials 

could be decoded using population vectors constructed from time bins of varying durations from 

60ms to 1s. For bin sizes of 100ms, our classifier was able to predict the turn direction of the 

previous trial except for CA1 recordings from mEC-lesioned rats and for gerbils with unfamiliar 

landmarks establishing that CA1 delay activity correlates with both working memory 



performance and familiarity of the environment. To directly identify the neuronal basis of the 

prediction scores of the classifier we visualized its decision boundary (DB) by applying 

adversarial attack techniques from machine learning (Goodfellow et al., 2015). From this set of 

boundary positions we then constructed most informative directions (MIDs) as clusters of 

orthogonal vectors to the boundary. For low signal strength and artificial surrogate data, we show 

that the method outperforms estimating the weight vector by bootstrapping. Our approach 

reveals that only few neurons (about 20%) and few time bins (~2%) contribute to the 

classification task with slightly but significantly increased firing rate (~2.5Hz) compared to 

uninformative time bins. Thus, the recent past is encoded by few temporally dispersed spikes in 

the CA1, independently of whether the animal is in a working memory task. Reduction of 

informative time bins in rats with mEC lesions suggest that this low-rate activity may underlie 

working memory. 
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Abstract: Hippocampal spiking sequences encode external sensory cues and internally link them 

by tiling the gaps in time between them, tracking the passage of our experiences. We previously 

described pyramidal sequences composed of ‘odor-cells’ encoding specific olfactory cues, 

followed by ‘time-cells’ encoding time-points in the ensuing delay period after a cue (Taxidis et 

al., Neuron, 2020). But what is the role of inhibition by parvalbumin- (PV) or somatostatin-

expressing (SST) interneurons in shaping such sensory and temporal representations? We 

employed in vivo high-frequency voltage imaging, using the ASAP3 voltage indicator on the 

CA1 of PV-Cre and SST-Cre mice. We recorded action potentials and subthreshold membrane 

dynamics from PV and SST cells while mice performed an olfactory delayed non-match-to-

sample task (DNMS). Mice were imaged during untrained, passive exposure to DNMS trials as 

well as after training, during DNMS performance. We followed the same cells across multiple 

days, and some cells were imaged before and after DNMS training. We found that ~ 50% of PV 

and SST cells significantly increased their firing during the odor-cue presentation (‘odor-cells’). 



Unlike pyramidal cells, most of these neurons responded to both odors similarly, yielding weak 

odor-selectivity. Only a small minority of cells had significant time-fields during the delay 

period. As in pyramidal cells, inhibitory odor-fields remained relatively stable across days with 

cells even retaining a stable odor-field before and after training to the DNMS task. Moreover, the 

number of odor-fields did not change across days or pre-vs-post-training and their activity did 

not get more tuned to a particular odor. Surprisingly, at the onset of the cue, many PV and SST 

cells exhibited a distinct delta-frequency hyperpolarization before their ensuing firing increase. 

This synchronous inhibition resulted in resetting their intracellular theta phase and aligning their 

subsequent spike timing, yielding synchronous theta-cycle inhibition across cells and across 

trials. Collectively, our findings reveal a distinct fine-timed, but not cue-specific, inhibition in 

CA1 during cue presentation but not during the delay period. This inhibition is independent of 

any association between the cue and a behavioral context, with a fixed number of cells driving it. 

We propose that its role is to dampen background activity and increase the signal-to-noise-ratio 

of the few pyramidal cells that form a task-encoding spiking sequence. 
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Abstract: Hippocampal sharp-wave ripples (SWRs) and associated replay events are thought to 

facilitate different memory processes across behavioral states. SWR-encoded replay during 

awake behavior has been associated with retrieval and navigational planning, while sleep-based 

replay has been heavily implicated in memory consolidation. It is unclear how the brain uses the 

same events to facilitate different memory processes, and whether and how SWR-encoded replay 

changes to support these processes. In this study, we compared features of SWRs, replay content, 

and associated network activity within the CA1 region of the hippocampus (HIPP) before, 

during, and after a learning experience to identify differences across memory processes and 

behavioral states. To this end, we used in vivo electrophysiological recordings in 4 adult male 

Long-Evans rats across 2 behavioral sessions each (n=8). In each session, local field potential 



(LFP) and single unit spike data from up to 213 neurons were recorded during a ~30 min 

performance on a Goal-Directed Spatial Navigation (GDSN) task, surrounded by ~1hr of pre- 

and post-experience rest in a remote location. SWR events were detected in each of the 3 

behavioral epochs and spatial replay content was estimated using a Bayesian decoding algorithm. 

We found that many features of the SWR events themselves differed across behavioral epochs, 

as well as across wakefulness and putative SWS periods within rest epochs. Furthermore, gamma 

rhythms appeared to play unique roles in CA1 replay across experience. The involvement of 

slow (25-55 Hz), medium (65-95 Hz) and fast (100-140 Hz) gamma oscillations in SWRs 

differed across experience, and interestingly, phase locking of replay content to slow gamma was 

not present before experience, but emerged during behavior and persisted into post-experience 

rest. Together, these data suggest that various aspects of SWRs, replay content, and underlying 

CA1 network activity are influenced by experience and behavioral state. Furthermore, since the 

presence of slow and fast gamma in CA1 has been previously shown to reflect input from CA3 

or the entorhinal cortex respectively, the differential involvement of gamma frequencies in 

SWRs across epochs suggests that the relevant circuitry and inputs to CA1 during replay may 

shift across experience. 
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Abstract: Retrieval of memory is associated with specific neuronal activity and proper behavior. 

In mice, the hippocampus dorsal CA1 (dCA1) activity is necessary for retrieving contextual 

memories, and neurons whose activation is essential for the retrieval have been identified. 

Despite recent advances in recording neural activity during behaviors, however, little is known 

about how the activity patterns of dCA1 neurons are correlated with memory performance. To 

address this question, using a recently developed calcium indicator (jGCaMP7f) and advanced 

calcium signal extraction method (CNMF_E) enabling improved detection of individual spikes, 

we optically imaged neuronal activity in the mouse dCA1. We found that there was an overall 

increase in neuronal response to the context after contextual fear conditioning (CFC) compared 

to simple re-exposure. Not all but only a portion of neurons increased their response by CFC, and 



such increase correlated with memory strength during recall and context-specific memory 

retrieval. At the cell population level, correlated cell activity patterns correlated with context-

specific retrieval of memory. These results suggest that increase in response of individual 

neurons and correlated cell activity patterns in dCA1 are critically involved in representing a 

contextual memory. 
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Abstract: The hippocampus is crucial for learning and memory, and the interconnected 

pyramidal neurons of its CA3 area appear uniquely configured for memory storage. However, 

while the general routes of information flow through the hippocampus have long been 

understood, little is known about individual cell wiring, which will dictate the rules of 

information processing. CA3 pyramidal neurons are not uniform – unique subtypes of excitatory 

pyramidal neurons can be identified by their functional and anatomical properties, with differing 

levels of input from the dentate gyrus (Hunt et al., 2018, Nat. Neurosci. 21, 985-995; Balleza-

Tapia et al., 2022, Progress in Neurobiol. 210, 102213). How these different types of neurons are 

synaptically connected to each other remains to be determined. To address these questions, we 

performed simultaneous multi-cellular patch-clamp recordings from up to eight neurons in acute 

mouse hippocampal slices. To identify neuronal subtypes, electrophysiological recordings were 

followed by post-hoc morphological analysis. In total, we tested connectivity and synaptic 

properties in 2892 pairs of CA3 pyramidal neurons, identifying 66 monosynaptically connected 

pairs. As previously observed in rat (Guzman et al., 2016, Science 353, 1117-1123), synaptic 

conductances were small (peak conductance , 389 ± 44 pS), but CA3 pyramidal cells showed a 

non-random circuit architecture containing sub-networks of highly interconnected cells, 

potentially increasing the ability of the circuit for pattern completion computations. Furthermore, 

different subtypes followed specific wiring rules, adding a further layer of complexity to the 

CA3 network. Finally, connectivity between pyramidal neurons and fast-spiking interneurons 



was more abundant than principal neuron interconnectivity (19 % connectivity, 67/360 

confirmed synaptic connections), with unique synaptic properties that will differentially process 

excitatory activity in a frequency- and location-dependent manner. Our results shed new light on 

the microcircuit arrangement of the CA3 network. Non-random synaptic connectivity motifs and 

cellular heterogeneity will increase the processing capacity of the network, and distinctly 

interconnected pyramidal subtypes could have specific roles in encoding life experiences within 

neuronal ensembles. 

This project received funding from the European Research Council (ERC) (grant agreement 

692692) and Marie Skłodowska-Curie Actions (grant agreement 101026635) under the European 

Union’s Horizon 2020 research and innovation programme, and the Fond zur Förderung der 

Wissenschaftlichen Forschung (Z 312-B27, Wittgenstein award). 
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Abstract: Hippocampal place cells are believed to encode “where” in spatial navigation and 

episodic memory. Place cells are not passively driven by the specific content features, but fire in 

a context dependent manner. That is, the same feature in completely different environments will 

produce disparate place cells firing, or trigger distinct memory traces. However, how 

environmental context determines the place field and drives place field remapping is still an open 

question. Here I am trying to understand the context-dependent place field that is the strongest in 

hippocampal CA3. I trained head-fixed mice running on a linear treadmill with different feature 

cues. The corresponding subthreshold membrane potentials and action potentials have been 

recorded through whole-cell intracellular voltage recordings. I examined the BTSP (behavioral 

time scale plasticity) in CA3, and found that the dendritic calcium plateau potentials, rather than 

spike trains, could produce a place field in CA3. The plasticity kernel in CA3 is symmetric 

compared to the asymmetric one in CA1. And the plasticity is bidirectional that could potentiate 

and depress the synaptic weight simultaneously. Thus, this symmetric kernel enables CA3 to 

build an attractor network with equal weights onto neighboring place cells, indicating that the 

activity could be well-maintained within CA3 attractor network. 
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Abstract: Hippocampal activity is crucial for navigation and memory abilities. One example is 

sharp-wave ripple (SWR) underlying memory retrieval and consolidation. Yet, whether changes 

in SWR follow specific trends in response to learning, novelty and memory remains unclear. 

Here, we use standard spectral analysis and unsupervised methods to evaluate the intrinsic 

structure of a wealth of SWRs recorded from freely moving mice exposed to different 

behavioural tasks. They explored familiar or novel open fields, and learned to run for water 

reward in linear and circular mazes. SWR were recorded before and after these several tasks, 

both in awake and sleep condition. We identify specific trends of SWR features influenced by 

novelty, habituation and learning of different tasks. Novelty and learning had significant impact 

in modulating SWR frequency and amplitude during wake conditions. These changes however 

tended to habituate upon repeated expositions to the task. After the first learning session of a 

linear maze, SWR dynamic was strongly influenced by sleep and exhibited consistent 

segregation across states. Thus, our approach permits quantifying how the dynamics of SWR 

under the influences of different cognitive demands. 
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Title: Flexibility of functional neuronal assemblies supports human memory 
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Abstract: Episodic memories, or consciously accessible memories of unique events, represent a 

key aspect of human cognition. Evidence from rodent models suggests that the neural 

representation of these complex memories requires cooperative firing of groups of neurons on 

short time scales, organized by gamma oscillations. These co-firing groups, termed “neuronal 

assemblies,” represent a fundamental neurophysiological unit supporting memory. Using 

microelectrode data from 26 neurosurgical patients, we identify significant counts of neuronal 

assemblies in the human MTL (p < 0.001, permutation testing) for the first time, and show that 

they exhibit consistent organization in their firing pattern based on gamma phase information. 

Most neurons within assemblies (63 of 84, p < 0.001, binomial test) demonstrated significant 

phase locking to the underlying gamma oscillation (p < 0.05, Rayleigh), but to different phases, 

giving rise to consistent neuronal firing orders comprising assembly activations (p < 0.001, 

permutation testing). The consistency of this firing order correlated with episodic memory 

performance (r = 0.30, p = 0.42, Spearman rank correlation). Finally, we demonstrated that 

neurons drift in and out of assemblies, meaning that the activity of a given neuron tends to 

increase or decrease during successive assembly activations (21% of neurons, p < 0.001, 

permutation testing). The degree of neuronal drift positively correlated with memory (r = 0.47, p 

= 0.0011, Spearman rank correlation). In sum, our findings provide key evidence linking 

assemblies to human episodic memory for the first time. 
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Abstract: Miniaturized head-mounted two-photon microscopes have enabled imaging of activity 

from fluorescently labelled neuronal populations in the upper cortical layers with single cell 

resolution in freely moving rodents. Three-photon excitation (3PE) can considerably extend the 

imaging depth possible in scattering tissue by utilizing longer wavelengths, that decrease 

excitation light scattering and eliminating the generation of out-of-focus fluorescence. However, 

3PE-based head-mounted microscopes have so far been too physically restrictive to take 

advantage of mouse-based molecular tools. Here we built a 2 gram, 3PE-based microscope, 

capable of imaging activity from neuronal populations from all cortical layers in the freely 

moving mouse. This tool is equipped with a z-drive, enabling remote focusing through the whole 

cortical depth without interfering with the animal’s behavior, and resilient miniature detectors 

that enable imaging in a fully lit environment with high sensitivity. We use it to show that 

neuronal population activity in cortical layer-4 and layer-6 was differentially modulated by lit 

and dark conditions during free exploration. As this new microscope design enables animals to 

naturally explore arenas in any lighting condition while neuronal activity is measured with single 

cell-resolution from neuronal populations located in any cortical layer, this microscope opens up 

the possibility to explore the link between neuronal activity and natural behavior. 
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Abstract: Columnar organization is a hallmark of visual cortex (V1) in humans, that is shared 

with other primates and carnivores such as cat and ferret, but is absent in mice. This organization 

is readily apparent in the responses to visual stimuli, as well as in the patterns of ongoing 

spontaneous activity. These spontaneous patterns are present early in development, are highly 

modular, and exhibit millimeter-scale correlations reflecting sensory-evoked networks. However, 

neural representations vary greatly across cortical areas and this columnar organization is largely 

thought to be absent from other sensory or association cortices. Thus a fundamental question is 

whether this diverse array of representations arise developmentally through area-specific 

mechanisms or rather emerge from a common developmental origin. 

To address this, we utilize the ferret, a uniquely powerful model system with both a columnar 

visual cortex, as well as a highly accessible period of postnatal development. We show that 

spontaneous activity across the developing ferret cortex including both sensory (V1, A1, and S1) 

and association cortices (PPC and PFC) is highly modular and exhibits millimeter scale 

correlations. Two-photon imaging of GcaMP6s reveals a strongly modular activity amongst local 

clusters of neurons, reflected in high pairwise correlations between nearby cells. We find that in 

animals a week prior to eye opening, modular patterns of spontaneous activity across all areas 

were nearly indistinguishable from those seen in V1. This modular organization persisted over 

the subsequent 3 weeks, including the period in which modular stimulus-evoked orientation 

maps can first be elicited in V1. Notably, these grating-evoked responses have been shown to 

exhibit a strong similarity to the modular patters of ongoing spontaneous activity. To determine 

whether a similar relationship exists with the modular spontaneous activity we find in A1, we 

presented both simple pure-tone and complex time-varying multi-frequency sounds. We find that 

as in V1, evoked responses in A1 to both pure tones and complex sounds also showed a modular 

spatial structure with significant similarity to spontaneous activity. Together, these results 

demonstrate that modular functional organization of both spontaneous and stimulus-driven 

activity is a general feature of V1 and A1, and may be shared across all cortical areas. These 

findings also demonstrate the power of multiphoton imaging in non-murine animal models such 

as the ferret that share the columnar functional architecture found in humans. 
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Title: Imaging tonotopic organization in ferret and mouse auditory cortex 

Authors: M. PANNIELLO1, Q. GAUCHER2, A. Z. IVANOV3, J. C. DAHMEN3, A. J. KING3, 
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Abstract: Primary cortical areas contain spatial maps of sensory features, including sound 

frequency in primary auditory cortex (A1). Two-photon calcium imaging in mice has confirmed 

the presence of these global tonotopic maps, while uncovering an unexpected local variability in 

the stimulus preferences of individual neurons in A1 and other primary regions. Using two-

photon calcium imaging in layers 2/3, we show that local variance in frequency preferences is 

equivalent in adult ferrets and mice. Neurons with multipeaked frequency tuning are less 

spatially organized than those tuned to a single frequency in both species. We will discuss some 

of the considerable challenges of in vivo imaging in adult ferrets, as well as some of our 

solutions. Furthermore, we will show that microelectrode recordings may describe a smoother 

tonotopic arrangement than two-photon imaging due to a sampling bias towards neurons with 

simple frequency tuning. These results help explain previous inconsistencies in cortical 

topography across species and recording techniques. 

Disclosures:  M. Panniello: None. Q. Gaucher: None. A.Z. Ivanov: None. J.C. Dahmen: 

None. A.J. King: None. K. Walker: None. 

Nanosymposium 

020. Optical Approaches for Large-Scale Cell-Resolved Imaging Across Species 

Location: SDCC 25 

Time: Saturday, November 12, 2022, 1:00 PM – 4:15 PM 

Presentation Number: 020.04 

Topic: I.04. Physiological Methods 

Support: R01 MH111447 

NSF 1707287 

U01NS115585-01 

Title: Three-photon imaging of neurovascular coupling across layers in cat visual cortex to 

determine the neural basis of fMRI 
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Abstract: The visual cortex of the non-rodent brain is ideally suited to study the spatial 

organization of neurovascular coupling at the level of synapses, neurons, individual blood 

vessels and laminar-resolution fMRI. This is because it is organized in functional neural columns 

and the array of visual stimuli which are needed to optimally drive neurons are established. 

Specifically, feature selectivity such as orientation tuning emerges in layer 4 neurons from 



untuned thalamic inputs. Tuning is further specialized in layer 2/3 neurons. Thus, in a specific 

cortical layer, neuro-vascular coupling can be precisely quantified in terms of tuning curves of 

neural and vascular selectivity. We embarked to determine the extent to which different types of 

neural (spiking, synaptic) and vascular signals (blood flow from individual vessels) are coupled 

across cortical layers in cat primary visual cortex. However, critical technical developments were 

first needed because in non-rodent mammals, 2-photon imaging can only access the most 

superficial cortical layers. We optimized deep tissue 3-photon imaging and screened for new 

genetically encoded calcium and glutamate sensors that express in layer 4 neurons. With access 

to layer 4 in hand, we addressed the following. First, to determine how feature selectivity is 

spatially organized across input and output layers in cat V1—by imaging spiking and synaptic 

activity across layer 2/3 and especially layer 4 for the first time. Second, to determine if 

hemodynamic signals correlate better with synaptic or spiking activity across cortical layers—a 

major question in the field of NV coupling. Hence, we mapped visually-evoked blood vessel 

dilation and velocity in layers 2/3 and 4 and related it to neural activity. Our previous published 

two-photon data in layer 2/3 showed that single blood vessel responses were partially decoupled 

from spiking and synaptic activity. Specifically, individual blood vessel responses were tuned for 

stimulus orientation but neural responses were far more selective. Our new three-photon data in 

layer 4 vessels show that single-vessel hemodynamic responses were completely untuned for 

stimulus orientation. For hemodynamic responses, both fMRI and optical imaging showed a 

consistent laminar response pattern in which orientation selectivity in cortical layer 4 was lower 

compared to layer 2/3. This systematic change in selectivity across cortical layers has a clear 

underpinning in neural circuitry, as reflected in the spiking vs. synaptic responses we observed in 

layer 2/3 vs. layer 4. 
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Authors: *A. LEIKVOLL, P. KARA;  

Neurosci., Univ. of Minnesota, Minneapolis, MN 

Abstract: Multiphoton imaging of genetically-encoded calcium indicators (GECIs) has 

traditionally relied on intracranial injections of adeno-associated virus (AAV) or transgenic 

animals to achieve expression. Intracranial injections require an invasive surgery and result in a 

relatively small volume of labeling. Transgenic animals can have brain-wide expression, but they 



often express GECIs in only a subset of neurons, may have abnormal behavioral phenotypes, and 

are currently limited to previous generations of GECIs. Additionally, non-rodent transgenic 

animals expressing GECIs are rarely available. We present an alternative strategy to achieve 

brain-wide GECI expression suitable for high-fidelity multiphoton imaging: systemic (IV) 

injections of AAV.PHP.eB. We injected young (P21-P30) C57BL/6J mice with AAV.PHP.eB-

Synapsin-jGCaMP7s via the retro-orbital sinus. After allowing 5-8 weeks for expression, we 

performed 2- and 3-photon imaging of layers 2/3 through 5 of the primary visual cortex. We also 

performed widefield multiphoton imaging to demonstrate the utility of brain-wide expression. 

We found robust and reproducible trial-by-trial responses and tuning properties consistent with 

known selectivity features in the visual cortex, indicating that this method does not interfere with 

neuronal processing. Histological analysis confirms brain-wide expression of jGCaMP7s, and 

there is no nuclear expression of jGCaMP7s until at least 10 weeks post-injection. IV injection of 

AAV.PHP.eB thus yields brain-wide GECI expression suitable for 2- and 3-photon imaging in 

C57BL/6J mice. Future AAV capsid variants may allow brain-wide GECI expression in non-

rodents. 
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Title: Imaging marmoset visual cortex neurons using miniaturized head-mounted microscope 
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Abstract: Previous single-unit studies in the macaque inferotemporal cortex during video 

watching revealed that neighboring neurons showed dissimilar video-driven responses to each 

other (McMahon et al., J Neurosci., 2015) and further covaried with a distinct set of areas across 

the whole brain (Park et al., Neuron, 2017; Sci. Adv. 2022). These findings raise the question of 

how the localized regions of the visual cortex are organized, especially under more naturalistic 

conditions such as free viewing of dynamic videos. Here we addressed this question in the 

marmoset extrastriate visual cortex. We used microendoscopic calcium imaging with head-

mounted miniscopes in awake, behaving marmoset monkeys using an endoscopic PRISM probe 

to monitor the activity and spatial arrangement of a local population of visual neurons. We 



developed a new lens implant that features an injection cannula yoked to a lens (“lennula”), 

which enables targeted delivery of the genetically encoded calcium indicator directly into the 

imaging field. We carried out daily recordings in two awake, behaving marmosets, recording 

from area V3 in one animal and V4 in the other. During each recording session, we imaged 

neuronal activity from 60 – 130 neurons from the field of view of approximately 800 

micrometers in each dimension. From each neuron, we measured calcium responses during both 

active viewings of videos and periods of quiescent rest. In both areas, we observed that 

individual neurons exhibited similar response time courses to the repeated presentation of the 

same videos. The video-driven response correlations across neurons revealed the spatial 

correlational structure across the imaged field that differed substantially from the one derived 

from the spontaneous activity at rest. This indicates the local correlational network structure is 

strongly defined by the visual input. The head-mounted miniscope, in combination with the 

lennula construct, provides a straightforward way to examine the spatial organization of 

functional networks over mesopic scales in the nonhuman primate. 
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Abstract: Sensory cortical areas amplify relevant features of external stimuli. This neuronal 

sensitivity and selectivity to our environment arises from the transformation of external inputs by 

the cortical circuitry. We dissect the circuitry for emergence of amplification using a 

combination of large-scale simultaneous measurements from single cells in awake marmosets 

and computational models. In area MT, an area of the neocortex that processes visual motion, 

even weak motion signals evoke selective output responses in the presence of noise. We also 

observe tuned patterns of neural activity in the absence of visual motion. This suggests feature-

selective amplification within the MT circuit. In addition, responses in MT also display fast 

dynamics, which poses a critical dynamics constraint on the nature of the underlying 

amplification mechanisms. We combined multiple cortical models in the literature and identified 

different regimes capable of generating high amplification in our combined computational 



model. These computational regimes exhibit distinct activity signatures which we use to match 

with physiological responses and distinguish between the regimes. Specifically, we have used the 

population responses to sudden changes in direction of the input, the responses to sudden 

changes in stimulus coherence of the moving dots and the expectation for the structure and 

statistics of spontaneous population activity under the different model regimes. We examined the 

activity of large populations of awake primate MT neurons across the same conditions and 

compared the results with the computational models. We find that our recorded responses from 

MT network match a regime where amplification arises from separate excitatory and inhibitory 

populations operating in a balanced regime with tuned recurrent interactions. This allows the 

internal circuitry of the sensory cortex to amplify incoming inputs strongly but transiently, such 

that it remains sensitive to the input using excitatory amplification and can also rapidly track 

changes in the input using strong inhibitory contributions that quench amplification (Murphy and 

Miller, Neuron, 2009). This balanced amplification regime only emerges in models composed of 

segregated excitatory and inhibitory populations. Our discovery provides a potential explanation 

for the specialization of neurons into distinct excitatory and inhibitory populations: the 

fundamental asymmetry that arises from coupling these populations is essential to the generation 

of large but rapid amplification without response persistence. 
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Title: A silent two-photon imaging system for studying auditory neuronal functions in awake 

marmosets 

Authors: *X. SONG1, Y. GUO2, C. CHEN1, X. WANG3;  
1Johns Hopkins Med. Institutions, Baltimore, MD; 2Johns Hopkins Univ., Baltimore, MD; 3Dept 

Biomed Engin, Johns Hopkins Univ. Sch. Med., Baltimore, MD 

Abstract: Two-photon laser-scanning microscopy has become an essential tool for imaging 

neuronal functions in vivo and has been applied to neural systems, including the auditory system. 

However, many components of a multi-photon microscope, such as galvanometer-based laser 

scanners, generate mechanical vibrations and thus acoustic artifacts, making it difficult to 

interpret auditory responses from recorded neurons. Here, we report the development of a silent 



multi-photon imaging system and its applications in the common marmoset (Callithrix Jacchus), 

a non-human primate species sharing a similar hearing range with humans. By utilizing an 

orthogonal pair of acousto-optical deflectors (AOD), full-frame raster scanning at video rate was 

achieved without introducing mechanical movement. Imaging depth can be optically controlled 

by adjusting the chirping speed on the AODs without mechanical motion along the Z-axis. 

Furthermore, all other sound-generating components of the system were acoustically isolated, 

leaving the noise floor of the working system below the marmoset’s hearing threshold. Imaging 

with the system in awake marmosets revealed many auditory cortex neurons that exhibited 

maximal responses at low sound levels, which were not possible to study using traditional two-

photon imaging systems. This is the first demonstration of a silent multi-photon imaging system 

that is capable of imaging auditory neuronal functions in vivo without acoustic artifacts. This 

capacity opens new opportunities for a better understanding of auditory functions in the brain 

and helps isolate animal behavior from microscope-generated acoustic interference. 
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Title: Multi-photon imaging in the visual cortex of the anesthetized macaque 
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Abstract: A collaboration between laboratories at the Univ. of Washington’s National Primate 

Research Center and groups at the Allen Institute for Brain Science was started several years ago 

with two major experimental goals for Ca2+ imaging in the nonhuman primate. First we aim to 

image middle layers in the macaque visual cortex, approaching 1 mm in depth using 3-photon 

Ca2+ imaging. Second, we aim to image large, contiguous blocks of tissue within the visual 

cortex to facilitate detailed studies of structure-function relationships using a combination of 2- 

and 3-photon imaging. Here, we report the following initial results. (1) We have successfully 

achieved 3-photon imaging and functional characterization of neurons up to 800 um deep in 

visual cortex of the anesthetized primate. Using drifting sinusoidal gratings, we were able to 



image high SNR direction tuning curves of apical dendrites of neurons at 800 um below the pial 

surface and show consistency in tuning across spatial frequencies. (2) We have directly 

compared 2-photon (920 nm) and 3-photon (1300 nm) imaging in the same visual cortex imaging 

session, and we demonstrate how 3P excitation maintains high resolution and image contrast 

deep in scattering tissue as 2P imaging degrades as a function of depth. (3) We developed a 4-

needle “cat’s paw” system, derived from Fredericks et al. (2020, J Neurosci Meth), that uses 

custom sharpened 33 gauge needles (~2 mm apart) to avoid dimpling, graduation marks for 

controlling injection depth, and a simple titanium mesh grid system for stabilizing the brain 

during injection. Testing this system across eight hemispheres in four macaques, we drove 

widespread AAV expression of GcaMP6s in primary and extrastriate visual cortex. (4) We 

designed and refined a novel and flexible head plate and imaging window system to hold the 

cortex stable across multiple days and allow access for a variety of multi-photon microscope 

objectives in the anesthetized monkey. We have successfully used this system to record from 

areas V1, V2 and V4. (5) We have developed a real-time data analysis system that uses Suite2P 

and custom lab software to rapidly analyze tuning curves and compute a SNR metric (Pospisil 

and Bair, 2021, PloS Comput Biol) for optimizing data collection during time-limited recording 

sessions. We will present our results from four macaque experiments in which we have been able 

to characterize neurons in terms of their receptive field location and size, simple and complex 

classification, their tuning for orientation and direction of motion, as well as for color, shape and 

texture in areas V1, V2 and V4, thereby demonstrating the viability of 3-photon imaging into the 

middle layers of macaque cortex. 
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Title: Optimization and characterization of three-photon microscopy for reliable and long-term 

imaging in macaque monkey cortex 
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Abstract: Neuroscience is currently experiencing a huge development in terms of optical 

imaging techniques, in particular with the combination of 2-photon imaging and activity-

dependent fluorescent sensors that can also provide cell-type specificity, estimates of 

neurotransmitter release etc. It will be highly relevant to apply these techniques to macaque 

monkeys because of their close similarity to humans and their ability to be trained on complex 

cognitive tasks. However, 2-photon imaging in macaque monkeys generally requires the removal 

of the dura mater, leading to the growth of a layer of granulation tissue that obstructs imaging. 

We here propose to use 3-photon microscopy to either image through the natural dura or through 

this layer of granulation tissue, which could make multi-photon imaging more readily accessible 

to the macaque monkey community. 

We developed a 3-photon setup that is optimized for long-term imaging in awake and behaving 

macaque monkeys. It allows relatively fast imaging (15Hz frame rate) and a large field-of-view 

(620x620μm²) by combining a high repetition rate laser source (2MHz) and galvo-resonance 

scanning. We optimized imaging chambers and head-fixation implants for chronic 3-photon 

imaging in macaque monkeys, and developed viral injection techniques to obtain large and 

homogeneous expression of fluorescent indicators (bicistronic GcaMP6s and mRuby). The setup 

has been tested extensively on mice and post-mortem macaque dura tissue, as well as in two 

macaque monkeys. 

In mice, the vascular bed as well as neuronal activity were imaged 1mm into the prefrontal 

cortex (using a laser power of less than 100mW). The effective attenuation length (EAL) for 

1300nm in mouse cortex was estimated to be 245μm, in agreement with the literature. Post-

mortem macaque dura was embedded in agarose with 500nm fluorescent beads and a careful 

comparison was performed between 2 and 3-photon imaging in terms of EAL, signal-to-

background ratio (SBR) and point-spread function (PSF). Importantly, while SBR and PSF were 

significant degraded with 2-photon imaging through the dura, they were not affected with 3-

photon imaging. In vivo experiments in two macaque monkeys confirmed that 3-photon 

microscopy allows long-term robust imaging of the vasculature bed as well as neurons through 

more than 100μm of granulation tissue and 600μm into the prefrontal cortex (using less than 

50mW). 

This shows the unique potential of 3-photon microscopy for reliable and long-term imaging in 

macaque monkeys which could be very exciting to investigate the detailed neural mechanisms of 

high-level cognitive functions. 
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Abstract: Progress in understanding multiregional networks involves multiregional imaging. In 

smaller organisms, including C elegans, drosophila, and now in mice, cellular multiphoton 

imaging of different fluorophores,GFP/BFP/RFP, has resolved activity during behavior across 

large-scale networks. As Multiphoton imaging expands into NHP, e.g., macaque (macaca 

mulatta) optical imaging of large-scale networks is facing new fundamental barriers. First, large-

scale brain windows must be developed to provide sufficient access to large-sale networks (&gt 

5cm). Second, hardware and software must be designed to enable cellular-level imaging at scale 

across large-scale networks in awake, behaving primates. Specifically, instrumentation must 

enable experimenters to flexibly target different optically accessible systems in a stable imaging 

plane and be integrated into an experimental user interface to guide experimentation. Current 

approaches pre-select an area of interest under the window and finer adjustments to the FOV can 

be accomplished by optical focusing, e.g., in a mesoscope (sutter-scope). Third, to record activity 

across cortex, we must be able to elicit large-scale viral expression in vivo. Finally, data 

processing pipelines must be designed to coregister and identify neurons at scale. 

Here, we present solutions to each of these challenges. We engineer a multiplanar primate brain 

window customized to each experimental subject. We develop approaches to reproducibly and 

flexibly position and reposition the imaging field of a multiphoton microscope. We elicit viral 

expression of fluorophores and GECIs (GcaMP7f and GcaMP8f) across centimeter-scale extents 

using convection-enhanced delivery. We also present algorithms for building volumetric maps of 

neurons over large areas, registering fields-of-view, and extracting neuronal activity from 

functional data. These algorithms are integrated into instrumentation and are tuned to the 

expression and imaging properties in the primate brain. Finally, we provide a user interface to 

enable experimentalists to navigate the large areas now visible. The results demonstrate a novel 

approach toward realizing a cellular-resolution multiregional primate brain observatory for 

research into the neural mechanisms of behavior and cognition. 
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Abstract: Nonhuman primates can perform well across many kinds of complex cognitive tasks. 

These cognitive tasks usually consist of multiple trial types. The prefrontal cortex, regarded as a 

central role in complex cognitive tasks, has numerous mixed selective neurons. Multiple trial 

types will limit the number of trials sharing same trial type. Mixed selective neurons make single 

neuron analysis hard to interpret. Both problems might be solved with simultaneously recorded 

high-dimensional neural population data. We injected AAV virus with GcaMP6s and GcaMP6f 

in monkeys’ lateral prefrontal cortex, then applied two-photon imaging on LPFC neurons. 

Around 170 neurons could be recorded simultaneously in a field of view with a size of 512 um × 

512 um. Crucially, most neurons could be recaptured in other recording sessions, which makes it 

possible to test if neurons’ function would shift at both individual level and population level. 

Monkeys were required to do a sequence reproduction task in each imaging session. After head 

stabilization and semi-automated/ manual curation, neurons could be imaged at 30 Hz. With the 

help of two-photon imaging, we discovered a simple representational geometry underlies 

sequence working memory. This kind of neural code was stable across days on single neuron 

level. In addition, the anatomical organizations of different functions in LPFC neurons were 

revealed. 
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Abstract: Spontaneous or baseline neural activity has been traditionally ascribed to noise. 

However, analysis of low-frequency fluctuations in spontaneous blood oxygen level-dependent 

(BOLD) signals has changed this traditional view by showing that the relationship between these 

baseline fluctuations is not random. Although there is ample evidence for spontaneous BOLD 

signals being spatiotemporally structured, the functional and behavioral manifestation of this 

baseline activity is not clear. This is in part due to the dependence of BOLD signals on the 

hemodynamics of the brain as a proxy for neural activity. The question of what these low-

frequency fluctuations in BOLD signals truly reflect still remains unanswered. To address this 

question, we used a multimodal imaging technique, Wide Field Optical Mapping (WFOM), to 

simultaneously record neuronal calcium and hemodynamic signals in five thinned-skull adult 

Thy1- jRGECO1a mice. The advantage of WFOM is twofold; we can directly record cortex-

wide, large-scale neuronal activity and estimate their corresponding hemodynamic signals, which 

helps investigate the relationship between these two modalities. Each recording session was 10 

minutes, and mice were allowed to move freely on a rotating wheel with their heads fixed. The 

mouse locomotion, whisking, and pupil size were monitored in tandem with imaging. We 

identified five distinct neural correlation patterns, defined as pairwise Pearson’s correlation 

coefficients among brain regions. Using a non-negative least squares fit, we confirmed that the 

temporal evolution of these patterns was in accordance with mouse behavior. We found that 

arousal level was different between two distinct correlation patterns occurring while the mice 

were at rest. Comparing these two resting patterns (Wilcoxon Rank Sum test, p < 0.05 

Bonferroni corrected) we revealed that the anterior lateral frontal brain regions were significantly 

less synchronized with the posterior brain regions during the lower arousal state. Looking further 

into the neural time courses, we noted that the baseline activity of these frontal regions had 

higher oscillation than during locomotion activity. This feature seems to drive the anterior-

posterior desynchrony during rest, which cannot be detected in trial-averaged data due to the 

random phase of spontaneous activity. Although hemodynamic signals were not able to capture 

this intrinsic high variation, they did recapitulate it by reflecting the neural correlation patterns 

and correlation fluctuations as explained by behavior and arousal states. Our results elucidate the 

underlying neural basis of correlation structure of spontaneous BOLD signals. 
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Abstract: 
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Why the human brain is unique? Learning how it develops helps. Normal brain development 

requires early circuit activity but little is known about the characteristics of local cortical circuits 

during human brain development. We explore intracortical connectivity patterns and 

physiological features during the second trimester of gestation in the developing human cortex, a 

stage when synapses are beginning to form (gestational weeks 16-24). Single-cell Patch-seq 

indicates that young cortical neurons at this stage, although electrophysiologically immature and 

morphologically simple, express genes encoding synaptic components. In organotypic cultures, 

ex vivo rabies tracing reveals the emergence of local synaptic modules in the cortical plate and 

subplate composed of immature excitatory neurons and migrating cells. These synaptic modules 

display spontaneous patterns of both individual cellular and synchronous multicellular calcium 

activity. Synchronous calcium activity is neural activity-dependent and/or activity-independent 

mediated by gap junctions. Moreover, we find that serotonin signaling can modulate the size of 

local synaptic modules. The results are from at least three experimental units and/or at least two 

donors. Understanding the development of early intracortical circuits will deepen our knowledge 

about how the human brain develops, inform in vitro models of human brain development 

including organoids, and shed light on the etiology of neurodevelopmental disorders. 
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Abstract: Heterozygous loss-of-function mutations in the transcription factor FOXP1 are 

strongly associated with autism. To understand this link, we employed a strategy of 

electrophysiological and gene-expression methods to study the role of FOXP1 in the 



development of striatal circuitry. In a Foxp1+/- heterozygous mouse, Dopamine receptor 2 

expressing (D2) striatal projection neurons (SPNs) show higher intrinsic excitability (Araujo et 

al., 2015). Moreover, when Foxp1 is deleted specifically in D2 SPNs using a D2-Cre reporter 

mouse line (D2 Foxp1cKO), mice show autism-like behavioral phenotypes and a reduced number 

of D2 SPNs (Anderson et al., 2021). The remaining D2 SPNs are hyperexcitable and less 

conductive due to reduced subthreshold potassium currents (Khandelwal et. Al, 2021). Here, we 

report that deletion of Foxp1 in D2 SPNs not only affects their intrinsic properties but also 

affects their function in maintaining the striatal circuitry. Using channel rhodopsin-mediated 

optogenetic stimulation of the contralateral cortical inputs, we found a substantial decrease in 

evoked cortico-striatal synaptic input onto Foxp1-deleted D2 SPNs. This was true for both 

AMPA and NMDA-receptor mediated inputs. Moreover, miniature excitatory post synaptic 

currents (mEPSCs) in these neurons showed a reduction in their frequency and amplitude. 

Interestingly, although intrinsically hyperexcitable, Foxp1-deleted D2 SPNs displayed reduced 

excitability in the context of cortico-striatal synapse-driven excitation. This Foxp1-dependent 

regulation of neuronal function is cell-type specific as D1 SPNs did not show this phenotype. 

The Foxp1-deletion phenotype was significantly rescued when Foxp1-expressing AAV was 

injected postnatally into the striatum of D2 Foxp1cKO mouse pups. We generated single nuclei 

RNA-sequencing data from the striatum of the same mice, which suggests that rescued 

physiological properties of the D2 SPNs are partly mediated by enhanced expression of one of 

the leak channels that is downregulated in the absence of FOXP1. Our findings decipher a 

critical and important function of FOXP1 in maintaining functional striatal circuitry and provide 

new avenues for therapeutics for individuals with FOXP1 syndrome or other forms of autism. 
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Abstract: Autism spectrum disorder (ASD) is highly heterogenous in clinical manifestations and 

underlying genetics. In addition to idiopathic cases, ASD is also caused by several genetic 

syndromes. One of the most common genetic causes of ASD is duplication 15q (dup15q) 

syndrome. Due to its genetic and phenotypic homogeneity, dup15q provides a well-defined 



setting to investigate ASD mechanisms. Previous bulk gene expression studies identified shared 

transcriptomic changes between idiopathic ASD and dup15q syndrome. However, how specific 

cell types are affected in different types of ASD is unknown. Previous studies have shown that 

upper-layer projection neurons are preferentially affected in idiopathic ASD brains. In the 

current study, we used single cell genomics to study dup15q iPSC derived cortical organoids and 

post-mortem brains. We discovered convergence of cell-type specific transcriptomic changes 

between dup15q and idiopathic ASD, especially in L2-3 neurons, indicating that cell-specific 

molecular changes are conserved between different subtypes of ASD. Moreover, we show that 

dysregulation of certain early developmental programs of dup15q are maintained in the mature 

brain. Our study identifies convergent cell type-specific gene expression changes in ASD and 

highlights molecular and cellular mechanisms that are shared between heterogenous types of 

ASD. 
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Abstract: Hints of shared biology in autism spectrum disorder (ASD) across genetic risks have 

been inferred from RNA-level analyses. Yet, it is possible that molecular convergence is best 

reflected at the protein product level, where they may form as-of-yet unknown physical 

interactions that may be co-perturbed in disease. Here we report a comparative high-throughput 

genome-editing-mediated approach to tag brain proteins within mice with a biotin ligase, 

enabling proximity-based proteomics of endogenous interactomes. We use this new method to 

uncover protein complexes of prominent ASD-risk targets associated with the synapse, axonal 

initial segment, and nucleus. We also report co-perturbation of diverse synaptic proteomes in a 

panel of single-gene ASD models, and identified dysregulated proteins that intersect with the 

endogenous proximity interactomes. Analysis of these intersections reveals that many ASD-risk 

proteins interact in unexpected ways. In particular, we identified a previously unknown 

molecular mechanism that is disrupted in mutations of SYNGAP1, and its functional 



consequences. Together, our results reveal protein-level interactomes associated with ASD-risk 

genes, providing a frame-work to interrogate their functions in ASD neurobiology. 
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Abstract: Approximately 15-20% of individuals with Autism Spectrum Disorder (ASD) have 

disproportionate megalencephaly (ASD-DM), with disproportionate enlargement in both gray 

and white matter volume. Individuals with ASD-DM have more severe behavioral and cognitive 

problems and are less responsive to standard therapeutic interventions, leading to very poor 

prognoses relative to individuals with ASD and normal head circumferences. Increases in brain 

size often precede clinical symptoms, suggesting that understanding the underlying mechanisms 

regulating brain overgrowth could provide a window of opportunity for intervention or 

mitigation of symptoms. Here, we generated ~40 human iPSC lines from cohorts of children (2-4 

years old) with complete clinical and phenotypic data, including A) ASD subjects with 

disproportionate megalencephaly, ASD-DM; B) ASD subjects with normal sized brains, ASD-N; 

C) Typically developing (TD) subjects with disproportionate megalencephaly, TD-DM; and and 

D) TD subjects with normal sized brains, TD-N. We differentiated each of the iPSC lines into 

neural progenitor cells (NPCs) and oligodendrocyte progenitor cells (OPCs) and investigated 

changes at the molecular and cellular levels contributing to brain overgrowth. In the 

differentiated neural and glial progenitor cells, we observe increased proliferation and suppressed 

phagocytosis of NPCs/OPCs by macrophages in ASD-DM. RNA-sequencing of the 

differentiated progenitor cells reveals important signaling mechanisms related to the 

neuroimmune system in regulating cellular phagocytosis. In prior work, we have demonstrated 

that CD47 (a ‘don’t eat me’ signal) is overexpressed in both NPCs and OPCs in 16p11.2 deletion 

carriers with macrocephaly contributing to reduced phagocytosis in vitro and in vivo. Treatment 



of 16p11.2 deletion NPCs and OPCs with an anti-CD47 antibody to block CD47 restores 

phagocytosis to control levels in cellular and mouse models. Here, we show that similar 

neuroimmune mechanisms commonly implicated in cancer regulate cellular homeostasis in 

idiopathic forms of autism. Furthermore, we highlight new forms of therapy for selected autistic 

individuals with brain overgrowth early in the disease. 
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Abstract: Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by 

impaired communication, abnormal social behaviors, and restricted and repetitive behaviors. 

Pathogenic mutations in UBE3B result in neurodevelopmental disease, including intellectual 

disability, lack of speech, and ASD. UBE3B is an E3 ubiquitin ligase that tags substrate proteins 

with ubiquitin, marking them for proteasomal degradation. The ubiquitin-proteasome system 

(UPS) is known to regulate several signaling pathways critical for neurodevelopment, including 

neurogenesis and synaptogenesis, and mutations in various UPS genes have been identified in 

ASD and related neurodevelopmental disorders. To investigate the function of UBE3B and how 

its disruption gives rise to neurodevelopmental abnormalities, we generated a brain-specific 

nestin-Cre conditional knockout (cKO) mouse model and evaluated the resulting 

neurobehavioral phenotypes. We found that cKO neonates emit significantly fewer and shorter 

ultrasonic vocalizations (USVs) when separated from their mothers compared to control pups. In 

a direct social interaction task, cKO juveniles spent less time interacting with unfamiliar 

conspecifics. In the Morris Water Maze task, cKO mice had a slower latency to the target 

location than control mice, suggesting that a loss of UBE3B leads to deficits in learning and 

memory. Golgi-Cox staining showed significantly reduced dendritic complexity, length, and 

spine density of cortical neurons from cKO mice. To identify neuronal UBE3B substrates, we 

used stable isotope labeling by amino acids in cell culture (SILAC) of neural stem cells from 

wild type (WT) and constitutive Ube3b knockout (KO) mice followed by mass spectrometry. We 



filtered the data for candidate direct substrates that exhibited increased protein level and 

decreased ubiquitination in KO compared to WT cells. Ontology analyses indicated that many of 

the identified candidates (~41%) are involved in synaptic development and function. Further, we 

found that Ube3b expression is modulated by neuronal activity, suggesting a potential role in 

regulating neuronal activity-dependent signaling networks that modulate synaptic development 

and function, pathways that are known to contribute significantly to ASD pathology. Our 

findings identify a role for UBE3B in regulating social behavior, learning, memory, and neuronal 

morphogenesis, and suggest that it may be involved in the synaptic function underlying these 

behaviors. Ongoing and future studies will further investigate the neuronal substrates of UBE3B 

and the activity-dependent molecular pathways it regulates. 

Disclosures:  S. Vashisth: None. J. Bandopadhay: None. K. Kaur: None. M. Chahrour: 

None. 

Nanosymposium 

100. Autism and Synapse Development 

Location: SDCC 1 

Time: Sunday, November 13, 2022, 8:00 AM – 10:30 AM 

Presentation Number: 100.07 

Topic: A.07. Developmental Disorders 

Title: Drug discovery strategy of TAK-418, an LSD1 enzyme activity-specific inhibitor, for 

potential therapeutics of neurodevelopmental disorders 

Authors: *S. MATSUDA, R. BABA, H. KIMURA;  

Takeda Pharmaceut. Co. Limited, Kanagawa, Japan 

Abstract: Neurodevelopmental disorders such as autism spectrum disorder (ASD) are lifelong 

diseases characterized by core symptoms such as social deficits and repetitive behaviors. 

Heterogeneity and time-dependency of phenotypic traits in ASD are the major hurdles on the 

developments of effective drugs. Therefore, therapeutic effects of a drug targeting an individual 

biological signal pathway would be limited, or even if successful only few patients can be 

improved during a short period. Thus, we focused on epigenetics to produce better therapeutic 

effects by comprehensive impact on global gene expression. Histone 3 lysine 4 (H3K4) 

methylation is one of the most important epigenetic pathways that control neural functions 

including learning and memory. Lysine-specific demethylase 1 (LSD1) regulates H3K4 

methylation through its histone demethylation function; however, LSD1 also transduces 

biological signals through the scaffolding activity of cofactor proteins. We developed small 

molecule LSD1 inhibitors, TAK-418 and T-448, that specifically inhibit histone demethylation 

function but not the scaffolding activity. Based on the selective inhibition of LSD1 enzyme 

activity, both TAK-418 and T-448 did not disrupt LSD1-cofactor interaction and did not cause 

blood cell toxicity such as thrombocytopenia. Using these inhibitors, we evaluated the 

therapeutic potential of LSD1 enzyme inhibition in the brain using animal models of 

neurodevelopmental disorders. As a result, TAK-418 and T-448 improved ASD-like phenotypes 



in various rodent neurodevelopmental disorder models with prenatal valproate exposure, prenatal 

virus infection, and NMDA hypofunction. The efficacy was displayed when the brain LSD1 

enzyme activities were fully inhibited. In addition, improving effects of TAK-418 on sociability 

impairments were observed not only by the treatment in juvenile stages but also in adult stages. 

The gene expression patterns in the disease models were dysregulated in quite a different manner 

across the models and across their ages; however, TAK-418 precisely counteracted the 

dysregulated expression in each condition. From these results, TAK-418 may recover the 

homeostatic regulation of global gene expression in response to each disease state, rather than 

control specific biological pathways. As LSD1 inhibition levels in the brain may be a good 

translation index to the efficacy of LSD1 inhibitors, we developed novel LSD1 PET tracer that 

has a potential to work as a clinical translation method. TAK-418 warrants further investigation 

as a novel therapeutic agent for neurodevelopmental disorders. 
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Abstract: Gene regulation is crucial for neurodevelopment and neurotransmission to occur. 

Evidence has shown that mutations leading to global misregulation of gene expression 

disproportionately affect the nervous system resulting in both neurodevelopmental and 

degenerative disorders. Emerging work demonstrates that posttranscriptional modification of 

transfer RNAs (tRNAs) regulates tRNA stability, codon-anticodon pairing and translation rate 

and fidelity. ALKBH8 is one of two metazoan homologs of the yeast tRNA methyltransferase 

Trm9. Mutations in the highly conserved human ALKBH8 were recently found to cause 

intellectual disability in four families. However, the neuronal role of ALKBH8 remains 

unknown. In yeast, Trm9 methylates uridines in the wobble position of the anticodon loop to 



reinforce cognate codon-anticodon pairings, resulting in translation of mRNAs enriched for 

cognate codons. We generated ALKBH8 null mutants in Drosophila and analyzed tRNA 

posttranscriptional modifications by mass spectrometry. Consistent with prior mammalian 

findings, we observed a complete loss of wobble uridine methylation in Drosophila ALKBH8 

mutants. We next investigated ALKBH8’s role in neurodevelopment and found that ALKBH8 

attenuates synapse formation. Additionally, we found that ALKBH8 mutants exhibit increased 

levels of reactive oxygen species (ROS). ALKBH8 is required to methylate tRNA-

selenocysteine, which promotes the incorporation of selenocysteine into selenoproteins. 

Selenoproteins are potent regulators of oxidative stress, and we have found that blocking 

selenoprotein synthesis by independent means also results in synaptic overgrowth. Interestingly, 

oxidative stress has been shown to manifest in synaptic overgrowth. To determine if increased 

ROS and synaptic overgrowth in ALKBH8 mutants are causally linked, we treated ALKBH8 

mutants with the antioxidant N-acetylcysteine amide and observed partial rescue of synaptic 

overgrowth. To probe the downstream consequences of increased ROS and synaptic overgrowth, 

we investigated memory formation using a taste aversion assay. This assay measures a sucrose-

induced proboscis extension reflex after female flies learn to associate the sweet tastant sucrose 

with the bitter tastant quinine. We find that ALKBH8 mutants fail to form gustatory memories, 

consistent with the observation of human intellectual disability. These findings support a model 

in which ALKBH8 regulates synaptic growth and memory formation through its role in 

regulating ROS via methylation of tRNA-selenocysteine, and reveals antioxidants as a potential 

therapy for individuals with ALKBH8-linked intellectual disability. 
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Abstract: Autism spectrum disorder (ASD) is characterized by differences in socioemotional 

cognition and behavior that persist across the lifespan. Aberrant structure or function of the 

amygdala, a brain region involved in the processing of salient social and sensory stimuli, has 

been consistently noted in ASD, and hypothesized to underlie deficits in behavior and cognition. 

The amygdala in ASD is characterized by an excess of immature neurons in early development, 

followed by a decline in total neuron numbers into adulthood. It is unknown which neuronal 

populations may be differentially affected by neuron loss with age in the amygdala. Imbalances 

in the ratio of excitatory to inhibitory (E/I) neuronal activity are implicated in multiple 

neurodevelopmental disorders, including ASD. To investigate the hypothesis that neuron loss 

may disproportionately affect inhibitory GABAergic neurons in the amygdala and contribute to 

E/I imbalance, we performed immunohistochemical staining for GAD65/67 and parvalbumin 

(PV) in a unique sample of ASD (n=18) and neurotypical (NT, n=17) cases, ages 2-78, through 

the rostrocaudal extent of the amygdala, and utilized design-based stereological methods to 

estimate the total numbers of GAD65/67 and PV-positive interneurons in the lateral, basal, and 

accessory basal nuclei. Preliminary analyses indicate no significant differences in total GAD or 

PV neuron numbers or density between ASD and neurotypical cases in the basolateral nuclei. 

However, an interesting trend emerges with age: the density of PV-positive interneurons in the 

lateral nucleus of the amygdala may decrease over time in subjects with ASD. We have 

additionally examined a subset of cases (11 ASD, 11 NT) to measure the density of inhibitory 

synapses using immunolabeling for Synapsin 1 and GAD65/67, and found evidence for an age-

related decline in inhibitory synaptic density in the basal nucleus in ASD. Taken together, these 

data support the hypothesis that E/I imbalance is a key feature of the pathophysiology of ASD 

with region-specific effects on microcircuitry that may contribute to progressive socioemotional 

impairments. 
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Abstract: We have an MRI database of mouse models related to autism for the investigation of 

neuroanatomy in a model autism population. Recently, we have collaborated with The Centre for 

Phenogenomics (TCP), a member of the IMPC, to create new models.This study summarizes the 

differences found in 9 novel models related to autism, Katnal2, L2hgdh, Nexmif, Otc, Pah, 

Rab39b, Ranbp17, Upf3b, and Ypel2.Nine novel loss-of-function mouse lines related to autism 

were produced in C57BL/6NCrl (B6N) mice. 163 mice were examined for this study, 40 

wildtype (WT) and 10-20 from each genotype. The age of the mice was ~P70. 

MRI Acquisition – A 7.0 Tesla MRI scanner was used to acquire anatomical images of the brain. 

A T2-weighted, 3D fast spin-echo sequence was used, which yielded an image with 40 μm 

isotropic voxels in ~14 h. 

Data Analysis – The images were registered together, and volume differences were calculated 

voxelwise and in 182 different regions (Dorr et al. 2008, Ullmann et al. 2013, and Steadman et 

al. 2014). 

Of the 182 regions examined,15 were found to be significantly different for Katnal2, 124 for 

L2hgdh, 4 for Nexmif, 0 for Otc, 6 for Pah, 75 for Rab39b, 0 for Ranbp17, 112 for Upf3b, and 14 

for Ypel2. Katnal2 seems to have a specific deficit in CA3, Nexmif also shows a hippocampal 

difference, differences in Pah seem to be localized to the motor cortices and the cerebellum, and 

differences in Ypel2 are in the striatum. Minimal behavioural findings were reported, and the 

only relevant behavioural findings were increased hyperactivity and a fear conditioning deficit in 

the Upf3b mice. 

Neuroanatomy assessed with MRI provides a first look at the differences caused by autism 

relevant mutations in mice. These 9 models highlight several different aspects of autism that 

warrant further investigation, such as total brain volume differences consistent with other mouse 

models related to autism (Ellegood et al. 2015), and striatal differences possibly relevant to 

repetitive restricted behaviours. 
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Abstract: Glutathione (GSH), a major antioxidant involves in thiol-redox balance, is implicated 

in the neurodegenerative disorders particularly in Alzheimer’s disease (AD). Certain bioactive 

metals like iron are also involved in interplay with antioxidants like GSH in maintaining the 

redox balance in AD. The significant depletion of GSH level and iron enhancement in the 

hippocampal area have been reported in Alzheimer’s disease. This novel study is directed 

towards finding the correlation between GSH and iron in brain and blood from 70 healthy 

individuals in four age groups (Group 1 (18-30Y), Group 2(31-40Y), Group 3 (41-50Y) and 

Group 4 (51-70Y)). Brain GSH level and metal ions (mainly iron) was measured using state-of-

the art MEGA-PRESS and Quantitative Susceptibility Mapping (QSM) imaging modality 

respectively. Brain GSH and iron levels were processed and quantified using in-house 

KALPANA and SUMEDHA package respectively. GSH and iron levels in blood were detected 

using standard kit from sigma Aldrich. Plasma fraction of blood was used for GSH determination 

and serum fraction was used for iron detection in blood. The GSH and iron in brain was detected 

from the left hippocampus region from same participants. In this study, we found for the first 

time that in healthy age groups GSH level did not change in the blood or in the hippocampus 

region of brain. However, iron level in blood significantly increases in the Group 4 with respect 

to Group 1 and Group 3 (p < 0.05) but iron level in left hippocampus region of brain remains 

same across all four age groups. The base line GSH and iron detection and its correlation in the 

brain and blood in these healthy group provide critical information that GSH level is very much 

preserved in the healthy groups. However, iron level although changes in blood level, but did not 

vary in the brain. Our study findings will have significant impact in AD, Parkinson’s, dementia 

with Lewy body diseases and in psychiatric disorders. 
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Abstract: The amyloid hypothesis proposes that increased production and/or decreased 

clearance of amyloid-beta (Aβ) leads to higher order amyloid structures that initiate a cascade of 

events, culminating in neuronal death manifesting as Alzheimer’s disease (AD). Sequential 

cleavage of Amyloid Precursor Protein (APP) generates Aβ. APP may be processed in one of at 

least two pathways, initially being cleaved by either α- or β-secretase (BACE1). BACE1 

cleavage of APP releases soluble APP-β (sAPPβ) and subsequent cleavage by γ-secretase 

produces Aβ. Alternatively, α-secretase cleavage of APP precludes Aβ formation and produces 

soluble APP-α (sAPPα). We hypothesize that a subgroup of the AD and non-demented 

Amyloid+ populations overproduce Aβ because of increased BACE1 activity. Our objective is to 

measure CSF sAPPβ and sAPPα turnover rates, as surrogate markers of BACE1 activity, to 

determine if, and by how much, BACE1 activity is increased.Using stable isotope labeling 

kinetics/immunoprecipitation/liquid chromatography-tandem mass spectrometry methods, we 

quantified sAPPβ and sAPPα in CSF from human Amyloid+ (AD) and Amyloid- (control) 

subjects who had undergone [U-13C6]-leucine labeling and hourly CSF collection. The fraction of 

metabolite derived from de novo synthesis was measured by calculating normalized metabolites’ 

hourly mole fraction labeled (MFL), over 36 hours. A model of sAPP kinetics was derived, 

which included these subjects’ historical Aβ measurements, to study parameters of fractional 

turnover rates (FTR) within the whole system.Our final model of the complete cohort of 95 

subjects will be presented. Modeling efforts indicate sAPPα and sAPPβ turn over slower than Aβ 

peptides, and sAPPα turns over a little faster than sAPPβ in most subjects (more pronounced in 

the setting of amyloidosis). In depth results of the Delay Time, Single Compartment FTR and 

Whole System FTR of the groups will be discussed. We will also assess how these parameters 

may help to delineate subgroups of AD. Lastly, we will address the implications for the use of 

these APP metabolites as biomarkers of AD in clinical trials, to both successfully select 



individuals for specific trials, as well as assess therapeutic interventions once an individual is 

enrolled in a trial. 
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Abstract: Oxidative stress is implicated in the pathogenesis of the most common 

neurodegenerative diseases, such as Alzheimer’s disease (AD). However, tracking oxidative 

stress in the brain has proven difficult and impeded its use as a biomarker. Herein, we investigate 

the utility of a novel positron emission tomography (PET) tracer, [18F]ROStrace, as a biomarker 

of oxidative stress throughout the course of AD in the well-established APP/PS1 double mutant 

mouse model. PET imaging studies were conducted in wild-type (WT) and APP/PS1 mice at 3 

different time points, representing early (5 mo.), middle (10 mo.), and advanced (16 mo.) life (n 

= 6-12, per sex). Semi-quantitation SUVRs of the plateau phase (40-60min post-injection; 

SUVR40-60) of ten brain subregions were designated by the Mirrione atlas and analyzed by 

Pmod. Statistical parametric mapping (SPM) was used to distinguish brain regions with elevated 

ROS in APP/PS1 relative to WT in both sexes. The PET studies were validated by ex vivo 

autoradiography and immunofluorescence with the parent compound, dihydroethidium. The 

results demonstrate that [18F]ROStrace retention was increased in the APP/PS1 brain compared 

to age-matched controls by 10 mo. Of age, and preceded the accumulation of oxidative damage 

in APP/PS1 neurons at 16mo. [18F]ROStrace retention and oxidative damages were higher and 

occurred earlier in female APP/PS1 mice as measured by PET, autoradiography and 

immunohistochemistry. [18F]ROStrace differences emerged mid-life, temporally and spatially 

correlating with increased Aβ burden, which was also greatest in the female brain. In summary, 

[18F]ROStrace identifies increased oxidative stress and neuroinflammation in APP/PS1 female 

mice, concurrent with increased amyloid burden mid-life. Differences in oxidative stress during 

this crucial time may partially explain the sexual dimorphism in AD. [18F]ROStrace may 

provide a long-awaited tool to stratify at-risk patients who could benefit from antioxidant or 

hormone replacement therapy prior to irreparable neurodegeneration. 
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Abstract: Synucleinopathies (SOs) and tauopathies (TOs) belong to a group of age-related 

neurodegenerative diseases. They share prion-like pathogenesis involving propagation and 

accumulation of different misfolded neurotoxic proteins in the brain. SOs, including Parkinson’s 

disease (PD), Dementia of Lewy bodies (DLB), and multiple system atrophy (MSA), are 

associated with α-synuclein (αSyn), while TOs consisting of Alzheimer’s disease (AD), Pick’s 

disease (PiD), progressive supranuclear palsy (PSP), and corticobasal degeneration (CBD) 

associated with tau. Although they are associated with either misfolded αSyn or tau aggregates, 

comorbidity of these diseases can be found. For instance, approximately 30-50% of AD patients 

can have PD pathology while patients with PSP and CBD may manifest SOs-like parkinsonism. 

Detection of the specific neurotoxic protein aggregates in more accessible peripheral tissues such 

as skin is important for diagnosis and prognosis and assessing the therapeutic efficacy in clinical 

trials. Our previous study implied that skin αSyn-seeding activity detected by the ultrasensitive 

real-time quaking-induced conversion (RT-QuIC) assay is a novel biomarker for diagnosing PD 

and non-PD synucleinopathies. Here we further validate our initial finding and explore the 

possible comorbidity of the two types of conditions. We blindly examined autopsy scalp skin 

samples from a large cohort of neuropathologically confirmed cases including PD (n=40), DLB 

(n=36), MSA (n=9), AD (n=46), PSP (n=33), CBD (n=4), PiD (n=5), and 46 non-

neurodegenerative controls (NC) using RT-QuIC with recombinant human αSyn and tau as 

substrates. The sensitivity of skin αSynP-seeding activity is 82.5% for PD and 70.9% for SOs as 

a group, while specificity is 89.1% for NC and 84.4% for non-SOs as a whole. Using a truncated 

tau protein fragment termed 4RCF as substrate, our skin tau RT-QuIC showed that misfolded tau 

from diseased AD (n=46) and other tauopathies such as PSP (n=33) and CBD (n=4) but not 

normal controls (n=43) or PiD (n=6) were able to be seeded by 4RCF substrate with an 80.5% 

sensitivity for AD and a 95.4% specificity for NC. Our study provides the proof-of-concept that 

the skin seeding activity of misfolded αSyn and tau could be accurate biomarkers in the easily 

assessable specimen for diagnoses of SOs and TOs. Moreover, our results suggest that skin tau 



RT-QuIC assay can differentiate AD from normal controls and discriminate AD from related 

non-AD TOs such as PiD. Key words: seeding activity, α-synuclein (αSyn), tau, skin, biomarker 
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Abstract: Alzheimer’s Disease (AD) is a complex, progressive, and devastating 

neurodegenerative disease. Its detrimental effects span a variety of neurologic and cognitive 

functions. AD affects many parts of the brain and manifests at different levels, classically 

impairing memory, language skills, and muscle coordination, and to date, there is little 

understanding of AD mechanisms. In our study, we focus on understanding the impact of AD 

pathology at the neurocircuit level. The main physiological manifestation of circuit activity is the 

synchronized extracellular field, which gives rise to the recorded local field potential (LFP). 

These fields are widely studied using a variety of methods, all of which address either time-

localized (instantaneous) or the time-averaged characteristics of the brain waves. We propose an 

alternative approach that focuses on the morphologies of waveforms—the patterns of the brain 

rhythms’ over finite timescales. Specifically, we use two independent methods for quantifying 

structural regularity and irregularity of the recorded signals and correlate the resulting 

“stochasticity scores” with behavior. The first method quantifies the pattern’s consistency with 

the underlying mean behavior. The second method measures how “structured” or “orderly” (e.g., 

periodic-like or time-clustered) the pattern is. Specifically, we studied LFPs recorded from the 

CA1 area of the hippocampi of WT mice running a U-shaped track with food wells on either end. 

Our previous work in wild type (WT) mice revealed a curious interrelationship between 

morphologies of θ-waves, γ-waves, and sharp wave-ripple (SWR) events and parameters of the 

animal’s activity, such as speed and acceleration. We also noticed spatial clustering of waves 

with different morphology along the animal’s trajectory, reminiscent of hippocampal place 

fields. Based on these observations, we studied circuit activity of hippocampal networks in AD 



brains and found a number of alterations in LFP rhythmicity. For example, the coupling of 

waveforms with speed and acceleration is weaker in AD case. Additionally, the spatial 

selectivity is lost, suggesting that the damaged synaptic circuits in AD brains compromise wave 

patterning and information exchange between brain regions. These differences in brain wave 

pattern can be used to better understand and potentially to detect circuit-level pathologies in AD 

brains. Overall, these results offer a novel perspective on studying the structure, the dynamics, 

and the functionality of the brain waves and will provide a deeper understanding of AD at a 

neurocircuit level. 
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Abstract: This research presents our discovery of two new nonlinear optical biomarkers of 

Alzheimer’s disease (AD), namely 3-photon autofluorescence (3PAF), and Third Harmonic 

Generation (THG). AD is a neurological disorder that causes significant impairment of memory, 

cognition, motor skills, and reduced brain mass. One of the primary pathologies in the disease is 

the aggregation of the Amyloid-Beta (Aβ) protein and Tau protein, which cause neurotoxicity in 

the surrounding cells, leading to cell death. Identification of these plaques and analysis of the 

surrounding cells and tissue is most often done using immunohistochemistry, often with 

inconsistent results from different stains - depending on their mechanism of binding. For 

instance, consecutive slices of the same tissue stained with Congo red and Thioflavin S will 

show different sizes of plaques. In this research, we present the use of nonlinear optical 

microscopy for label-free identification and analysis of senile plaque consistency. Using 

simultaneous label-free autofluorescence multi-harmonic (SLAM) microscopy, we discovered 

that the center of a plaque can be identified by 3PAF potentially discerning neurofibrillary 

tangles, and the halo surrounding a plaque can be visualized with THG. This is in addition to 



validating previously presented second harmonic generation (SHG), which shows the fibrous 

structure of amyloid, and 2-photon excitation autofluorescence (2PAF), which shows the 

structural extent of the plaque. Further analysis of the THG images show the cellular networks 

and the vasculature in the plaque microenvironment. We extended this analysis to brain slices 

containing hippocampal and cortical regions of 57 mice, including both AD transgenic model 

(5xFAD) and wild type control mice. Male and female mice were sacrificed and imaged at 

timepoints from 8 weeks to 52 weeks in age. The brain was excised from the mouse immediately 

after euthanasia and sectioned coronally at bregma -2 mm. We found that plaques start appearing 

in the hippocampus beginning at 10 weeks of age, and after 14 weeks, plaques can be found in 

the cortex and other regions. By 26 weeks, plaques were abundant throughout most of the brain. 

Our analysis using SLAM imaging explicitly quantifies the extent of neuronal loss in the AD 

brain independent of stain. Our dataset also enables metabolic measurements on the cellular 

network (neurons and other glial cells) in the vicinity of the plaques. We confirmed our data with 

both immunohistochemistry and coherent anti-Stokes Raman spectroscopy. Multimodal SLAM 

microscopy offers new label-free contrast and optical biomarkers for the detection and tracked 

progression of AD in this mouse model. 
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Abstract: Dementia is one of the leading causes of impairment in old age with major advocacy 

groups increasingly promoting populational screening. Early detection coupled with early 

intervention (pharmacological, social, rehabilitation), even in the absence of a disease-modifying 

cure, is the only way for patients to slow their decreasing quality of life. However, the tools 

currently used to diagnose dementia (brain imaging, CSF biomarkers, psychometric testing) are 

simply not useful for large-scale, cost-effective populational screening. We tested a new 

approach to screen for dementia based on automatic analysis of EEG signals obtained with a 

mobile 24-channel amplifier (mBrainTrain), sponge EEG caps (Greentek), and custom software 

(BDI) for EEG recording and analysis (BrainTrip). The BDI software a) guides minimally-



trained users through the recording, b) provides online data quality assessment, c) performs 

automated qEEG analysis and returns a 0-100 numerical score indicating general cognitive 

function. The BDI software automatically detects common EEG artifacts, calculates spectral 

EEG features known to be associated with poor cognitive performance, and combines them into 

a prediction model based on density clustering and a MLP classifier. We conducted a large-scale 

ecological evaluation of the specificity and sensitivity of this EEG tool for cognitive assessment 

by performing 1344 EEG recordings on 448 seniors recruited from care homes in Slovenia 

between May 2021 and June 2022. Each senior participated in 3 separate recording sessions with 

1-3 weeks between sessions. In each session an 8-min resting EEG (eyes open and closed) was 

made with the BDI system. Participants’ cognitive abilities were tested with five dementia 

screening tests (MoCA, ADAS-cog, ACE-III, Eurotest, Phototest). The BDI had a specificity of 

96% and sensitivity of 79% for detecting cognitive decline/dementia compared to a gold 

standard of 5 psychometric tests. Based on this performance we conclude that EEG-based 

assessment of cognitive function is a promising option of screening for dementia. 
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Abstract: Our ability to make combinatorial movements of multiple effectors reveals the 

representational capacity and flexibility of the motor cortex. What are the general principles that 

dictate how the neural representation of homologous movements are related across effectors and 

how are representations of individual movements combined for simultaneous multi-effector 

movements? 

This question was studied using an intra-cortical Brain Computer Interface (iBCI) consisting of 

two Utah arrays (192 channels) in the ‘hand-knob’ area of the premotor cortex of a human 

participant (“T5”) with C4 spinal cord injury as a part of the BrainGate2 clinical trial. Multi-unit 

neural activity was recorded as T5 attempted different multi-joint postures across fingers, within 

a limb and across limbs. 

Consistent with previous results (Willett*, Deo* et al. 2020), similar conditions (corresponding 

to each combination of movement and finger) were correlated across the two hands. However, 

similar conditions (flexion/extension movements) across fingers were correlated only for nearby 

fingers, suggesting a more complex representation for effectors frequently involved in 

coordinated movements. 

For simultaneous multi-finger movements, the neural activity evolved in a direction largely 

aligned with predictions from linear summation of neural activity of constituent single finger 

movements. However unlike a linear model, magnitude of the neural activity did not increase 

with the number of moving effectors. Population tuning direction for the strongly represented 

fingers (ex. thumb) was more consistent across conditions compared to weaker fingers (ex. 



middle), revealing another deviation from the linear model. Similar phenomena were observed 

for other multi-joint movements across limbs (ex. wrist movements across left and right hand) 

and within limbs (shoulder/elbow/wrist movements on right hand). Overall, this suggests that 

while the relationship between the neural representation of single effector movements differs 

across effector groups, their combination could be described by a model of linear summation 

followed by normalization. 

CAUTION: Investigational Device. Limited by Federal Law to Investigational Use 
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Abstract: Current human brain-machine interface systems, with a few exceptions, record from at 

most one to two micro-electrode arrays implanted in the primary motor cortex (M1) for decoding 

arm and hand movements. Investigations in non-human primates suggest that cortical activity 

corresponding to dexterous hand function is distributed across a cortical grasp network 

consisting of anterior intraparietal (AIP), inferior frontal gyrus (F5), and primary motor (F1) 

cortices. However, an analogous grasp network is less established in humans. As part of the 

Reconnecting the Hand and Arm to the Brain (ReHAB) Pilot Clinical Trial, a human participant 

with chronic tetraplegia due to high cervical spinal cord injury (SCI - AIS B) received 

penetrating microelectrode array implants in M1, IFG, AIP, and primary somatosensory (S1) 

cortices, along with nerve cuff electrodes for reanimating movements of the upper-limb through 

functional electrical stimulation (FES). This talk focuses on efforts to decode dexterous hand 

function from arrays implanted in the analogous human cortical grasp network (AIP/IFG/M1). 

The study participant completed open- (observation only) and closed-loop (user-in-the-loop) 



virtual tasks to match grasp states and/or coordinated finger movements to that of a target hand. 

All movements began with a cued target, followed by a prep period (0.5-1 sec) before the go cue. 

For closed-loop movements, a standard linear decoder mapped spike threshold crossings and 

high frequency spike power to grasp state or continuous joint velocities of the thumb and index 

fingers. We analyzed the modulation of neural features and the contribution to decoding grasp 

state for each array in the grasp network. We examined how cortical modulation during single vs 

multi-finger movements could be modeled as a time evolving system following intrinsic 

dynamical rules. Finally, we examined methods for elucidating connectivity amongst these areas 

across multiple recorded channels. IFG and M1 arrays showed clear differentiability for grasp 

state in both prep and go phases, with IFG differentiability most prominent during the prep 

phase. We observed little modulation from AIP, perhaps due to AIP’s deep sulcal location 

relative to the array placement. Single and multi-finger movements both showed similar low-

dimensional rotational dynamical behaviors during the movement phases. Similar projections to 

the jPCA planes suggest that multi-finger movements may likely arise from simple combinations 

of the single singer movements. Finally, PCA based methods for elucidating high dimensional 

functional connectivity suggest strong correlations between these nodes of the grasp network. 
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Abstract: Motivation. Impaired motor function reduces independence, and can make a person 

fully dependent on caregivers. Emerging brain-computer interface (BCI) technology offers the 

possibility of building new links between the nervous system and the external world bypassing 

damaged motor pathways. Surveys of persons with tetraplegia have consistently identified 

regaining arm/hand function as a top priority towards improvement in quality of life. 

Understanding the cortical activity patterns driving dexterous upper limb motion has the 

potential to substantially benefit a broad clinical population living with limited mobility. 

Methods. The present study examines the neural activity of ensembles of human motor cortical 

neurons across a set of 48 different hand gestures. Our goals are to determine how this wide 

range of movements is encoded by examining the relationships between neural activity patterns 

and evaluating their potential as control signals for BCI systems. We generated latent spaces 

using similarity-based metrics applied to chronic microelectrode array recordings in the ‘hand 

knob’ area of precentral gyrus in the dominant hemisphere of two BrainGate participants with 

cervical spinal cord injury. Neural activity related to intended gestures (including spike counts 

and field potentials) was captured using an instructed delay paradigm. Results. In order to 

examine the structure of the neural latent space, we generated dendrograms based on the distance 

between the 48 gesture centroids. Overall, gesture-related neural activity patterns tended to form 

six main groups according to the type of movement performed: wrist, thumb, finger flexion, 

finger extension, digit abduction, and grasping actions. We evaluated the separability of 

individual gestures using nearest neighbor classifiers with 10-fold cross validation. Overall 

classification accuracy over the full set of 48 gestures exceeded 70% for both participants. On 

average it was possible to obtain classification of up to 10 different gestures with over 90% 

accuracy. In one participant right and left hand gestures tended to occupy neighboring regions of 

the latent space (classification accuracy ~87%), while in the second participant right and left 

gestures formed distinct clusters with almost no overlap (classification accuracy ~98%). Our 

results show that single unit ensemble activity recorded in a single hemisphere of human 

precentral gyrus can encode a wide range of gesture-related signals across both hands, providing 

an intuitive and diverse set of potential command signals for BCI use. 
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Abstract: State-of-the-art prosthetic limbs and pattern recognition systems can increase 

functionality for patients with upper limb amputations but rely on inputs with low signal-to-noise 

ratios (SNRs) and require frequent recalibration (Hargrove et al., 2017). Intramuscular recording 

electrodes have been shown to improve both control fidelity and reliability (Ortiz-Catalan et al., 

2020). However, amputation limits the number of muscles available to provide signals for 

complex prosthetic functions. In clinical trials, the Regenerative Peripheral Nerve Interface 

(RPNI) has been shown to amplify efferent nerve action potentials in lieu of missing muscles for 

prosthetic control (Vu et al., 2020). 

RPNIs are created by implanting a severed peripheral nerve into a free muscle graft. Three 

human participants with transradial amputations (P1, P2, and P3) had intramuscular bipolar 

electrodes surgically implanted into RPNIs on their Median and Ulnar nerves, and residual 

muscles. The percutaneous electrodes were connected to a Blackrock neural signal processor and 

real-time computer which controlled virtual and physical prosthetic hands. 

To date, signal-to-noise ratios (SNRs) have been measured approximately monthly across 267 

days for P1 (12 sessions), 1178 days for P2 (38 sessions), and 216 days for P3 (10 sessions). 

Thumb flexion evoked the largest amplitude response from the Median RPNIs with average 

(mean±std) SNRs of 160±69.0 (P1), 25.4±8.9 (P2), and 275±42.7 (P3). Small finger flexion or 

wrist flexion evoked the largest response from the Ulnar RPNIs with average SNRs of 35.8±11.0 

(P1), 33.0±17.2 (P2), 14.8±3.3 (P3). There have been no significant declines in the SNR of RPNI 

signals over time. There has been a statistically significant linear increase in SNR over time in 

both P1’s median and ulnar RPNIs and in one of P2’s ulnar RPNIs (p < 0.05, F-test). 

A Hidden Markov Model (Vaskov et al., 2022) classified grasps using EMG from RPNIs and 

residual muscles. P1 and P2 controlled fist, pinch, and point of a commercial multi-grip hand, 

while P3 controlled hand open and close and wrist rotation. These controllers did not require 

recalibration between experiment sessions. P1 completed a multi-grasp reach and place task with 

90% accuracy using a classifier calibrated 30 days prior. P3 used a 48-day old classifier to 

complete a simulated coffee making task. P2 completed the most extensive controller longevity 

testing, maintaining > 94% grasp accuracy in a virtual posture matching task across 462 days (11 

sessions) and achieving 95% grasp accuracy when completing the coffee task on the last day. 

Future work involves combining active wrist rotation and multi-grasp control. 
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Abstract: One of the distinguishing features of the human motor system is its unparalleled 

dexterity in controlling the hand and fingers. There are countless tasks and behaviors that rely on 

individuated finger control, from buttoning a shirt to playing the piano, yet relatively little 

progress has been made towards incorporating individual finger control into brain-computer 

interfaces (BCIs). To better understand the cortical underpinnings of finger control, we recorded 

neural activity from two microelectrode arrays implanted in the motor cortices of two human 

participants with tetraplegia as part of an ongoing clinical trial conducted under an FDA 

Investigational Device Exemption. Although the participants do not have overt hand function, 

they were asked to attempt to flex the fingers on their right hand to perform virtual presses of 

five on-screen buttons (one button for each finger). The presses throughout a session comprised 

all five individual fingers as well as a few select multi-finger combinations (e.g., thumb + 

middle, index + ring). We found that neural population activity contained both finger-specific 

responses and also separate non-specific transient responses at the onset and offset of intended 

action, independent of the specific finger(s). As we have done previously for translating 

attempted grasp into cursor click, we built a binary decoder framework that uses two parallel 

classifiers to detect these non-specific “onset” and “offset” components. We then incorporated a 

separate classifier to identify the intended finger. When a nonspecific onset transient is detected, 

the finger-specific classifier accumulates evidence until it reaches a pre-defined confidence 

threshold and then outputs the associated button press. This press then persists until the offset 

transient is detected. Using this decoder, participants were able to achieve high quality control of 

individual finger presses (subject 1 best session: 97.5% accuracy, 48.5 successes/min; subject 2: 

66.2%, 10.1 successes/min). While this individual finger decoding result is promising for 

eventual dexterous BCI control, the decoder trained only on individual fingers did not generalize 

to multi-finger combinations. The neural activity was indeed separable across all conditions, and 



a decoder could successfully classify all individual and multi-finger presses. However, we found 

no clear relationship between the activity for combined finger presses and the corresponding 

individual finger presses. For the purposes of real-world BCI calibration, this suggests that 

training sets must be exhaustive, and highly dexterous control cannot be “built-up” from 

individual finger responses. 
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Abstract: From prehension to pianism, object interactions require precise control of both the 

movement of the hand and of the forces it exerts on objects. The time-varying posture of the 

hand has been shown to be encoded in the activity of populations of neurons in primary motor 

cortex (M1). Less is known about how manual forces are encoded in M1 because tracking the 

posture of the hand and the forces it exerts has proven challenging. To fill this gap, we have 

developed an experimental apparatus that allows us to monitor both hand movements and 

manual forces. We then recorded the neural activity in M1 as monkeys grasped sensorized 

objects, identified a population of neurons whose activity tracks manual forces, and characterized 

the force signal in this population. Next, we applied the insights gleaned from able-bodied 

macaques to develop manual force decoders in a person with tetraplegia. To this end, we 

instructed the participant to grasp, in a virtual environment, a set of objects with varying amounts 

of force while we monitored the motor activity via chronically implanted electrode arrays. We 

then built decoders that harness force signals in motor cortex to allow the participant to exert 

forces with his virtual hand. The participant then performed a variety of tasks in VR that required 

the manual exertion of graded forces on objects. These results pave the way for brain-controlled 



bionic hands that allow the user not only to precisely shape the hand but also to apply well-

controlled forces with it. 
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Abstract: Cortical areas which control movement are also active during the mere observation of 

others’ movements. This observation-related activity has inspired the successful observation-

based calibration of intracortical brain-computer interface (iBCI) decoders. However, a 

consensus description of several properties of observation-related activity is still lacking, limiting 

the potential for improvement. To address this, we obtained a dataset with unparalleled coverage 

of the parietofrontal grasping network, with simultaneous recordings using floating 

microelectrode arrays (FMAs) in the anterior intraparietal area (AIP), rostroventral premotor 

cortex (F5), and primary motor cortex (M1), during both the execution and observation of an 

unparalleled number of grips, enabled by an interchangeable turntable system for the automated 

presentation of dozens of unique objects. We found no evidence for the classical division of the 

grasping network into “canonical” and “mirror” neuron subtypes. However, at the population 

level, AIP and F5 express a similar pattern of activity across execution and observation contexts 

which explains roughly 20% of the task-conditioned variance in each area, even after accounting 

for the confounding visual representations of object shape. Nonetheless, different grips are only 

weakly differentiated from one another during the observation context. This means that 

observation of action on its own cannot drive observation-based iBCI calibration at the required 

level of action specificity. A framework for identifying the different levels of engagement that an 

“observation” context can take may help explain the success of observation-based calibration of 

iBCI decoders in spite of this.  
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Title: Closed-loop, brain-controlled functional electrical stimulation restores continuous finger 

function 
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Abstract: Brain-machine interfaces have shown promise in extracting accurate intention 

information regarding movements of the upper extremity from the thoughts of nonhuman 

primates and people with tetraplegia. Previous attempts to restore function to the user’s own arm 

and hand have employed functional electrical stimulation (FES) to reanimate the paralyzed 

musculature. Most upper extremity FES work has investigated the restoration of discrete grasps. 

Little is known about how well continuous hand and finger movements can be controlled by 

FES. 

Here, we use a brain-controlled functional electrical stimulation (BCFES) system to restore 

continuous volitional control of the finger positions to a monkey with a temporarily paralyzed 

hand. 

We implanted one nonhuman primate with Utah microelectrode arrays in the hand area of motor-

related precentral gyrus and bipolar stimulating electrodes in hand-related forearm muscles. To 

temporarily paralyze the hand, we applied local-anesthetic block to the median, radial, and ulnar 

nerves proximal to the elbow, thereby interrupting descending motor signals to the hand. To 

restore hand and finger function, we predicted intended finger movements using the brain-

machine interface and a ReFIT Kalman filter, then used the predictions to control FES activation 

of the forearm. The brain-machine interface used spiking band power, a low-power signal 

representing the spiking activity of each electrode’s nearest unit, to generate predictions to 



control the Networked Neuroprosthesis, an implantable functional electrical stimulation system 

in a clinical trial. 

In a one-dimensional, continuous, finger-related target acquisition task, the monkey improved his 

success rate to 83% (1.5s median acquisition time) during restoration with the BCFES system, 

compared to 8.8% (9.5s median acquisition time, near chance) during unrestored motor 

blockade. When attempting to perform a two-finger continuous target acquisition task in brain-

control mode following nerve block, we found acquisition time and success rate dropped 

substantially (from 0.75s to 1.4s and from 100% to 90%, respectively) compared to before 

paralysis, likely due to the absence of sensory feedback in motor-related cortex. Interestingly, 

performance could be completely recovered by performing recalibrated feedback-intention 

training one additional time following the nerve block (0.81s acquisition time and 100% success 

rate, p = 0.67 between trials prior to the nerve block and trials using the second-stage ReFIT 

Kalman filter). 

These results suggest that BCFES can restore continuous finger function during temporary 

paralysis using existing low-power technologies. 
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Title: Behavioral strategies and neural mechanisms underlying stay/switch decision-making in 

Drosophila 
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Abstract: Natural environments contain complex sensory information from multiple modalities. 

Animals must decide what information to attend to in order to choose the correct behavior at 

each point in time. How the nervous mediates decision-making in natural environments remains 

largely unknown. Here, we investigate how male fruit flies respond to optogenetically-driven 

heat pulses during courtship of a female. We developed a closed-loop stimulation paradigm in 

which the male receives optogenetic stimulation conditioned on his real-time song production. In 



response to the stimulus, flies made one of two decisions: a “switch” decision characterized by a 

U-turn response away from the female, or a “stay” decision characterized by little to no change 

in the male’s rotational speed or male-female distance and a continuation of courtship. Using 

SLEAP-based automated pose tracking, we quantified multiple dimensions of courtship, and 

constructed a generalized linear model to predict the male’s upcoming decision. We found that 

among multiple social features, female forward velocity (fFV) has the highest predictive ability 

(mean cross-validated accuracy = 62%, n=51 flies). The associated fFV filter shape suggests that 

the male fly integrates fFV information over hundreds of milliseconds, and that high forward 

velocity leads to “switch” decisions. We next considered how the brain implements stay/switch 

decisions by recording brain-wide neural activity with 2-photon microscopy in a male fly while 

he received optogenetic heat pulses during courtship with a virtual female. Preliminary results 

suggest that low-dimensional neural activity distributed across the brain integrates female motion 

cues to guide the male’s upcoming heat-evoked turn magnitude and direction. Together, these 

behavioral and neural results demonstrate both the strategies and neural computations underlying 

decision-making during naturalistic behaviors. 
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Title: Dynamic visual processing in post-saccadic V1 visual responses of the marmoset monkey 
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Abstract: All animals with image-forming eyes sample visual information through a “saccade 

and fixate” pattern of eye movements (Land and Nilsson, 2012). This ongoing cycle of saccades 

and fixations forms the dynamics of natural vision. Here, we investigated how perisaccadic 

neural responses during free-viewing of natural images relate to the tuning properties of neurons 

in primary visual cortex (V1). To quantify saccade modulation we recorded from V1 in two 

marmoset monkeys using silicon linear arrays as they freely viewed full-field natural scenes. We 

found that on average neural responses time-locked to saccade onset exhibited an early 

suppression beginning from the onset that was followed by a post-saccadic rebound in excitatory 

activity. The latency of the post-saccadic rebound varied considerably across the neural 

population. To determine whether the latency of these saccade dynamics varied with neural 



tuning properties we mapped tuning for spatial and temporal frequency, and orientation 

selectivity, in an independent set of trials. In those trials marmosets free-viewed flashed (60hz) 

full-field gratings that varied in spatial frequency and orientation. We used linear regression to 

estimate a spatiotemporal kernel using subspace reverse correlation (Ringach et al., 1997). The 

preferred spatial frequency was estimated from tuning at the peak temporal lag while temporal 

frequency preference was estimated by the Fourier transform of the temporal kernel. Among the 

neurons with significant orientation tuning, we observe a significant correlation between spatial 

frequency preference and the latency of post-saccadic rebound, with neurons tuned to higher 

spatial frequencies responding later. The pattern with temporal frequency was less clear (only 

significant in one of two animals), and reflected that neurons tuned for higher temporal 

frequencies responded earlier. These results support the idea that neural responses during the 

saccade-fixation cycle follow coarse-to-fine distinctions proposed to operate in early visual 

processing (Burr, 1981; Watt, 1987; Hedge, 2008, Boi et al., 2017). 
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Title: Coordinating patterns and directionality in asymmetrical behaviors 
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Abstract: Animals evolved with bilateral symmetry but many behaviors require asymmetric 

motions and transitions between sides of the body. For example, to hit a tennis ball, players first 

prepare the stroke by bringing the racket to one side of the body, then accelerate until the racket 

makes contact with the ball, and finish with a follow-through motion. Meanwhile, the player can 

choose between using backhand or forehand (making the stroke from the left or right side of the 

body), and can even switch hands as they follow the ball in the air. We do not know how neural 

circuits coordinate these two aspects of behavior (motor planning/patterning and directionality) 

in any system. We take advantage of an asymmetric behavior in Drosophila to study this 

question. Drosophila melanogaster males are known to sing with one wing at a time, choosing 

the wing that is best oriented towards the female’s ear. Males also pattern their songs into three 

modes of different spectrotemporal quality and amplitude (Clemens et al., 2018) depending on 

recent sensory feedback from females (Coen et al., 2014 & 2016). How the two are coordinated 

(wing choice and song patterning) has not yet been studied. 



Here we show using quantitative behavioral analysis that wing choice and song patterning follow 

distinct timescales. We demonstrate that song continues during wing switches without disruption 

or alteration of the song pattern, suggesting that song pattern information is provided bilaterally 

to both wings to ensure smooth transitions during switches. Moreover, we show that female head 

location is highly predictive of the male wing choice in their monocular zone (when the male fly 

sees the female head with one only one eye). Intriguingly, when the male fly sees the female 

head with both eyes, his choice becomes stochastic. We then explore how sensory information 

from different modalities affects wing dynamics by unilaterally or bilaterally removing sensory 

input to the male. We show that vision, auditory, mechanosensory, and gustatory inputs play 

different roles in mediating wing choice, laterality, and preference. Furthermore, using genetic 

manipulations, optogenetics, and patch-clamp electrophysiology, we explore the roles of 

individual descending neurons on wing and song pattern choices. Our ongoing study focuses on 

the computational rules and circuit mechanisms by which ongoing sensory information patterns 

song sequences and modulates directionality simultaneously. Together, this work provides 

insights into the neural mechanisms that coordinate the patterning and the directionality of 

motions in complex behaviors. 
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Abstract: How do the multiple nodes of the motor system work together to create behavior? 

Despite several studies, most of what is known has come from studies of single brain regions in 

overtrained behaviors. These factors limit interpretability and create potential confounds. Thus, 

we chronically implanted Neuropixels electrodes to simultaneously record all layers of motor 

cortex, dorsal and ventral striatum concurrently with 24/7 video. From the extracted three-

dimensional pose estimation, we applied our state-of-the-art unsupervised behavioral 

identification software, B-SoiD (Nat Comms), to discover and quantify the spontaneous 

behaviors of the mouse. We discovered robust and distinct neural representations of the 

naturalistic behaviors, their kinematics, and their state transitions.1) Across the areas we 

recorded, the majority of neurons in corticostriatal circuit modulated their activity at the onset of 

the ML-derived behaviors. Across brain areas, both positive and negative modulation was 

observed, typically starting around ~200ms before the onset of a given behavior. This 



modulation was not observed in shuffled data, and similar responses were observed across 

animals. Across the areas studied, we found that different actions occupied distinct neural 

subspaces. 2) With a simple random forest classifier, we were able to decode behavior given 

neural activity. We found that striatum carries more reliable information regarding the different 

sub-grooms. We also discovered that the decoding accuracy improves more sharply at behavioral 

onset in motor cortex when compared to striatum. 
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Abstract: Chronic stress can result in a maladaptive state in a subset of individuals, while others 

are resilient to the same stressor. Pioneering work has uncovered differences across susceptible 

and resilient mice in the molecular and neural changes resulting from chronic social defeat stress 

(CSDS). However, it remains unclear what signals are present during the social stress itself could 

drive these individual differences in response to stress. Do the same neural teaching signals 

implicated in other forms of aversive learning also drive changes in behavior due to CSDS, and 

if so, does their presence before or during the stress predict individual differences in learned 

associations? Using calcium imaging, we recorded activity in the Lateral Habenula (LHb), a 

region involved in aversive learning, before, during, and after a 10-day chronic social defeat 

stress paradigm. Behaviorally, as a result of CSDS, susceptible mice form an aversion to the 

aggressor strain, but an increased preference for their own strain. In contrast, resilient mice 

display an equal preference for the aggressor strain and their own strain. Consistent with strain-

specific learning in susceptible mice, the LHb is active after (but not before) CSDS, when 

susceptible mice are in the proximity of a conspecific of the aggressor strain, but not of their own 

strain or of another strain. In contrast, resilient mice show little LHb activity in any case. During 

CSDS, LHb activity is higher in susceptible mice to the onset of attack by the aggressor, and 

optogenetically activating the LHb during stress to mimic this pattern biased towards 

susceptibility. Finally, after defeat, during the elevated plus maze (an assay for anxiety-like 

behavior), LHb activity is elevated in relation to open arm exits in susceptible mice, suggesting 

activity in this structure may contribute to an anxiety-like state that generalizes beyond the 



aggressor. Taken together, these results point to an aversive teaching signal in the LHb emerging 

during defeat and contributing to the formation of the susceptibility phenotype. 
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Abstract: Generalization broadly refers to the ability to classify new stimuli based on previous 

experience with similar stimuli. Different generalization rules may lead to different behaviors 

even for the same exact stimulus. A simple example would be to classify flowers, which could be 

done by color or by their number of petals. After seeing enough examples of flowers with their 

assigned class labels, an observer may infer the correct generalization rule and use it to make 

predictions. However, in ecological scenarios an animal rarely gets to see many examples before 

it needs to make decisions. Presented with a single yellow flower with 4 petals, which one is 

more similar: an orange flower with 10 petals, or a red flower with 5 petals? The answer, of 

course, is ambiguous. In such cases, the observer may generalize according to some internal, pre-

existing rule which we call “natural generalization”. We have trained head-fixed mice to perform 

a variety of tasks that require natural generalization, including a task that requires learning from 

a single example and a virtual reality task where rewards are delivered stochastically. At the 

same time, we are recording large-scale neural activity from up to 70,000 neurons 

simultaneously and from many cortical brain areas, using two-photon calcium imaging with a 

large field of view mesoscope. We used these recordings to investigate the neural computations 

happening during the task, and found a rich repertoire of neuronal activity patterns corresponding 

to different stages of the computation. Furthermore, we investigated the sensory representations 

that support natural generalization, and tracked their changes from before to after task learning, 

as well as in dark-reared mice with no prior visual experience. We find that there are complex 

changes in responses that can be explained by a model which selects between multiple candidate 

generalization rules based on the available evidence. Looking forward, our approach of 

combining large-scale neural recordings with flexible behavioral paradigms shows good promise 

for addressing a variety of cognitive phenomena in mice. 
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Title: Unsupervised discovery of behaviorally relevant brain states in rats playing hide-and-seek 
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Abstract: In classical neuroscience experiments neural activity is measured across many 

identical trials of animals performing relatively simple tasks and is then analyzed by relating 

neural responses to pre-defined experimental parameters. This type of analysis is not suitable for 

patterns of behavior that unfold freely, such as play behavior. Here we attempt an alternative 

approach for exploratory data analysis on a single-trial level, applicable in more complex and 

naturalistic behavioral settings, in which no two trials are identical. We analyze neural 

population activity in prefrontal cortex (PFC) of rats engaging in the well-known game of hide-

and-seek and show that it is possible to discover what aspects of the task are reflected in the 

recorded activity, even with a limited number of simultaneously recorded cells (≤31 ). Using 

hidden Markov models, we cluster population activity in PFC into a set of neural states, each 

associated with a pattern of neural activity that reoccurs throughout the experiment. Despite 

variability in behavior from trial to trial, relating the inferred states to the events of the hide-and-

seek game reveals neural states that consistently appear at the same phases of the game. 

Furthermore, we show that by applying the segmentation inferred from neural data to the 

animals’ behavior we can explore and discover novel correlations between neural activity and 

behavioral context. Finally, we replicate the results in a second data set, and additionally show 

that population activity in PFC displays distinct sets of states during playing hide-and-seek and 

observing others play the game. Overall, our results showcase the applicability of new 

population analyses in naturalistic neuroscience. 
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Abstract: Complex behavior is composed of subcomponents that are organized by the brain, and 

are repeated and configured as required. The relative prominence of such sub-components across 

tasks and individuals provides a unique “behavioral fingerprint”, which can be leveraged to 

understand the underlying coordination of neural circuits across brain areas. However, in typical 

electrophysiological tasks, subjects are typically restrained, which necessarily restricts 

behavioral expression, and thus obfuscates coordination between areas that arise during free 

behavior. To ascertain the contribution of different brain areas to the expression of free behavior, 

we recorded synchronized videos with 62 cameras while subjects were free to roam in a large, 

open enclosure and engage with a standard depleting-rewards foraging task. We performed 

simultaneous wireless recordings across the frontal expanse, recording ~10000 neurons across 

two subjects. Body landmarks were reconstructed using OpenMonkeyStudio, an open-source 

software package our lab has developed. Leveraging embedding approaches and graph-theoretic 

tools, we developed a novel unsupervised pipeline that extracted distinct postures. Graph-

theoretic analysis revealed that postures were organized hierarchically into extended sequences 

of actions. The temporal extent of organized behavior differed by subjects but not task demands, 

suggesting subject-specific intrinsic capacity. Building on these results, we found that – after 

regressing out the effect of subject position and task events – neuronal firing was tuned to 

postures across the frontal expanse, including cingulate, prefrontal, and motoric subdivisions. 

Furthermore, the degree of postural tuning differed across a dorsal-ventral axis, with motoric 

subdivisions showing greatest tuning, and deeper structures such as orbitofrontal cortex 

exhibiting the weakest tuning. Taken together, these results provide a robust framework for 

understanding the neuronal circuitry underlying self-directed, free behavior. 
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Title: Attack motifs vary across sexes and environments in outbred CD1 mice: machine learning 

approaches to analyzing complex social behavior. 
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Abstract: Background: Variations on chronic social defeat stress (CSDS) and resident intruder 

(RI) testing are heavily used in behavioral neuroscience, often interchangeably. Consequently, a 

growing literature demonstrates the importance of social dynamics between dominant and 

subordinates, and their relation to stress and coping strategies. Due to the technical challenge of 

manual behavior annotation, results are typically presented as summary statistics of simplified 

metrics (latency, number of bouts, etc.), which can obfuscate social influences on decision 

making and nuanced differences in behavioral strategies. The introduction of approaches for 

automated behavior classification have helped to alleviate this problem; however, as these 

approaches provide for more granular behavioral information it is more important than ever to 

establish how experimental parameters influence these classifications. Here, we have used a 

combination of supervised and unsupervised learning techniques to better understand (1) 

variation in attack behavior using sex as a biological variable and (2) how environmental context 

alters attack behavior in males. Methods: We used outbred CD1 male and female mice as 

aggressors in CSDS assays for 5 days (5min/day) against a subordinate same-sex intruder. 

Additional males underwent home-cage RI assays for 3 days (5min/day). We recorded videos 

from above and performed pose estimation in DeepLabCut, which we imported into our program 

Simple Behavioral Analysis. We calculated ~500 features per frame, and used random forest 

supervised algorithms to analyze attack, defensive, and escape behaviors. We then performed 

targeted unsupervised analysis on identified attack bouts using UMAP dimensionality reduction 

and HDBSCAN clustering. We compared male and female mice in CSDS, and male mice across 

CSDS and RI environmental contexts. Results: Behavior in CSDS across sexes, and in males 

across assays are grossly similar as assessed via standard measures. Unsupervised analysis of 

attack bouts, however, reveals substantial differences between groups. Across sexes, males 

demonstrate two attack clusters including and active and stationary attack type, while females 

exhibit three. Across environmental contexts, males in RI testing exhibit five clusters versus the 

two in CSDS. RI motifs include “yanking” behavior that was unseen in CSDS. Conclusions: 

Here, we have presented two biological datasets of interest to the aggression field, indicating that 

machine learning techniques can identify distinct behavioral motifs across sexes and 

environments which were obfuscated by field-standard measures of behavior duration and 

number of bouts. 
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Abstract: Animals move their head and eyes both as a result of locomotion through the 

environment and to sample the visual scene. Previous studies have demonstrated neural 

correlates of head and eye movements in rodent primary visual cortex (V1), but the sources and 

computational roles of these signals are unclear. We combined measurement of head and eye 

movements with high density neural recordings in freely moving mice to show that neurons in 

V1 respond primarily to gaze shifts, where large amplitude head movements are accompanied by 

saccadic eye movements, but not to large head movements where compensatory eye movements 

stabilize gaze. A variety of activity patterns immediately followed gaze shifts, including units 

with positive, biphasic, or negative responses. These responses were greatly diminished in the 

dark for the vast majority of units, replaced by a uniform suppression of activity, suggesting that 

they are largely visually driven. Strikingly, gaze shifts evoked highly similar responses to those 

evoked by sequentially flashed stimuli in head-fixed conditions, suggesting that gaze shift 

transients represent the temporal response to the rapid onset of new visual input. Notably, 

neurons responded in a sequence that matches their temporal frequency tuning – high temporal 

frequency-tuned neurons responded to stimulus onset, while low temporal frequency-tuned 

neurons responded to the subsequent sustained input during fixation. Correspondingly, this 

progression follows low to high spatial frequency tuning, and is consistent with coarse-to-fine 

processing of the visual scene following each gaze shift. Together, our results show that active 

vision consists of a dynamic sequence of visual processing that is time-locked to gaze shifts. 
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Title: Neural correlates of natural social behavior in freely-moving macaques 
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Abstract: Success in group-living primates, including humans, requires navigating complex and 

diverse social relationships. Current understanding of the neural mechanisms underlying primate 

social behavior derives almost exclusively from highly-constrained and scripted laboratory tasks. 

Precisely how the primate brain dynamically navigates species-typical social interactions, in all 

their richness and complexity, remains largely unknown. Here we leverage new technology to 

investigate the neural correlates of an unprecedentedly diverse array of species-typical behaviors 

in freely-moving, socially-interacting rhesus macaques. We recorded single neurons from the 

mono-synaptically connected inferior temporal area TEO and prefrontal area 45 in two male 

macaques (n=6,129 units, 20 sessions) while they interacted with their female partner, and varied 

the identity of neighboring monkeys. Monkeys exhibited a rich behavioral repertoire of up to 29 

different behaviors also observed in the wild, including grooming, foraging, aggression, and 

mating. The behaviors of the recorded monkeys were reliably decoded on a second-by-second 

basis from the simultaneous activity of a few hundred neurons (>70% accuracy, chance ~6%) -

even during behaviors extending over many minutes where the sensorimotor environment 

changed considerably. Remarkably, single neurons widely encoded both the subject’s behavior 

(>80% selective units) and the social context in which it occurred; e.g.: whether grooming was 

reciprocated, initiated, or whether it occurred after a threatening event, the identity and behavior 

of neighboring monkeys. Moreover, neural activity was also modulated by the actions of the 

female partner, providing parallel representations of the behavioral states of both self and other. 

Surprisingly, decoding performance and single unit responses were similar in temporal and 

prefrontal cortices, with important implications for theories of social information processing. 

These preliminary results demonstrate that neural ensembles in the prefrontal and inferior 

temporal cortices of macaques carry information about species-typical social stimuli, behavior, 

and contexts required for success in the wild. 
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Abstract: Animals flexibly adjust their social behavior across a variety of external contexts and 

hormone states. While changes in hormone state are well known to correlate with changes in 

specific social behaviors (e.g. sex and attack), it is unknown whether they create more global 

shifts in suites of behavior or how hormones coordinate behavioral change at the neural level. To 

understand how shifts in adult hormone state change global behavior, we combine unsupervised 

methods for behavioral discovery with novel methods to record simultaneously from many 

hormone-sensitive regions in the brain’s subcortical “social behavior network (SBN)”. To 

generate behavioral richness, we record mouse behavior and neural dynamics across multiple 

social contexts (home cage vs partner cage), partners (aggressive male, female, submissive 

male), and hormone manipulations (intact, gonadectomy [GDX], hormone replacement). We 

quantify behavior (1.9 M frames) with an unsupervised computational approach, generating low-

dimensional representations of “behavior space” from behavior features derived from SLEAP-

tracked mouse posture dynamics (extended from Willmore et al. 2022). To induce shifts in 

hormone state, mice undergo GDX and experiments are repeated in the same mice. Our data 

show that GDX of males and females flattens observed sex variability in low dimensional 

behavior space. Specifically, we find that loss of gonadal hormones increases the similarity 

between male and female behavior towards male partners in their homecage and towards female 

partners in the partner’s cage. In addition, we record neural activity from hormone-sensitive 

populations in 11 regions of the SBN using dual-color multisite photometry simultaneously from 

Esr1+ and Esr1- populations (regions: Tenia Tecta, Lateral Septum, Medial Preoptic Area, Bed 

Nucleus of the Stria Terminalis [BNST], Anterior Hypothalamus, Ventrolateral Ventromedial 

Hypothalamus [VMHvl], Medial Amygdala, Arcuate Hypothalamus, Ventral Premammillary 

Hypothalamus [PMv], Posterior Amygdala, and Lateral Periaqueductal Gray [lPAG]). Overall, 

we find that GDX reduces coordinated activity and changes lead-lag relationships between SBN 

nodes in a brain region-, partner-, and context-specific manner. These data suggest that gonadal 

hormones enable cross-talk between regions in this network, creating behavior-specific 

subnetworks. 
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Abstract: How songbirds acquire and maintain songs has served as an important model for 

sensory-guided fine motor skill learning. Much is known about neural circuits mediating this 

learning, but less is known about how muscles of the syrinx (avian voice box, analogous to 

larynx) are optimized for song production. Here we leverage the profound sexual dimorphism in 

the zebra finch: males produce intricate songs; females do not. We hypothesized that motor and 

sensory connections in male syringes would be fundamentally different from females, reflecting 

this dimorphic behavior. We analyzed adult male and female syringes (n=3 each) using 

immunofluorescence for motoneurons (neurofilament-m), neuromuscular junctions (NMJs; α-

bungarotoxin), muscle fiber type (Fast vs Superfast; MY-32), and sensory afferents (Substance 

P), measuring NMJ area, class (stronger en plaque “enPl” vs weaker en grappe “enGr”), 

proportions across muscle types, and relationship to muscle diameter. We identified an 

impressive sexual dimorphism – males have larger, primarily enPl NMJs, while females have 

vastly more small enGr NMJs (p<1E-25; ANOVA). The difference is not seen in control non-

vocal muscles (p=0.69; ANOVA), indicating a clear and specific sexual dimorphism in vocal 

muscles. NMJ area scales with muscle fiber size for enPl NMJs regardless of sex (R2=0.65; 

regression), but enGr NMJs primarily appear on smaller muscle fibers (p<1E-11; ANOVA). 

Females have a greater proportion of Fast than Superfast muscle fibers relative to males (p<1E-

20; ANOVA), where enGr NMJs are biased to appear (p<1E-4; χ2). enPl NMJs in both sexes 

organize into motor endplate bands, centered slightly posterior, while enGr NMJs are more 

spatially distributed – a classic sign of multiple innervation (multiple motoneurons innervating 

one NMJ). In marked contrast, sensory afferents distribute similarly between sexes (p=0.78; 

ANOVA), primarily in epithelia and muscle insertions, though also within muscles and nearby 

NMJs. Preliminary data indicates these sensory fibers may contain mechanosensitive Piezo2, a 

potential mechanism of sensory feedback from the syrinx (where muscle spindles have never 



been found). Thus we conclude that while motor neuron connectivity correlates with sexually 

dimorphic behavior, sensory innervation does not. Recent work suggests song is actively 

repressed in zebra finch females, and we postulate these female-biased enGr NMJs on the 

smaller and weaker muscle fibers might be an anatomical correlate of that repression. This data 

supports the value of considering sex as a biological variable (SABV) for rigorous inquiry, as 

sexual dimorphisms are not always as obvious as we initially think. 
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Abstract: Primates including humans and monkeys have a varied diet in the wild. Their diet 

selection is dictated by the desirability of food items, how much the items are valued, and the 

availability of food items, how readily accessible the items are. To make these decisions, 

primates learn to associate the stimulus properties of food items, such as color, texture, and 

number, with the subjective value experienced by selecting and consuming them. The neural 

circuits that govern this choice include the lateral prefrontal cortex (LPFC), one of a range of 

prefrontal areas that have undergone extensive expansion in the primate clade. Imaging, lesion, 

and electrophysiological evidence suggests a key role for LPFC in representing rules, stimulus-

action-outcome representations to guide behavior that encode reward probabilities and must be 

updated when the environment changes. This function has never been tested in an unconstrained 

primate model. Here, we report on a project to wirelessly record LPFC activity while nonhuman 

primates forage in an unconstrained environment. Primates are offered a choice between two 

patches with varying food identity (different nuts: peanuts or pecans; peanuts are more caloric 

than pecans per cup) and density (different surface areas). Future trials will feature different 

numbers of nuts and a greater range of nut identities. These manipulations orthogonalize the 

availability and desirability of reward. Three primates have performed the behavioral task, one 

with simultaneous neural recordings in LPFC. All three primates showed a side bias. M1 finished 

all nuts from both patches on every trial, M2 finished peanuts on 9/9 trials but pecans on 7/9 

trials, and M3 finished each nut on 1/3 trials. Next steps include analysis of simultaneously 

recorded neurophysiology data to examine coding for patch choice in LPFC during diet 

selection. These preliminary data suggest that unconstrained primates may be sensitive to the 



caloric content of different nuts, establishing the viability of our design, and this preference may 

be present in LPFC activity recorded during free behavior. 
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Abstract: Objective: The weak link between subjective symptom-based diagnostic methods for 

post-traumatic psychopathology and objectively measured neurobiological indices forms a 

barrier to the development of effective personalized treatments. In response, recent studies aimed 

to stratify psychiatric disorders by identifying consistent subgroups based on objective neural 

markers. Along these lines, a promising study by Stevens et al. (AJP, 2021) identified distinct 

brain-based biotypes associated with different longitudinal patterns of post-traumatic symptoms. 

Here, we conducted a conceptual non-exact replication of this work, using a comparable dataset 

from a multimodal longitudinal study of recent trauma survivors. 

Methods: A total of 130 participants (age=33.61±11.21 years, 48% females) admitted to a 

general hospital emergency department following traumatic exposures underwent demographic, 

clinical, and neural assessments at 1-, 6-, and 14-months post-trauma. All analyses followed the 

pipeline as outlined in the original study and in collaboration with its authors. 

Results: Task-based functional MRI obtained one-month post-trauma identified four clusters of 

individuals based on profiles of neural activity reflecting threat and reward reactivity. These 

clusters were not similar to the previously identified brain-based biotypes and were not 

associated with prospective symptoms of post-traumatic psychopathology. 

Conclusions: We demonstrate that slight variations in the studied population or behavioral tasks 



can critically impact the replicability of brain-based biotypes and their association with clinical 

outcomes. Thus, caution is warranted when attempting to define subtypes of psychiatric 

vulnerability using neural indices before treatment implications can be fully realized. Future 

replication studies are needed to identify more stable and generalizable neuroimaging-based 

biotypes of trauma resilience and psychopathology. 
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Abstract: Computational mechanisms underlying biases in estimation of uncertainty in 

generalized anxiety 

Anxiety disorders have been linked to problems in processing uncertainty, which influences 

decision making and learning. Previous research has stressed the importance of uncertainty for 

controlling the speed of learning, and how such control depends on the learner inferring the noise 

properties of the environment, especially volatility (i.e. the speed of change) and moment-to-

moment stochasticity. However, modeling work in computational neuroscience and psychiatry 

has neglected stochasticity and focused on estimation of volatility. Consequently, this line of 

work has suggested that anxiety is linked to problems in estimating volatility, but neglected 

potentially confounding effects of stochasticity. Here, we argue that anxiety is primarily related 

to problems in estimating stochasticity. We first present a new computational model of anxiety 

that is built on our recent theoretical work: a Bayesian account that infers both volatility and 

stochasticity simultaneously from experiences (Piray and Daw, 2021). We then introduce a new 

task that systematically manipulates both volatility and stochasticity. We show that human 

subjects (n=223, 134 women, age=29.1±10.4) adjust their learning rate according to theoretical 

expectations simulated by the model. We further present preliminary data in healthy human 

subjects, which shows that trait anxiety (GAD-7: (Spitzer et al., 2006)) is selectively associated 

with deficient estimation of true stochasticity in the environment. These results shed light on 

computational mechanisms underlying learning in anxiety. Moreover, the task and the modeling 

approach are also potentially useful for studying reinforcement learning and decision-making 

problems seen across various psychiatric disorders. 
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Abstract: Anxiety is thought to alter value-based learning and decision making, yet its 

effectsremain unclear. Previous studies have assessed these processes by both taskperformance 

and post-task preferences, which contributes to the mixed literature.Furthermore, nuances in 

behavioral flexibility, or switching between habitual and goal-directed decisions, affected by 

anxiety would be lost in these measurements. Here wecombine learning in the absence of 

decision, decision in the absence of learning, andboth together to disentangle features of learning 

performance, post-learning preference,and learning flexibility. Since anxiety may also 

differentially bias learning in a valence-dependent manner, we include both rewarding and 

punishing outcomes. Thus, theobjective of this proposal is to understand how expectations of 

rewards andpunishments are learned, how these values guide decision-making, how they 

areflexibly adapted under changing contingencies, and how processes are modulated bystate and 

trait anxiety. To do this, we developed a novel three-part task consisting ofpassive probabilistic 

learning, decision making, and active reversal learning.102 menand women were recruited on 

Amazon Mechanical Turk and completed the task inaddition to a series of behavioral surveys. 

Anxiety as measured by the State-TraitAnxiety Inventory (STAI) averaged a state anxiety score 

of 38.9 ± 12.6 and a traitanxiety score of 40.1 ± 11.9. Our preliminary model-free analyses 

demonstrate negativeassociations between acquisition strength of cue-outcome associations and 

state andtrait anxiety during initial learning, while similar associations were found solely in 

theloss domain following reversal learning. We also use two types of reinforcementlearning (RL) 

models for granulated analysis of learning parameters for each participantwhile accounting for 

behavioral tendencies such as perseveration. Together, these dataprovide novel insights into the 



basic processes of value computation for gains andlosses and the contribution of state and trait 

anxiety. 
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Abstract: Stressor exposure is common in daily life where decisions involving uncertainty are 

made, yet the effects of stress on such decisions are equivocal across the literature. One reason 

for this is because research rarely dissociates between decisions involving risk (known outcome 

probabilities) and those involving ambiguity (unknown probabilities). Stress is thought to render 

appraisals of ambiguity more negative, but little work has examined if real-world stressor 

exposure differentially affects decisions involving risk vs. ambiguity. To quantify risk and 

ambiguity tolerance, we used a standard economic approach where participants made 240 binary 

choices between a certain gain ($5) and a lottery where they could win $0 or more money. 

Critically, the probability of winning was either stated explicitly (risk) or with some degree of 

ambiguity. In Study 1 (n=51, Mage=25.9), participants completed the task and returned a week 

later to repeat the task after undergoing either an acute stress induction (Cold-Pressor Task) or a 

match control task. In Study 2 (n=58, Mage=25.7; in-lab) and Study 3 (n=188, Mage=39.81; 

online), we used the Stress and Adversity Inventory for Adults to comprehensively measure 

cumulative lifetime stressor exposure after the decision-making task was complete. In Study 1, 

we observed no between- or within-group effects of acute stress exposure on risk or ambiguity 

tolerance. In Study 2, lifetime stressor count was negatively correlated with the proportion of 

ambiguous lottery choices individuals were willing to accept (r = -0.33, p = 0.01). In contrast, no 



relation emerged for risky choices (r = 0.002, p = 0.98). These ambiguity-selective effects were 

replicated in a subsequent online study (Study 3) using linear regression while controlling for 

age, gender, income and mental health (ß = -0.25, SE = 0.011). Thus, while a single exposure to 

an acute stressor did not affect economic tolerance for risk or ambiguity, participants 

experiencing greater stressor exposure over the lifetime revealed higher aversion to ambiguity 

(but not risk). Our findings suggest that cumulative exposure to acute stressors may foster 

adaptions based on experience that inform future decision-making. 
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Abstract: Posttraumatic stress disorder (PTSD) is linked to altered pain perception, specifically 

with increased pain detection threshold and enhanced pain response. While pain encompasses 

both physiological and affective elements, the latter is often overlooked. The “increased 

detection threshold-increased response pattern” is also apparent in response to emotional stimuli, 

a phenomenon referred to as emotional numbing. Both emotional numbing and emotional 

aspects of pain are thought to converge in the amygdala. Here, we aim to investigate if the 

emotional processing of pain is correlated with emotional numbing symptoms during a fear 

conditioning task in PTSD. To that aim, we contrasted the response to the reinforced CS+ 

(CS+US) with the unreinforced CS+ in the amygdala in two independent samples of combat 

exposed veterans (N1:44, PTSD:20; N2:40, PTSD:20). To control for the physiological effects of 



pain, we used the insula, the most consistent locus of pain processing in the brain, as a control 

region. In both samples, the PTSD group showed robust reduction in the amygdala response to 

pain, compared to the combat controls (1: β = -.2; 89% HPDi = [-.4, -.02]; 2: β = -.16; 89% HPDi 

= [-.29, -.02]). This response was further positively correlated with emotional numbing (1: ϱ = -

3.6, 89% HPDi = [-6.1, -1.2]; 2: ϱ = -4.2, 89% HPD = [-8.7, -.00]). In contrast, we found no 

evidence of group difference in the insula response to pain or a correlation with emotional 

numbing. In conclusion, decreased amygdala activation to pain is linked to difficulty 

experiencing emotions (i.e., emotional numbing) in two independent samples of combat-exposed 

veterans. These findings suggest a common mechanism for numbing of pain and numbing of 

emotions in PTSD. 
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Abstract: We experience mood transitions in response to our environment all the time. These 

mood transitions influence our cognition and behavior, yet we do not know how the relative 

timing of past events shapes how we feel in the moment. Here, we investigated the relationship 

between the timing of previous experiences and mood by combining a novel closed-loop mood 

controller alongside computational modeling and neural data. 

Participants conducted a mood transitions task, where they gained or lostpoints. The number of 

points possible to win or lose during the game was programmed with an engineering-based 

controller (the Mood-Machine-Interface) to influence mood either upwards or downwards 

continuously. This method allowed us to individualize rewards in real-time and generate 

substantial mood transitions, across healthy as well as depressed, adolescents and adults. 

We found that early experiences have a larger effect on mood than recent ones, and that the 

longer one is exposed to a given context, the harder it is for new events to change mood. In 

addition, we found that neural activity at the ACC region underlies this influence of early 

experiences on mood. 

Overall, we show a computational model by which earliest events have the strongest effect on 

mood. Moreover, we present a closed-loop task for generating artificial mood transitions, which 



validates that the modeling results are not caused by adaptation. This provides a neuro-

computational account of mood regulation by early events and suggests new directions for 

individualized treatments for low mood. 
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Abstract: Anxiety disorders (AD) are highly prevalent in the elderly and are characterized by 

fear, nervousness, apprehension, and panic. These symptoms are thought to be associated with 

pathophysiological alterations in the central nervous system leading to functional impairment 

and reduced quality of life. First-line treatments have delayed actions and undesired side effects 

that result in treatment withdrawal and reduced therapeutic outcomes. Developing novel and 

effective therapeutic approaches for AD remains a challenge, partly due to the lack of consensus 

on potential biomarkers’ relevance and associations. Identification of biomarkers that precede or 



develop alongside the onset of AD may improve diagnostic and preventive strategies, and may 

reveal cognitive, behavioral, and pharmacological treatment targets. Here, we analyzed a panel 

of biomarkers associated with AD in a Brazilian cohort of elderly individuals including controls 

(N = 34, 71.12 ± 6.46 y/o, geriatric anxiety index [GAI] ≤ 9) and subjects with AD (N = 25, 

70.32 ± 6.68 y/o, GAI ≥ 10), either with or without dementia. We investigated CSF biomarkers 

and neuropsychological indices in this cohort using forward stepwise regression modeling. 

Demographic and cognitive parameters examined included sex, age, Rey auditory learning test – 

A7/A5 ratio, MMSE, geriatric depression scale (GDS), and body mass index (BMI). CSF 

biomarkers analyzed included BDNF, irisin, FABP3, FABP4, oxytocin, leptin, IL6, IL8, IP10, 

MCP1, MIP1b, RANTES, VEGF, ApoE(pan), ApoE4, ApoE4/ApoE, Ab40, Ab42, Ab42/Ab40, 

total tau, noradrenaline, L-dopa, DOPAC, dopamine, 5HIAA, HVA, serotonin, DOPAC/DA, 

HVADA, DOPAC/HVADA, 5HIAA/5HT, glutamate, glutamine, taurine, arginine, GABA, 

glutamate/GABA, glutamine/glutamate, glutamine/GABA, GABA/glutamate, Lipoxin A4, cys-

LT, LXA4/cys-LT. Plasma glycated hemoglobin, HDL, triglycerides and plasma irisin were also 

analyzed. Our results indicate that CSF BDNF and Lipoxin A4 are highly relevant for our model, 

and their levels are correlated in control subjects but not in AD patients. Reduced CSF BDNF 

and Lipoxin A4 were associated with AD (GAI score). The combination of these two biomarkers 

in a receiver operating characteristic analysis shows high sensitivity and specificity for AD. Our 

results suggest that BDNF and Lipoxin A4 are possible biomarkers for anxiety disorders in 

elderly patients with or without dementia. 
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Abstract: It is known that anxiety can impact attention control and that anxiety patients have 

trouble focusing attention. This deficit manifests in a variety of cognitive tasks, including 



working memory. Threat-related hypervigilance is a prominent symptom of clinical anxiety, 

cutting across multiple diagnoses, and this hypervigilance may be mediated by hyperactive 

orienting processes mediated by the intraparietal sulcus (IPS). In recent work, we have shown 

that threat of unpredictable shock increases both excitability and functional connectivity in the 

IPS, and that online 1 Hz rTMS reduces anxiety potentiated startle in healthy participants. 

Together these results point to the IPS as a key node for anxiety expression and attention control 

deficits, making it a prime target for neuromodulatory intervention. However, it is unclear how 

TMS to the IPS affects downstream regions important for the expression of fear and anxiety. To 

investigate this, we used interleaved TMS/fMRI during threat to understand how parietal 

stimulation affects the brain during periods of elevated anxiety. Subjects completed a version of 

the NPU task while brain activity was recorded with fMRI. The NPU threat task consists of 

Neutral, Predictable, and Unpredictable periods. During the neutral periods, subjects are not at 

risk for shock. During the predictable periods, subjects are only at risk for receiving a shock 

when there is a cue is on the screen. During the unpredictable periods, subjects are at risk 

throughout. In a typical version of the NPU task, subjects would receive bursts of white noise, 

designed to elicit a blink response. In the current version, these white noise presentations were 

replaced by single presentations of a 3-pulse 50 Hz TMS burst. We administered the TMS bursts 

to the right IPS during unpredictable threat, and recorded brain activity with fMRI. This 

interleaved TMS/fMRI study is ongoing, and we have 6 subjects with data from the IPS 

stimulation site. When we extract BOLD responses from the left IPS, a measure of down-stream 

activity, we find marginally greater TMS-evoked BOLD responses during the threat periods 

compared to the safe periods. These results show the feasibility of targeting the IPS during the 

fMRI session. However, these results should be considered preliminary results due to the small 

sample size (N = 6). Although preliminary, these results show that unpredictable threat increases 

inter-hemisphere communication, which is possibly driven by parietal hyperexcitability. These 

results suggest that it may be possible to develop clinical trials using inhibitory TMS protocols to 

reduce anxiety and improve attention control in anxiety patients. 
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Abstract: Ever since the emergence of the Pavlovian threat conditioning paradigm 100 years 

ago, it has been suggested that extinction of conditioned threat responses could be enhanced by 

coupling conditioned stimuli to rewards. Both clinical and experimental work has shown that this 

form of rewarded extinction, known as counterconditioning, can indeed enhance extinction 

learning. While the neurocognitive mechanisms underlying counterconditioning are largely 

unexplored, previous studies suggest qualitatively different mechanisms from regular extinction. 

In this functional MRI study, we compared neural mechanisms underlying counterconditioning 

and regular extinction in a between-subjects design (N=48), and investigated their efficacy in 

preventing spontaneous recovery by assessing physiological threat responses, valence and 

arousal ratings, and recognition memory. All participants underwent differential categorical 

threat conditioning, in which CS+s were reinforced by mild electrical shock. Subsequently, half 

of participants underwent regular extinction through repeated exposure to unreinforced CS+s. 

The other half underwent counterconditioning: repeated exposure to CS+s integrated with a 

monetary incentive delay (MID) task, in which participants obtained rewards by responding to 

targets superimposed onto category exemplars. MID tasks are known to reliably engage 

mesolimbic reward pathways, including nucleus accumbens. Recovery of differential 

conditioned threat responses was assessed the next day. We indeed observed spontaneous 

recovery of pupil dilation responses after regular extinction, but not after counterconditioning. 

Interestingly, counterconditioning not only strengthened recognition memory for CS+ exemplars 

presented during counterconditioning, but also retroactively strengthened recognition memory 

for CS+ items from the threat conditioning phase. In line with earlier work, the ventromedial 

prefrontal cortex (vmPFC) was progressively more activated over the course of regular 

extinction learning. By contrast, participants undergoing counterconditioning showed persistent 

CS+-specific deactivations in the vmPFC and hippocampus, as well as activation of the nucleus 

accumbens. This indicates that counterconditioning may yield stronger safety memory retention 

via a neural mechanism that is qualitatively different from regular extinction. Our findings of 

decreased engagement of (ventromedial) PFC furthermore suggest that counterconditioning may 

be particularly effective in treatment of fear-related disorders that are associated with 

dysfunctions in this brain region. 
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Title: Heightened dorsal amygdala activation during acute defensive reactions predicts 

development of trauma-related symptoms: a prospective study 
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Abstract: Humans show large inter-individual differences in resilience for developing stress 

symptoms after trauma exposure. This has rendered the identification of neurocognitive risk 

markers for post-traumatic stress symptoms (PTSD) an important objective, especially for high-

risk professions. Therefore, well-powered prospective studies are much needed. Previous 

evidence and theoretical models point to exaggerated acute responses to threat as vulnerability 

marker for long-term trauma development. We tested for the first time whether neural signatures 

during various stages of the acute defense cascade predict early PTSD symptom development. In 

a well-powered study (N=214), we investigated police recruits at the beginning of their police 

training and 16 months after their first emergency aid services. We combined functional 

magnetic resonance imaging (fMRI), heart rate, and posturographic measurements (outside the 

MRI) while police recruits performed a shooting task under threat of shock. This task was 

previously shown to elicit a switch from freezing to defensive action (Hashemi et al. 2019). We 

found that heightened dorsal amygdala activations across different stages of defensive reactions 

predicted later developed PSTD symptoms (increase in PCL-5 scores from baseline to follow-up) 

after exposure to traumatic events. These findings suggest that initial dorsal amygdala 

upregulation, which controls a cascade of defensive reactions, confers risk of developing trauma 

symptoms after trauma exposure. Therefore, downregulating dorsal amygdala hyperactivity may 

be considered as a potential prevention target. 
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Abstract: Research has shown that fear memories transform over time. However, there is 

ongoing debate on how memory representations in the brain change over time and how this 

relates to memory quality. Theories suggest that memories become less accurate as they 

transform from specific, hippocampus-dependent, toward more gist-like, neocortical 

representations. It remains unclear how this process may be different for fear memories. Using a 

fear conditioning paradigm with unique exemplars of two categories (CS+/CS-: animals/objects), 

two spatial contexts as occasion setters (threat and safe), and two different test intervals (1 day 

vs. 21 days), we investigated long-term changes in fear memory quality. Fifty-three participants 

(27 female, 26 male) completed fear acquisition (75% reinforcement), and a fear retrieval and 

item (CS+, CS- exemplars) memory recognition test after 1d (N=26) or 21d (N=27). Functional 

MRI data, shock expectancy ratings, skin conductance (SCRs) and pupil dilation responses 

(PDRs) were acquired. Analyses of expectancy ratings, SCRs and PDRs showed successful and 

context-specific fear acquisition. Specifically, responses to CS+ compared to CS- items were 

larger in the threat vs. the safe context (all F>36, all p<.001). Item recognition memory 

performance (d’) was higher for CS+ vs. CS- items (F=5, p=.03), and lower after 21d vs. 1d 

(F=34, p<.001). This memory performance decrease over time was caused by a lower hit rate for 

CS- items (t=5,p<.001), whereas for CS+ items, specifically the false alarm rate was higher (t=-

2,p=.03). This is in line with a more liberal response bias for CS+ vs. CS- items after 21d (t=-3, 

p=.02). The fMRI data showed stronger vmPFC activation for CS+ false alarms vs. hits after 21d 

vs. 1d (t=4, cluster pFWE-corr=.003) during the item memory recognition test. This suggests that 

more generalized memories for CS+ items over time more strongly recruit the vmPFC. In line 

with this, preliminary findings show stronger activation of general category-processing regions 

over time (fusiform gyrus: t=5, cluster pFWE-corr < .001). Follow-up analyses will examine time-

dependent changes in activation of category-specific processing regions, which we identify 

individually using a category-based functional localizer task. In sum, for safe stimuli (CS-), 

memory strength decreases over time (less hits), whereas for threat stimuli (CS+), memory 

specificity decreases over time (more false alarms, more liberal response bias, stronger vmPFC 

activation). These findings suggest that for threat compared to safe memories, the time-

dependent incorporation into neocortical networks is accelerated, resulting in more generalized 

memories. 
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Abstract: Medial temporal lobe structures, particularly the amygdalae, are thought to upregulate 

cortical processing of emotional visual stimuli. Therefore, amygdala loss should reduce 

commonly observed emotion enhancements in visually evoked event-related potentials (ERPs). 

Assuming hemispheric specializations for face and language processing, such reductions may be 

hemisphere- or stimulus-specific in people with unilateral amygdala damage. Therefore, we 

investigated the impact of left (lTLR) and right (rTLR) unilateral anteromedial temporal lobe 

resections including the amygdala on event-related potentials (ERPs) during attentive viewing of 

fearful and neutral faces as well as negative and neutral words. We also assessed appraisal of and 

recognition memory for the stimuli. Stimulus appraisals and recognition memory did not differ 

between lTLR (N=17) or rTLR (N=19) groups and healthy controls (N=20). During both face 

and word processing, the rTLR group lacked the emotion enhancement in the P1 component (75-

125 ms) found in the other groups. In the N1 (120-180 ms) all groups showed emotion 

enhancements for face processing. They were largest and bilateral for lTLR patients, left-

lateralized in rTLR patients and right-lateralized in the controls. For words, only lTLR patients 

showed an N1 emotion enhancement. In the early posterior negativity (EPN: 200 – 400 ms) all 

groups showed emotion enhancements for both faces and words which were particularly large in 

lTLR patients. For faces, EPN was large and bilateral in lTLR, right-lateralized in controls and 

left-lateralized in rTLR patients. For words, EPN was bilateral in lTLR but left lateralized in 

controls and rTLR. In the late positive potential (LPP: 400 – 800 ms), emotion enhancements 

were found across groups for both faces and words. They were most pronounced in lTLR 

patients. This pattern of ERP effects indicates that the right medial temporal lobe, including the 

amygdala, critically contributes to rapid emotion processing in both faces and words. Its 

resection abolishes early (P1) and shifts mid-latency processing (N1, EPN) processing to the 

contra-lesional side. The left medial temporal lobe plays a more pronounced role in sustained 

emotion processing and likely also in emotion regulation since its resection results in larger and 

more bilateral ERPs than normal. Data specify bilateral interactive processing of emotion in 

words and faces and underscore that multiple mechanisms contribute to emotion processing, 

resulting in largely normal behavioral performance after unilateral loss. This work helps specify 

neural mechanisms underlying the commonly seen emotion enhancements in vision. 
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Abstract: The neural computations underlying perceptual decisions have been inferred from 

single neuron responses averaged over many decisions. These endeavors have provided support 

for the deterministic rise in activity to a termination bound, predicted by drift-diffusion models 

of decision making. However, such averaging over many decisions (experimental trials) 

suppresses the stochastic, diffusion component of the decision variable that is thought to confer 

variability in both choice and reaction time. To assess diffusion on single trials, we used a 

nonhuman primate optimized version of Neuropixels probes to record from hundreds of neurons 

simultaneously in the lateral intraparietal area (LIP) of monkeys as they made decisions about 

the net direction of random dot motion. 

These large-scale Neuropixels recordings furnish an estimate of the signal that gives rise to 

choice and reaction time on single decisions. We identified a subset of neurons, previously 

studied singly, that had response fields overlapping the contralateral choice target (Tin neurons). 

We found that the average firing rate of these neurons on single trials represents a combination 

of deterministic drift and stochastic diffusion—the integral of noisy evidence—and this signal 

explains much of the variability in choice and reaction times. A drift-diffusion signal is also 

identified by several supervised and unsupervised dimensionality-reduction methods applied to 

the full neuronal state space. We show that this signal is redundant with, and depends on, the 

activity of Tin neurons. Despite this redundancy, the dimensionality-reduction methods do not 

identify the distinct contribution of Tin neurons and would therefore not detect the spatially-

organized structure of the population, absent a clear hypothesis. The results provide direct 

support for the hypothesis that a drift-diffusion signal is the quantity responsible for the 

variability in choice and reaction time, and they highlight important limitations of data-driven, 

neural state-space approaches. 
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Title: The neural encoding and causal contributions of FEF, LIP, and SC to rapid categorical 

decisions 
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Abstract: Our ability to rapidly categorize incoming stimuli is an essential cognitive process that 

imbues our world with meaning and guides our behavior. Here, we designed an urgent saccade-

based, motion categorization task where the monkey is presented with a random dot motion 

stimulus and must saccade to a color target corresponding to a learned motion category. During 

task performance, we recorded populations of neurons using up to six linear microelectrode 

arrays (Plexon V-Probes) simultaneously targeting the lateral intraparietal area (LIP), frontal eye 

field (FEF), and superior colliculus (SC). On average, each session yielded around 50 well-

isolated single units from each area. Using linear support vector machines, we found that the 

population responses of each area reliably encoded task information such as the category 

identity, target configuration, and saccade direction prior to saccade onset. However, the 

magnitude and latencies of encoding were very similar in each population. To distinguish their 

contributions to rapid categorical decisions, we reversibly inactivated each area with muscimol 

while we simultaneously recorded the other two areas with linear arrays. We also used two 

stimulus-target configurations such that either the motion stimulus or a saccade target was placed 

in the inactivated visual field (IF). When the motion stimulus was presented in the IF, we found 

significant behavioral deficits after inactivating each area, with the strongest accuracy deficits 

associated with FEF and SC inactivation. When a saccade target was presented in the IF, we only 

found significant behavioral deficits during FEF and SC inactivation. Consistent with these 

behavioral deficits, we also found a reduced magnitude and delayed latency of encoding in the 

population responses of other areas after inactivation. Our results suggest that FEF and SC play a 

causal role in both motion categorization and target selection during this rapid categorization 

task, whereas LIP is more engaged in the categorization of motion stimuli rather than saccade 

planning. Ongoing analyses aim to quantify communication subspaces between areas to measure 

the magnitude and directionality of interactions between each area and test whether these 

interactions change after inactivation. 
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Abstract: The development of high volume, and multi-region neural recordings have made 

possible recent algorithmic descriptions of neural computations, especially in the areas of 

perception and decision making. Most frequently, neural population activity is summarized using 

dimensionality reduction techniques, reducing high-dimensional time series into low-

dimensional trajectories. Making sense of these trajectories and what they say about the 

computations that a network performs has posed a challenge to the systems neuroscience 

community. 

Here, I describe an approach to characterizing what these trajectories say about their 

corresponding computational roles by quantifying the dimensionality of shared functional 

subspaces. First, I describe a new test statistic, the effective number of shared dimensions 

(ENSD), which is a measure of shared variability between two matrices. I show that this statistic 

can identify the dimension of shared subspaces of variability, such as the “communication 

subspace” between two populations, without explicit modeling fitting. I then show that this 

metric can similarly identify the dimensionality of shared computational spaces, such as the 

encoding subspaces of sensory evidence and choice in a neural population. I use this method, in 

conjunction with a new data analysis method that generalizes model-based targeted 

dimensionality reduction; a combination of regression and dimensionality reduction that allows 

for demixing of the effects of different task variables on the activity of neural populations. Using 

these two approaches, I identify “computational subspaces”, that is a computational annogue of 

the communication subspace between two regions. 
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Abstract: A long-standing question in systems neuroscience is whether neurons can be classified 

into categories according to their response property. The importance of addressing this question 

grows with the development of large-scale neural recording techniques and algorithms for 

understanding population activity. When a neural population is category-free, the features of 

population response are randomly distributed across neurons. This confers the flexibility of using 

the same neurons in different ways. Category-free encoding has been observed in the rat 

posterior parietal cortex. The encoding strategy for frontal areas and striatum is unresolved.To 

further address this question, we recorded electrophysiological signals in secondary motor cortex 

(M2) and striatum with Neuropixels probes. The activities of 180 M2 neurons and 340 striatum 

neurons were measured in 6 rats trained to do a two-alternative multisensory decision-making 

task. Neurons in both regions showed selectivity to multiple task variables, such as choice, 

sensory modality, and choice history. Our analyses suggested that a significant fraction of 

neurons encode more than one variable, that is, they have mixed selectivity. We next applied 

linear regression to measure the task-variable-encoding weights of each neuron. Clustering tests 

found no cluster in either the firing rates or the regression weights of the neurons. Projection 

angle index of response similarity analysis (PAIRS) further showed that the neuronal activity is 

largely category-free. These results indicate that the neurons in M2 and striatum are category-

free in terms of information encoding. Overall, we propose that, during multisensory perceptual 

decision making, the neurons in M2 and striatum have mixed selectivity to multiple task 

variables and are category-free. This result expands our understanding of how the information is 

encoded in M2 and striatum at population level. It also constrains the models of M2/striatum 

activity. 
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Abstract: During navigation in dynamic environments, an animal adaptively incorporates 

sensory information into a plan to guide its movements. The neural underpinning of this behavior 

must integrate sensory processing, navigation planning, and motor execution, and furthermore 

adapt the rules governing their integration based on experience. Here we investigated the 

organizing principles of neural representations in mouse posterior cortex during dynamic 

navigation decisions. We used two-photon calcium imaging to densely sample activity from 

large populations of layer 2/3 neurons across posterior cortex in mice performing a virtual 

navigation task based on rule switches. We analyzed the distribution of single-neuron encoding 

of various sensory, motor, and cognitive variables across multiple areas. We found that, while 

average encoding was quantitatively distinguishable between areas, representations were highly 

distributed across cortical space. Neural encoding in posterior cortex was well-described with 

three spatially distinct gradients for visual cue, spatial position plus choice, and locomotion, with 

peaks in primary visual cortex, retrosplenial cortex, and posterior parietal cortex, respectively. 

Next, we compared the conjunctive structures of single-neuron encoding and the population 

geometry of neural representations for multiple variables across areas to test whether these areas 

specialize in the ways they combine different variables to serve distinct computations. 

Surprisingly, all areas combined variables similarly instead of creating unique conjunctions of 

variables, resulting in a high-dimensional, complex representation of variable conjunctions 

shared across areas. We propose that for navigation posterior cortical areas are functionally 

organized not in a hierarchy but in parallel, where areas are specialized to handle streams of 

information for distinct modalities but work coherently to synthesize a general-purpose state 

representation of the environment and behavior that can guide dynamic navigation decisions. We 

are currently analyzing layer 5 neurons to see if similar organizing principles apply, as well as 

comparing the encoding in projection pathways to understand whether posterior cortical areas 

convey similar conjunctive representations to different downstream targets including anterior 

cingular cortex, orbitofrontal cortex, and striatum. 
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Title: A general framework for modeling neural dynamics during decision-making with 

extensions to neural populations 
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Abstract: Characterizing the single-trial dynamics of neural activity during decision-making can 

help identify the mechanisms used to make decisions. In particular, directly incorporating 

decision-making theories into statistical models of neural dynamics both provides a quantitative 

test of how well a proposed theory explains neural responses and enables model comparison 

between alternative decision-making processes. However, current approaches are limited in the 

number of decision-making models that can be fit to neural data. Here we propose a recurrent 

switching dynamical systems framework for modeling neural activity during decision-making. 

The framework includes the canonical drift-diffusion model and enables extensions such as 

multi-dimensional accumulators, variable and collapsing boundaries, and discrete jumps. We 

demonstrate our approach in simulation and with two proof-of-concept analyses performed on 

recordings of parietal cortex neurons during motion-direction discrimination tasks. First, we 

found that a set of six simultaneous recorded neurons were better described by two-dimensional 

accumulation rather than one-dimensional accumulation. Next, we identified a variable lower 

decision-boundary in the responses of a parietal cortex neuron. Notably, our approach also 

enables adapting the decision-making dynamics models to neural populations with a variety of 

model extensions. We conclude by proposing non-accumulation dimensions to capture dynamics 

not directly related to the decision-making process and temporal filters on inputs, among other 

extensions. We expect this framework will be useful for modeling neural dynamics in a variety 

of decision-making settings. 
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Abstract: Decisions based on noisy evidence are well described using a framework in which 

momentary evidence is integrated over time through a latent “decision variable” (DV; i.e., the 

accumulated evidence). While it is appreciated that the DV changes over the course of each 

decision, the neural representation of the DV is widely assumed to be fixed. However, it is 

unclear whether the representation changes within a single decision, and whether the change is 

deterministic or stochastic. To address this uncertainty, we carried out Neuropixels recordings in 

dorsomedial frontal frontex (dmFC) of rats while they made auditory decisions. Optogenetic or 

chronic perturbations concurrent with our recordings show dmFC to be causally involved in 

evidence accumulation. We developed a new model that quantifies deterministic changes in the 

encoding as neuron-specific time courses of coupling weights that do not vary across trials, and 

quantifies stochastic changes as state-dependent transitions in the degree of coupling of the entire 

population to the DV. The model leverages the simultaneity in our spike trains to concurrently 

infer the dynamics of the DV and its encoding. We found that dmFC neurons differ in their 

encoding dynamics and tend to be most sensitive to the DV at the beginning of the decision. 

Moreover, model comparison rejects stochastic coupling to the DV. Together with similar 

findings from striatum and motor cortex, our results indicate that the neural subspace 

representing the DV changes deterministically over the course of a decision. Other cognitives 

variables may also be represented by neural subspaces that change over the course of a behavior. 
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Title: Dynamic task-belief flexibly modulates decision-related information 
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Abstract: Natural decisions involve two conceptually hierarchical processes: 1) inferring the 

most relevant task to perform in an uncertain environment (task belief / confidence), and 2) 

making a decision on the believed-relevant task (decision-making). Traditionally, the two 

cognitive processes have been studied as separate cognitive functions, mostly in research on 

task-switching and perceptual decision-making. Here we present multiple lines of evidence from 

monkey electrophysiology, human psychophysics, and artificial neural networks to demonstrate 

how the confidence about the relevance of a task and the confidence of perceptual decisions in 

the respective task are mutually dependent. We designed a behavioral task for monkey and 

human subjects to easily measure and manipulate the subjects’ belief about the relevant task 

while they make perceptual decisions. Concurrent neuronal recordings in monkey cortical areas 

7a and V1 allowed trial by trial decoding of task and perceptual information, respectively. From 

behavioral and neuronal data, we found that more confident belief of the relevance of a task is 

associated with better perceptual performance on the task. Inspired by these results, we proposed 

a possible mechanism that selectively maintains information depending on the belief about its 

behavioral relevance. Computational modelling with recurrent neural networks shows that the 

stability at which perceptual information is represented over time scales with the confidence that 

the information is behaviorally relevant. The model leads to a number of testable behavioral and 

neuronal predictions which are confirmed by further behavioral data from humans and neuronal 

results from monkeys. On the other hand, we also showed that trial to trial fluctuations in 

perception can, in turn, affect how task-belief is updated. Overall, these results show that task 

belief and decision making belong to one integrated system distributed across multiple brain 

areas. Such a system should be studied as a whole to reach a more holistic understanding of 

cognitive flexibility and decision-making, in both health and disease. 

Disclosures:  C. Xue: None. S. Markman: None. R. Chen: None. L. Kramer: None. M.R. 

Cohen: None. 

Nanosymposium 

105. Neuronal Mechanisms of Decision Making 

Location: SDCC 5 

Time: Sunday, November 13, 2022, 8:00 AM – 11:30 AM 

Presentation Number: 105.09 

Topic: H.03. Decision Making 

Support: HHMI 

R01NS113113 

T32EY013933 

F31EY032791 



Title: A threshold mechanism in the primate superior colliculus for terminating perceptual 

decisions 

Authors: *G. M. STINE1, E. M. TRAUTMANN1, D. JEURISSEN1, M. N. SHADLEN1,2;  
1Columbia Univ., Columbia Univ., New York, NY; 2HHMI, New York, NY 

Abstract: Many decisions are formed by accumulating evidence until there is enough to commit 

to a choice. When decisions are communicated with an eye movement, neurons in the lateral 

intraparietal area (LIP) represent the accumulation of evidence. It has long been hypothesized 

that downstream areas terminate the decision process when LIP activity reaches a threshold 

level. We recorded from neurons in the superior colliculus (SC), a primary downstream target of 

LIP, while monkeys performed a reaction-time, motion discrimination task. Simultaneously, we 

recorded from hundreds of LIP neurons using Neuropixels probes optimized for use in non-

human primates. We identified a subpopulation of LIP neurons with spatial selectivity that 

matched that of the SC neurons, allowing access to ensemble firing rates from LIP and SC on 

single trials.  

Single-trial analyses revealed distinct computations in LIP and SC that were not evident in trial-

averaged data. We found that single-trial activity in LIP reflects drift-diffusion dynamics, as 

previously inferred. In contrast, single-trial dynamics in SC manifest as quiescence and bursts—

one immediately before the saccade, preceded by smaller, non-saccadic bursts on 10% of trials. 

Analysis of LIP activity aligned to SC bursts suggests that SC bursts are the result of a threshold 

computation, involved in terminating the decision, that is applied to the combination of the LIP 

firing rate and its derivative. 

We confirmed this hypothesis by focally inactivating SC with muscimol. The combined effect of 

SC inactivation on the monkeys’ choices and reaction-times is diagnostic of an impaired 

threshold mechanism for committing to a contralateral choice. Recordings in LIP during SC 

inactivation further support this interpretation. SC inactivation prolonged the build-up of activity 

such that higher LIP firing rates were required to commit to a contralateral choice. The results 

demonstrate modular computation in two interconnected brain regions and reveal a neural 

implementation of the decision threshold predicted by sequential-sampling models of decision 

making. 
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Abstract: Neuroscientists have long assumed that a behavioral strategy remains fixed once 

animals reach expert levels of task performance. With the development and application of 

behavioral models to detect rodent decision-making strategies, we now appreciate that decisions 

are governed by multiple underlying strategies, or states, that are present within a single training 

session. However, little is known about the neural underpinnings of these decision-making states, 

and the behavioral features associated with them. 

These behavioral states are typically thought to be latent. However, we find that uninstructed 

movements lend a great deal of insight into behavioral state. Using DeepLabCut (DLC) to label 

the position of 28 body parts, we compute the “task-independent variance” (TIV): the variance in 

DLC labels remaining after task-related movement information is removed via regression. TIV is 

inversely correlated with task performance. Additionally, we fit a generalized linear model-

hidden Markov model (GLM-HMM) to estimate behavioral states. Although the GLM-HMM 

only makes use of stimulus information and the mouse’s decision, we find a robust correlation 

between the GLM-HMM state predictions and TIV. This indicates that behavioral states, 

previously assumed to be latent, are observable in movement data. To examine cortex-wide, 

state-dependent changes in neural activity, we compared neural activity from widefield imaging 

corresponding to different behavioral strategies. We find increased baseline activity in secondary 

motor and retrosplenial cortex when animals are actively engaged in the task versus when they 

are biased and disengaged. During trial initiation and stimulus presentation, the engaged state 

shows increased activity in frontal areas, however, during the conclusion of the trial, the engaged 

state is characterized by increased activity in parietal and posterior regions when compared to 

disengaged states. 

Taken together, these observations suggest that behavioral strategies can be inferred from task-

independent movements, and that the neural signature of behavioral state varies across time and 

space. It is unclear what drives these differences in activity, since behavioral state is collinear 

with many variables, such as reward, pupil size, and movement. Thus, future work will focus on 

identifying the source of state-dependent activity differences. Understanding the neural 

underpinnings of behavioral state will enable a more nuanced view of decision making by 

uncovering the role of brain regions recruited during different behavioral strategies. 
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Abstract: Flexible behavior often requires rapid switching of associations between sensory cues 

and actions based on behavioral objectives stored in memory. A key computation for such rapid 

switching is the integration of sensory signals with short-term memory. Here we aimed to reveal 

the cortical areas and neural mechanisms central to this integration, and thus flexible decision-

making, during spatial navigation. We trained mice to make flexible decisions in a delayed 

match-to-sample (DMS) task in a virtual reality T-maze. As a mouse navigated through the 

maze, it sequentially observed two cues separated by a short maze segment, which created 1-2 s 

of delay between the cues. Mice switched, on a trial-to-trial basis, their navigation toward or 

away from a second visual cue depending on its match to the remembered first cue. To 

systematically screen for cortical areas that are involved in flexible navigation decisions, we 

bilaterally inhibited different sites across the dorsal cortical surface by optogenetically activating 

inhibitory neurons in VGAT-ChR2 mice. Inhibition of V1, posterior parietal cortex (PPC), or 

retrosplenial cortex (RSC) induced a large decrease in the task performance. Two-photon 

calcium imaging revealed neurons that can mediate rapid sensorimotor switching by encoding a 

conjunction of a current and remembered visual cue that predicted the mouse’s navigational 

choice from trial-to-trial. These mixed selectivity neurons formed efficient population codes that 

appeared to guide accurate decision-making because they were informative before correct 

choices but degenerated during errors. Surprisingly, these neurons were distributed across 

posterior cortex, even V1, but were densest in RSC and sparsest in PPC. The mixed selectivity 

neurons were rare in naïve mice that ran through the identical maze, indicating that these neurons 

emerged through learning of the DMS task. Together, we propose that the flexibility of 

navigation decisions arises from neurons that develop mixed selectivity over learning to integrate 

visual and memory information within a visual-parietal-retrosplenial network, centered in RSC. 
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Abstract: The ability to use sensory information to guide decisions—and to accumulate that 

information over time—is a critical cognitive ability. In rats, inactivation of two distinct 

subregions of the dorsal striatum, the anterior dorsal striatum (ADS) and the posterior tail of the 

striatum (TS), impair performance in tasks requiring accumulation of auditory evidence, 

suggesting that multiple striatal pathways may be involved. ADS neurons have “ramping” firing 

rates that change at a rate determined by the strength of evidence favoring their preferred choice. 

The second area, TS, receives dense input from auditory structures, but its encoding properties 

during evidence accumulation is not known. To directly compare the role of striatal subregions 

during auditory decision making, we carried out a detailed survey of encoding in single neurons 

using high-yield silicon (Neuropixels) probes implanted at four sites spanning the anteroposterior 

striatal axis while rats performed a task in which they accumulated pulses of auditory evidence. 

Sites 1 and 4 corresponded to ADS and TS while sites 2 and 3 corresponded to anatomically 

intermediate subregions whose role during perceptual decision making has not been established. 

We used a generalized linear model (GLM) to describe neuronal firing rates as a combination of 

temporal kernels corresponding to different task events (e.g. individual evidence pulses, choice, 

reward, etc.). This revealed a novel and highly systematic set of encoding differences across the 

four striatal sites. First, we found that sites 1 and 2 (the most anterior sites) more strongly 

encoded the animal’s choice than the two posterior sites, both during the evidence accumulation 

period and during choice execution. However, only site 1 (ADS) had strong, long-lasting 

responses to the evidence pulses, an encoding feature necessary for gradual accumulation of 

evidence. This suggests choice encoding in site 2 is primarily related to motor execution rather 

than decision formation. Site 4 (TS) was unique in responding strongly, but transiently, to the 

individual evidence pulses. Lastly, we found that the axis in neural state space encoding sensory 

evidence was well aligned to the choice axis in ADS but not in TS. Taken together, these results 



suggest that auditory evidence accumulation involves multiple cortico-basal ganglia loops, each 

subserving computationally distinct roles. The most anterior subregion of striatum encodes the 

accumulated evidence at a long timescale and drives choice while the most posterior subregion 

appears to play an important role in the lower-level processing of decision-relevant sensory 

information. 
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Abstract: Humans and several animal species including monkeys, rats, and pigeons, are strongly 

motivated to seek information about uncertain future rewards. Remarkably, they seek 

information even when it has no objective value for controlling the outcome, suggesting that 

information has subjective value of its own. In recent years there has been an explosion of 

research on information seeking in humans and animal models. However, a critical unanswered 

question is whether the computations that assign subjective value to information are conserved 

between humans and other species. If so, we could leverage animal models to uncover the 

neuronal populations that are responsible for conserved information value computations and their 

causal influence on decisions. To address this, we designed analogous multi-attribute 

information choice tasks for humans and monkeys. Individuals choose between options with 

multiple attributes, including cues that are either informative or non-informative about future 

outcomes, and different probability distributions of rewards (money for humans, juice for 

monkeys). This let us measure and model the subjective value individuals assign to information; 

how they compute information value using reward uncertainty, expected reward, and other 

attributes; and integrate information and reward into the total value of an option. We find human 



and monkey value computations are remarkably similar on all these fronts. For example, both 

species computed the value of information based on the amount of uncertainty it would resolve, 

and both species were best fit as computing this “uncertainty” with a specific family of 

mathematical uncertainty measures. We then investigated the neuronal networks responsible for 

these value computations by recording in monkeys in two interconnected areas with information-

related activity, the anterior/ventral pallidum (Pal) and lateral habenula (LHb). We find that both 

areas respond to all attributes needed for decisions, but only LHb neurons predominantly 

integrate information and reward to reflect the subjective value of options. Further, trial-to-trial 

fluctuations in LHb value signals predict ongoing decisions, while electrical stimulation 

coincident with LHb value signals modifies ongoing decisions. Our data thus implicate the LHb 

in conserved information value computations that guide online decisions. Furthermore, this data 

and approach provide promise for computational psychiatry by dissecting the motivational 

algorithms for information- and reward-seeking behavior, identifying the underlying neuronal 

circuits, and using them to perform targeted modulation of behavior. 
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Abstract: The brain evolved to govern behavior in a dynamic world, in which pertinent 

information about choices is often in flux. Thus, the commitment to an action choice must reflect 

a balance between monitoring that information and the necessity to act before opportunities are 

lost. Here, we investigate the mechanisms of dynamic decision-making in humans using low 

dimensional space representation of brain wide magnetoencephalography recordings. We show 

that the principal components (PCs) of alpha (9-13 Hz) and beta power (16-24 Hz) are involved 

in tracking sensory information evolving over time in the sensorimotor and visual cortex. We 



also found that alpha PCs reflect the commitment to a particular choice, while beta PCs reflect 

motor execution. Furthermore, higher frequency components in subcortical areas reflect the 

adjustment of speed-accuracy tradeoff policies. These results provide a new detailed 

characterization of the distributed oscillatory brain processes underlying dynamic decision-

making in humans. Finally, it is important to note that many of the PCs obtained in our study 

were remarkably similar to those found when dimensionality reduction was applied to the single-

unit data from monkey PMd, M1, dlPFC, and pallidum. This supports the proposal that similar 

mechanisms are involved when decisions are made by highly trained monkeys versus untrained 

human subjects, and that the prospects are very promising for unifying the conclusions of single-

unit studies in animals with whole-brain human magnetoencephalography. 
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Abstract: FSCV, or fast scan cyclic voltammetry, is an electrochemical technique that measures 

the oxidation and reduction of various molecules and proteins. Analytes are oxidized/reduced at 

specific voltages which serve as a “molecular fingerprint” for detection. Carbon fiber 

microelectrodes (CFMEs) have been extensively used to measure neurotransmitters with FSCV 

due to their ability to adsorb cationic monoamine neurotransmitters such as dopamine and 

serotonin, which are increased extracellularly by cocaine and amphetamine. Although this 

method provides high temporal and spatial resolution, only single channel potentiostats and 

electrodes have been primarily utilized. More recently, the need and use of carbon fiber 

multielectrode arrays has risen to target multiple brain regions simultaneously. Previously, we 

characterized a novel carbon fiber multielectrode array (MEA), a 4-channel electrode, and found 

it comparable to the single channel CFME in sensitivity and selectivity. The MEA, along with a 

commercial potentiostat, had the additional capability of multiplexing neurotransmitter 

measurements in-vitro by multi-waveform application. We utilized the multielectrode array and 

four-channel potentiostat to measure potassium chloride (KCl) stimulated release in the caudate 

putamen in coronal mouse brain slices ex-vivo. This method yielded a sensitivity of 3.33 nA/µM 

with concentrations detected as low as 100 nM. In the present study we used the MEA to detect 



neurotransmitters in the brain using electrical stimulation and potassium-chloride induced 

neurotransmitter release. We mapped out endogenous levels of neurochemicals such as 

dopamine, serotonin, and adenosine in regions including the ventral tegmental area, caudate 

putamen, raphe nuclei, and substantia nigra. This was accomplished by targeting the areas using 

mouse brain atlas coordinates and inserting the electrode into different brain slices. Successful 

sampling of neurotransmitter concentrations will aide in understanding complex brain 

heterogeneity, the dynamic neurochemical environment, complex behaviors, and how disease 

states or drugs affect separate brain areas concurrently. Specifically, we will use this method to 

measure the effects of psychostimulants such as cocaine and amphetamine on the release of 

dopamine and other monoamine neurotransmitters. 
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Abstract: Like monoamine neuromodulators, neuropeptides act on G-protein coupled receptors 

to actively shape the synaptic strength, post-synaptic neuronal activity and circuit dynamics. 

Among a hundred neuropeptides (NP) discovered, opioids are most clinically relevant as the 

major targets for effective analgesic treatments to date, but drugs targeting opioid systems also 

lead to epidemic of abuse and overdose. To develop effective treatment with unwanted side 

effects, we must achieve a mechanistic and theoretic understanding of neuropeptide signaling. 

However, it is largely unknown about their dynamics, such as when, where, and how long they 

are released, and how the release is altered with pharmacological intervention. Here, we 



developed a class of genetically encoded biosensors based on three opioid receptors for detecting 

endogenous opioids with sub-second temporal resolution. We extensively characterized the 

sensors’ properties to maximize signal to noise. We used the sensor to record the sub-second 

endogenous opioid NP release at a sub-regional level during aversion across multiple brain 

regions. In addition, these biosensors predict the pharmacological profiles of endogenous 

peptides-like compounds, which could facilitate identifying biased opioid ligands capable of 

eliciting selective functional responses with fluorescence. 
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Abstract: RNA-binding proteins (RBP) are a primary component of stress granules, a key 

indicator of various cell stress responses. Recently, RBPs including the TIA1 and hnRNPA2/B1 

emerged as a source of neurotoxicity in Alzheimer’s disease and other neurodegeneration. TIA1 

interacts with tau and promotes its liquid-liquid phase separation and oligomerization. 

Proteomics studies revealed hnRNPA2/B1 as a primary protein that preferentially interacts with 

tau oligomers than tau monomers. Stress granules composed of these RBPs initially form a 

dynamic non-membrane bound liquid phase but over time turns into a gel-like structure. As the 

phase separation is thought to be dependent on the intracellular concentration of RBPs, the use of 

ectopically expressed RBP-fluorescent protein fusions in majority of these studies raises 

questions on its physiological relevance. Here we report nanobodies as a tool to study the 

dynamics of RBPs TIA1 and hnRNPA2/B1. Since the intrinsically disordered regions of RBPs 

have homology and repetitive sequences, we carefully selected target epitopes to develop highly 

specific binders. We demonstrate live cell imaging of these RBPs using nanobodies fused to 

fluorescent proteins. We also show that by fusing the nanobodies with ubiquitin ligase adaptors 

domains, the level of hnRNPA2/B1 can be significantly reduced. These novel tools will greatly 

aid the study of RBP dynamics in their native context. 
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Abstract: To comprehend information processing within the nervous system, it is necessary to 

understand the connections and transmission among neurons. Exhaustive research using electron 

microscopy achieved detailed connectome mapping of neuronal circuits in various animals. 

Fluorescent labeling using the GFP Reconstitution Across Synaptic Partners (GRASP) system 

has also been used to detect synaptic connections between specific neurons. On the other hand, 

functional connectivity and neurotransmission were estimated using Ca2+ or neurotransmitter 

imaging with genetically encoded sensors. However, it is still challenging to simultaneously 

evaluate both the synaptic connections and transmissions in the nervous system in vivo.Here, we 

developed a method to visualize neurotransmission between specific pre- and postsynaptic 

neurons named Split Protein Hemispheres for Reconstitution (SPHERE) by combining the 

features of the GRASP system and neurotransmitter sensor. In our method, by splitting a sensor 

into two fragments and expressing them in pre- and postsynaptic neurons separately, functional 

neurotransmitter sensors can be reconstituted between those neurons. First, we developed a 

SPHERE-SF-iGluSnFR to measure glutamate transmission and confirmed its function in 

cultured cells. In the mixed culture of each fragment expressing cells, the sensor fluorescence 

was observed only at the attachment sites of those cells, and the fluorescence of the reconstituted 

sensor increased upon application of glutamate. The localization and function of SPHERE-SF-

iGluSnFR were also confirmed in C. elegans. SPHERE-SF-iGluSnFR localized to the 

attachment sites between specific pre- (AWC) and post- (AIY) synaptic neurons expressing each 

fragment of the sensor and detected the odor-induced change in glutamate transmission between 

those neurons. These results indicate that concept of our method was successfully achieved. 

Moreover, SPHERE-SF-iGluSnFR was applied to in vivo imaging of mouse brains. An adeno-

associated virus (AAV) vector encoding each fragment of SPHERE-SF-iGluSnFR was injected 

near areas within the cortex, and sensors reconstituted at connections among local interneurons. 

Anesthesia induced a reduction in glutamate transmission among those neurons. This indicates 

that our method can be applied to detect neurotransmission among specific neurons in vivo. In 

addition, SPHERE technique can be applied to other color variants and other neurotransmitter 

sensors. Therefore, we believe that this method would be a powerful tool for in vivo 

neuroimaging. 
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Abstract: Genetically-encoded sensors and tools have been instrumental in studying various 

signaling processes. Our lab uses protein engineering to design a range of sensors and tools to 

investigate neuronal signaling and neurodegenerative diseases. We are developing a new class of 

irreversible fluorescent sensors to map opioid molecules across the animal tissues1. We are also 

designing fibril-specific nanobodies to inhibit the alpha-synuclein pathology development in 

Parkinson’s disease mouse models2. I will show the development of these sensors and tools and 

their proof-of-principle applications. 

1.Kroning, K. E., Wang, W.*, Design of genetically encoded single-chain fluorescent reporters 

for detecting opioids. Angew Chem Int Ed, 60, 13358 (2021). 

2.Riani, Y. D. #, Liu, Y.#, Kumbhar, R. #, Li, Y., Mao.*, Wang, W*. Disulfide bond-free and 

fibril-specific nanobodies prevent the prion-like α-synuclein spreading. Nat Comm. Accepted. 
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Title: Real-time visualization of mRNA synthesis during memory formation in live mice 
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Abstract: Memories are thought to be encoded in populations of neurons called memory trace or 

engram cells. However, little is known about the dynamics of these cells because of the difficulty 

in real-time monitoring of them over long periods of time in vivo. To overcome this limitation, 

we present a genetically-encoded RNA indicator (GERI) mouse for intravital chronic imaging of 

endogenous Arc mRNA—a popular marker for memory trace cells. We used our GERI to 

identify Arc-positive neurons in real time without the delay associated with reporter protein 

expression in conventional approaches. We found that the Arc-positive neuronal populations 

rapidly turned over within two days in the hippocampal CA1 region, whereas ~4% of neurons in 

the retrosplenial cortex (RSC) consistently expressed Arc following contextual fear conditioning 

and repeated memory retrievals. Dual imaging of GERI and a calcium indicator in CA1 of mice 

navigating a virtual reality environment revealed that only the population of neurons expressing 

Arc during both encoding and retrieval exhibited relatively high calcium activity in a context-

specific manner. This in vivo RNA imaging approach opens the possibility of unraveling the 

dynamics of the neuronal population underlying various learning and memory processes. 
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Abstract: Abstract: In Drosophila, the GAL4/upstream activating sequence (UAS) system is 

one of the most efficient tools for targeted gene expression. In the present study we sought to 

modulate expression levels of transgenes by varying the number of UAS sites carried by the 



pUASTattB plasmid that is most widely used in Drosophila genetics. We verified that the 

expression levels of transgenes were dependent on the number of UAS in both cultured 

Drosophila S2 cells and larval sensory neurons. Down syndrome cell adhesion molecule 

(DSCAM) expression levels determine the size of the presynaptic arbors. We further show that 

axon arborization levels well correlates with the expression levels of the Dscam transgenes. Our 

new tool allows fine-tuning of transgene expression for desired levels in GAL4/UAS system. 
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Abstract: Targeted genetic access to the cell type of interest is essential to dissect heterogenous 

brain circuits but mostly requires transgenic animals. Intersectional approaches using efficient 

viral vectors, such as adeno-associated viruses (AAVs), and cargos with cell-type specific 

regulatory sequences have arisen as alternatives, although currently limited to few populations. 

To expand targeted gene delivery toolkits, high-throughput AAV screening platforms have been 

developed and revealed a few variants via subsequent histology-based characterization. 

However, limited multiplexability and availability of antibodies makes it challenging to align 

AAV tropism to a variety of genetically defined cell types with high throughput. To address this, 

we developed a highly sensitive, spatial transcriptomics method, named ultrasensitive sequential 

fluorescence in situ hybridization (USeqFISH) for profiling pooled AAVs along with 

endogenous gene expression in intact tissue. This method achieves high sensitivity by combining 

two signal amplification strategies, rolling circle amplification (RCA) and hybridization chain 

reaction (HCR). This high sensitivity of USeqFISH allows us to distinguish 14-nucleotide (nt) 

difference in viral genomes in cell cultures and 40-nt in tissue, enabling short barcoding of 

AAVs. With an RNA-retaining passive tissue clearing and a two-step signal quenching method, 

we established USeqFISH available for detecting ~50 genes via sequential labeling in intact 



tissue volume. Using USeqFISH, we profiled the transduction and relative tropism of six 

systemic AAVs, including previously reported AAV-PHP.eB, AAV.CAP-B10, AAV-

PHP.N/V1/B8, and a new variant engineered from AAV-PHP.eB, AAV-PHP.AX, across 10-26 

cell types in diverse mouse brain regions. In addition to recapitulating our prior knowledge with 

high throughput, USeqFISH profiling revealed new tropism of each one across region-specific 

cell types that have limited choices of antibodies. USeqFISH also provided in-depth 

characterization of AAV-PHP.AX, with a reasonable transduction efficiency, broad coverage 

across neuronal subtypes and astrocytes, and a higher tropism-tuning capacity coupled with gene 

regulatory elements. Lastly, we demonstrate the applicability of USeqFISH to the non-human 

primate (NHP) brains, showing the potential translation of USeqFISH into in situ AAV profiling 

and multi-modal single cell, intact-tissue analysis in NHPs. By bringing spatial transcriptomics 

to the AAV engineering field, we believe USeqFISH will accelerate viral tool engineering for 

targeted gene delivery and its broader use in basic and pre-clinical research. 
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Abstract: Adeno-associated viruses (AAVs) are dependable and ubiquitous gene-transfer tools. 

Clinicians have safely used AAVs in hundreds of gene therapy clinical trials to date, and 

neuroscientists frequently use AAVs in vivo to deliver genetically-encoded tools. Recently, the 



field has focused on engineering novel AAV capsid variants that traverse the blood-brain-barrier. 

While variants now exist that enable systemic gene transfer to the rodent central nervous system 

(e.g. AAV-PHP.B), direct efforts in non-human primates (NHPs) are still sparse. As such, 

BRAIN 2.0 has emphasized that there is a major need to “improve tools for studying primate 

brains” due to the translational impact that NHP research has on demystifying human 

neurobiology. Several engineered capsids (e.g. AAV.CAP-B10) now enable systemic gene 

transfer to the brain of common marmosets (Callithrix jacchus), a New World primate species. 

But few comparable options exist for Old World primates (OWPs), which are more 

evolutionarily related to humans compared to marmosets, and are well-established animal 

models of human cognition, neurodevelopment, neuroanatomy, and physiology. To meet this 

need, it is imperative that we advance AAV development for systemic gene transfer to the brains 

of OWPs. 

Here, we present AAV.CAP-Mac, an engineered AAV9 variant that efficiently transduces 

cortical and subcortical brain regions in infant OWPs after intravenous (IV) administration. We 

identified CAP-Mac after screening an engineered AAV9 capsid library for enriched CNS gene 

transfer, performing selections in 4 male, adult common marmosets and 2 male, infant rhesus 

macaques (Macaca mulatta). During the selection in macaques, CAP-Mac-delivered transgenes 

were enriched 10- and 6- times more than those delivered by AAV9 in viral DNA and whole 

RNA brain extracts, respectively. CAP-Mac tropism is conserved across OWP species, 

efficiently transducing neurons in both infant macaques and green monkeys (Chlorocebus 

sabaeus) after IV administration. Fluorescent protein expression was more biased in neurons 

when using CAP-Mac (47% of all GFP+ cells are NeuN+, n=110 fields of view across 2 green 

monkeys) compared to AAV9 (12% of GFP+ cells, n=108 in 2 green monkeys). This neuronal 

bias was conserved in vivo in macaques (53% of XFP+ cells, n=23 in 1 macaque) and in vitro in 

human stem-cell derived neurons (EC50 in CAP-Mac-treated cultures=103.0 vector genomes 

(vg)/cell vs. 104.7 vg/cell in AAV9 cultures). Finally, we used systemically delivered CAP-Mac 

for Brainbow-like, multicolor labeling and morphological tracing of medium spiny neurons and 

functional recording of calcium gradients using GcaMP8s ex vivo. 
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Abstract: The genetic architecture of Autism Spectrum Disorder (ASD) is multifaceted and 

unresolved despite consistently high heritability estimates. Recent studies with extremely large 

sample sizes have associated a few common variants and many high-effect ultra-rare variants 

with ASD diagnosis status but leave the genetic etiology of the vast majority of ASD diagnoses 

unexplained. A possible explanation for this lack of discovery is that there are several 

etiologically distinct forms of ASD and grouping these distinct forms under one diagnosis status 

obscures the genomic elements relevant to each etiology; therefore, ASD must be studied at the 

level of detailed psychiatric endophenotype while integrating information across the entire 

genome. In this work we attempt to map a set of three commonly accepted ASD behavioral 

endophenotypes to specific genomic regions. These endophenotypes are the three subdomains of 

the Autism Diagnostic Interview-Revised (ADIR) and the closely related Social Communication 

Questionnaire (SCQ): Reciprocal Social Interaction (RSI), Restricted Repetitive and Stereotyped 

Behavior (RRSB), and Communication (COM). Due to recombination, siblings share varying 

fractions of chromosomal material that are Identical-By-Descent (IBD) from each parent. We 

hypothesized that increased sibling IBD fraction would entail decreased sibling differences in the 



molecular mechanisms relevant to ASD, and therefore decrease the sibling differences in ASD 

phenotypes. To determine which chromosomes are most relevant to each subdomains, we 

applied a modified Haseman-Elston regression to seventeen hundred sibling pairs with 

concordant ASD diagnosis status from the two largest family-based ASD cohorts: the Autism 

Genetic Research Exchange/Hartwell (AGRE/iHART) collection and Simons Foundation 

SPARK (SPARK). The RSI endophenotype regression yielded the strongest genetic signal in 

both SPARK and AGRE/iHART cohorts, with chromosome 15 passing conservative permutation 

tests in SPARK and AGRE/iHART. In contrast, neither the RRSB nor COM subdomains could 

be mapped to a chromosome in both cohorts. The highlighting of chromosome 15 is particularly 

interesting given that chromosome 15q11-13 is the known causal loci for Angelman Syndrome 

and Prader-Willi Syndrome; genetic imprinting disorders that share many social behavior 

phenotypes with ASD. By focusing on detailed phenotypic and genomic differences between 

sibling pairs, we shift focus from searching for causal genetic variants in unrelated ASD cases to 

discovering the molecular mechanisms most relevant to ASD phenotypes. 
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Abstract: Autism Spectrum Disorder (ASD) describes a diverse group of neurodevelopmental 

disorders encompassing a wide range of clinical impairments. The two core symptoms that 



define ASD are social communication impairments and restricted and repetitive behaviors, and 

there is a wide range of cognitive and language abilities. How distinct neurobiological substrates 

give rise to differing clinical symptoms in subsets of ASD patients is unknown. Using a large, 

publicly available neuroimaging dataset comprising resting state functional magnetic resonance 

imaging (rsfMRI) scans from N=299 subjects with ASD and N=907 neurotypical controls, we 

identified three latent dimensions of functional brain network connectivity that predict individual 

differences in ASD symptoms and behaviors. We show that patients with ASD can be grouped 

into distinct neurophysiological subgroups based on patterns of dysfunctional connectivity and 

clinical behaviors. In this cohort, functional connectivity features were extracted from rsfMRI 

data, regularized canonical correlation analysis was used to identify associations between 

connectivity features and behavioral data, and ASD subjects were clustered along these 

dimensions. Cross-validation analyses showed high stability in the brain-behavior dimensions, 

with replicable clusters in held-out data. Next, we integrated neuroimaging data with gene 

expression data from the Allen Human Brain Atlas, and found that within each subgroup, ASD-

related functional connectivity was explained by regional differences in the expression of distinct 

gene sets. These were enriched for transcriptionally-regulated and ASD-associated genes along 

with immune and synaptic signaling pathways. In sum, our results identify discrete ASD 

subgroups associated with specific ASD behaviors and neurophysiological signatures, and these 

different forms of ASD implicate distinct genetic mechanisms. The results of this study suggest a 

promising new approach for understanding the neurobiological substrates of ASD. 
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Abstract: Using structural covariance analysis, here we investigate relationships between 

cerebellar and cerebral brain volumes in neurotypical and individuals with autism spectrum 

disorder (ASD) given that cerebellar injury at birth carries the largest non-genetic risk ratio in 

ASD. We computed individualized MRI volumes in all regions found in the HCP-multimodal 

brain parcellation and SUIT cerebellar atlas for 993 participants of the ABIDE consortium 

database (6-30 years old, 28% female). In typically developing (TD) children and young adults 

(n=512), cerebellar cortex volumes related inversely to deep cerebellar nuclei (DCN) (spearman 

correlations; p<0.05), and DCN volumes related positively to sensorimotor cerebral cortex 

(SMC) (p<0.0001). These results are consistent with the idea that net excitatory drive from 

cerebellar nuclei plays a positive role in neocortical growth and/or survival, and that inhibitory 

output of the cerebellar cortex has a negative influence. The magnitude of correlations did not 

significantly differ in ASD (n=481). Given the focal position of the thalamus in cerebello-

neocortical pathways, we next analyzed the influence of sensorimotor thalamic volumes. 

Volumes of deep cerebellar nuclei were positively related to contralateral thalamic nuclei 

[p<0.05: deep dentate nucleus x thalamic ventromedial (VM), laterodorsal (LD), and lateral 

posterior (LP) nuclei], except for an inverse correlation between right interpositus deep nucleus 

and left ventral posterolateral (VPL) thalamic nucleus (p<0.01). Thalamic and ipsilateral SMC 

volumes were similarly positively correlated (p<0.05: SMC vs. VM, LD, LP), again with the 

exception of an inverse relationship with bilateral VPL thalamic nuclei (p<0.05). Interaction 

models testing whether thalamic nuclei modulate the relationship between DCN and SMC 

revealed that greater thalamic size was associated with a stronger link between DCN and SMC 

size (dentate nucleus vs. VPL, VM, VLp, LD, and LP models: p<0.05; interpositus vs. LD 

model: p<0.05). The role of the thalamus as a moderator differed in ASD in a three-way 

interaction model (p=0.02). Overall, the thalamus seems to play a key role in the anatomical 

development of cerebello-neocortical regions. We are now further investigating how these 

effects change with age and in ASD. 
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Abstract: Heightened sensory sensitivity and anxiety symptoms frequently co-occur in people 

with autism spectrum disorder (ASD). In children with ASD, anxiety symptoms have been 

associated with impaired executive function, cognitive flexibility, and social functioning. 

Decreased functional connectivity (FC) between salience and sensory perceptual brain networks 

has been reported in adolescents with anxiety, and weaker FC in somato-motor and visual 

networks has been observed in adults with social anxiety disorder. Given the common 

occurrence of anxiety symptoms in ASD, we aimed to investigate potential links between anxiety 

symptoms and FC of sensory circuits and salience network within ASD. The Screen for Child 

Anxiety Related Disorders (SCARED) was completed by caregivers of 37 adolescents with ASD 

and 22 typically developing (TD) peers (aged 12-21 years). Groups were matched on age, 

gender, handedness, non-verbal IQ, and in-scanner head motion (indexed with RMSD). Resting 

state fMRI data were acquired with a multiband-multi echo sequence, which allows for improved 

denoising. FC between twelve regions of interest (ROIs) in the salience and sensory networks, 

derived from the Human Connectome Project (HCP) templates, was estimated using Pearson 

correlations between BOLD signal time series extracted from these regions. Associations 

between FC and anxiety symptoms (SCARED Total scores) in the ASD group were examined 

using partial correlations controlling for age and RMSD. Direct comparisons between ASD and 

TD groups revealed an overall pattern of overconnectivity between sensory regions and the 

anterior cingulate cortex (ACC) in adolescents with ASD (e.g.,FC between Early Auditory (EA) 

right and ACC left [MASD=0.15, MTD= -0.02, t(59) = 4.05, pFDR-corrected = 0.04]), as well as 

a pattern of underconnectivity between visual ROIs (e.g., Early Visual (EV) left and Posterior 

Opercular (PO) left [MASD= -0.005, MTD= 0.18, t(59) = -3.57, pFDR-corrected =0.07] ). 

Within the ASD group, overconnectivity between EA and ACC (e.g., EA right and ACC right) 

was positively associated with SCARED Total scores (r = 0.50, puncorrected = 0.003), while FC 

between sensory areas (e.g., right V1 and Ventral Visual Cortex (VVC) right) was negatively 

associated with SCARED Total scores (r = -0.40, puncorrected=0.02). The observed links 

between increased anxiety symptoms and connectivity of sensory and salience network regions 

suggest that functional connections between these networks may be implicated in anxiety within 

ASD. Future longitudinal studies are needed to better understand how this relationship between 

sensory symptoms and anxiety emerges in ASD. 
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Abstract: Autism spectrum disorder (ASD) has a consistent 4:1 male prevalence, suggesting a 

role for sex-differential biology in ASD risk. Sex differences in neural structure, function, and 

later behavior may begin to take shape in mid-gestation due to the effects of gonadal hormones 

and sex chromosomal genes. Previous studies of human adult brain show strong sex biases in 

expression of sex chromosome genes and limited sex-skewed expression of autosomal genes. 

However, sex differences during human prenatal cortical development are poorly characterized. 

To quantify fetal sex-differential gene expression and its relationship to ASD risk, we analyzed 

male and female expression patterns in a subset of samples from BrainVar, an RNA-sequencing 

data set of human dorsolateral prefrontal cortex (dlPFC) tissue. For 15,649 expressed genes in 85 

samples ranging from 14.4-21 post-conception weeks (PCW; 39 male, 46 female), we used 

limma-voom to run sex-differential expression analysis, dtangle to estimate cell type proportions, 

Weighted Gene Co-expression Network Analysis to identify sex-specific co-expression modules, 

and gene set enrichment analyses to compare identified sex-differential genes with functional 

annotations, cell type markers, and ASD-associated risk genes. 

We observe 69 significantly sex-differentially expressed genes (sex-DEGs, FDR ≤ 0.1: 30 X chr, 

19 Y chr, 20 autosomal), with autosomal sex-DEGs showing subtle sex effects (fold change 

magnitude 1.2-2). We do not find a significant sex difference in the estimated proportion for any 

cortical cell type assessed. However, in an extended set of sex-DEGs (p ≤ 0.05 and FC≥1.2), 

female-skewed genes show enrichment for genes associated with interneurons (OR=34.04, 



p=5.22E-08; Fisher’s exact test) and radial glia (OR=8.06, p=7.0E-03), and male-skewed genes 

are enriched for endothelial cell markers (OR=14.63, p=3.55E-05). ASD risk genes from exome 

sequencing are not enriched among the extended sex-DEGs, but male-skewed DEGs are 

enriched for ASD-upregulated, glial-associated CTX.M19 module (OR=6.75, p=0.01), 

implicating a downstream sex difference in transcription that may reflect a common mechanism 

in ASD pathology and male-skewed neurodevelopment. We also find one co-expression module 

specific to prenatal males that is enriched for immune processes (GO:0006955, 68 genes overlap, 

p=1.05E-3). These results align with the largely subtle sex differences reported in adult human 

cortex and confirm overlap of ASD-up-regulated and fetal male-biased expression patterns, 

suggestive of a potential sex-differential role for glial- and immune-associated genes in ASD risk 

or pathology. 
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Abstract: De novo mutations in the chromatin-remodeling factor CHD8 (Chromodomain-

Helicase DNA-binding protein 8) are strongly associated with autism spectrum disorder (ASD) 

and more generally with neurodevelopmental disorders (NDDs). Most CHD8 mutations are 

expected to lead to a loss of functions and carrier patients display, among other manifestations, 

ASD-like behavior, intellectual disability, and macrocephaly. Mice with heterozygous germline 

loss-of-function mutation in Chd8 exhibit genomic, neuroanatomical, and behavioral pathology. 

Here we aim identifying the molecular consequences of Chd8 haploinsufficiency in the postnatal 

brain across regions and cell types. We used bulk RNA-sequencing in cerebral cortex, 

hippocampus, and cerebellum to compare wild type and heterozygous Chd8 mutant mice. 

Meaningful transcriptional changes were validated via qPCR and paired with neuroanatomy and 

unbiased mouse brain stereology. We identified differentially-expressed genes (DEGs) that were 



altered across all three brain regions, as well as region-specific signatures, with the greatest 

dysregulation identified in the cerebellum. DEG pathways included neuroinflammatory, 

metabolic, and synaptic processes. We identified a set of genes that were consistently perturbed 

across brain regions. Male and female DEG signatures showed some differences in DEG 

pathways and magnitude of effects. Single nuclei resolution experiments via single nucleus 

(sn)RNA-seq in the cortex revealed cell-specific transcriptional dysregulation that could explain 

relevant stereology findings. These experiments revealed changes that were present across all 

neurons, as well as unique signatures within excitatory and inhibitory subsets. Ongoing efforts 

focus on using additional single-cell approaches to investigate the effects of Chd8 

haploinsufficiency with cell-type specificity to investigate and further validate the observed 

changes at protein level. Overall, our findings show that decreased Chd8 dosage alters gene 

expression in adult brain both via shared pathways, and in region-specific and sex-specific 

manners, with some transcriptional aberration that may be attributable to specific cell types in 

the cortex. Our results present a systems-level characterization of molecular and cellular 

pathways that are disrupted in adult Chd8 mutant brain, and potentially captures generalizable 

dysfunction driven by mutation to chromatin-associated NDD risk genes. 
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Abstract: The Shank3 protein acts as a scaffolding protein on the post-synaptic membrane of 

glutamatergic synapses. In humans, deletion of one copy of the Shank3 gene results in Phelan-

McDermid Syndrome (PMS). PMS has neurobehavioral characteristics including intellectual 

disability and autism/autistic-like features that affect social interactions (Phelan et al., 2022). As 

such, mice that are heterozygous and homozygous for Shank3 are a widely used mouse model of 

autism (Peça et al., 2011). Considering olfaction in mice is essential for social behaviors, 

olfactory performance in Shank3+/- and Shank3-/- mice has been assessed. Shank3+/- and Shank3-/- 



mice show no olfactory deficits in discriminating urine versus saline (Wang et al., 2011) nor 

differences in odor habituation (Yang et al. 2012). We have recently developed an olfactory task 

using head-fixed water-deprived mice. Mice were trained to detect the same target odors in the 

presence of known and unknown background odors. The Cntnap2-/- mouse model of autism 

(Poliak et al., 2003) was found to have deficits in the presence of novel background odors but not 

with the known background odor. We tested 3 Shank3+/- mice on this behavior. Learning rates 

for the Shank3+/- mice were similar to the WT mice. Performance on the known background odor 

was >80% for Shank3+/- mice. However, when tested with novel background odors, Shank3+/- 

mice performance dropped to almost chance levels (59.5%). Shank3+/- mice performance was 

similar to the performance of the Cntnap2-/- mice (61.1%) and it was significantly lower 

(p=0.0013, Fisher exact test) than the WT mice (74.1%). Despite the significant difference in 

performance level, glomerular responses measured with intrinsic imaging were similar between 

Shank3+/- and WT mice which is consistent with previous reports of unaffected olfactory 

function. We found significant differences in olfactory performance between the Shank3+/- mice 

and their WT counterparts, suggesting that haploinsufficient Shank3 mice show specific deficits 

in the presence of novel background odors. This deficit of odor detection in novel environments 

is a common feature affecting the performance of multiple mouse models of autism. 
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Abstract: Approximately 50-80% of children with autism spectrum disorders (ASDs) exhibit 

sleep problems, but the contribution of circadian clock dysfunction to the development of ASDs 

remains largely unknown. The essential clock gene Bmal1 (Arntl or Mop3) has been associated 

with human sociability, and its missense mutation is found in ASD. Our recent study found that 

Bmal1-null mice exhibit a variety of autism-like phenotypes. Here, we further investigated 

whether an incomplete loss of Bmal1 function could cause significant autism-like behavioral 

changes in mice. Our results demonstrated that heterozygous Bmal1 deletion (Bmal1+/−) reduced 



the Bmal1 protein levels by ~50-75%. Reduced Bmal1 expression led to decreased levels of 

clock proteins, including Per1, Per2, Cry 1, and Clock but increased mTOR activities in the 

brain. Accordingly, Bmal1+/− mice exhibited aberrant ultrasonic vocalizations during maternal 

separation, deficits in sociability and social novelty, excessive repetitive behaviors, impairments 

in motor coordination, as well as increased anxiety-like behavior. The novel object recognition 

memory remained intact. Together, these results demonstrate that haploinsufficiency of Bmal1 

can cause autism-like behavioral changes in mice, akin to those identified in Bmal1-null mice. 

This study provides further experimental evidence supporting a potential role for disrupted clock 

gene expression in the development of ASD 
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Abstract: Autism Spectrum Disorder (ASD) is a cognitive developmental disorder in which 

children display repetitive behavior, restricted range of interests, and atypical social interaction 

and communication. CUL3, coding for a Cullin family scaffold protein mediating assembly of 

ubiquitin ligase complexes through BTB domain substrate-recruiting adaptors, has been 

identified as a high-risk gene for autism. We performed behavioral assays, morphological 

analyses, hippocampal slice whole-cell patch-clamp recording and field recording synaptic 

electrophysiology, and proteomics analyses to characterize the effects of Cul3 heterozygous 

deletion in mice. Although complete knockout of Cul3 results in embryonic lethality, Cul3 

heterozygous mice have reduced 53% (53.1% ± 19.4) CUL3 protein, demonstrate no differences 

in body weight, and have minimal behavioral differences including decreased spatial object 

recognition memory. In measures of reciprocal social interaction, Cul3 heterozygous mice 

behaved similarly to their wild-type littermates. Within hippocampal CA1 neurons, reduction of 

Cul3 significantly increased the mEPSC frequency by 82.3% (p < 0.01) but did not significantly 



change the mEPSC amplitude, nor other synaptic properties including baseline evoked synaptic 

transmission and paired-pulse ratio. Sholl and spine analysis suggests that there is no significant 

difference in CA1 pyramidal neuron dendritic branching or spine density. Our proteomic 

analysis identified 133 differentially expressed proteins in the hippocampus upon heterozygous 

deletion of Cul3. We included a q-value (false discovery rate adjusted p-value) between 0.05-

0.10 as an additional filter, thus narrowing to 37 differentially expressed proteins. Our proteomic 

analyses highlight several significant biological processes affected such as cytoskeletal 

organization, neurotransmitter regulation, cellular component biogenesis and protein 

localization/transport by Gene ontology analysis. These findings are validated by western blot on 

two dysregulated cytoskeletal associated proteins, Tropomyosin and Transgelin-2. In summary, 

our study demonstrates that Cul3 heterozygous deletion impairs spatial object recognition 

memory, alters actin cytoskeleton-related and signaling proteins, but does not cause major CA1 

neuronal morphology, functional, or behavioral abnormalities in adult global Cul3 heterozygous 

mice. 
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Abstract: Mounting evidence demonstrates a role for the gut microbiome in Autism Spectrum 

Disorder (ASD), with signaling via microbial produced metabolites as a potential mechanism. 

The microbiome-produced short chain fatty acids (SCFA) acetate has received attention for its 

ability to influence brain and behavior. In order to investigate microbiome and metabolite effects 

in a model for ASD we 175ndersen a gene x microbiome paradigm in which antibiotic (Abx) 

depletion of the microbiome was combined with acetate replenishment in the Shank3KO model 

for ASD. To assess the clinical relevance of findings from the mouse model, targeted serum 

SCFA metabolomic analysis in Phelan McDermid (PMS) patients, who are hemizygous for the 

Shank3 gene, was conducted. Shank3KO mice and wild-type (Wt) littermates were divided into 

control, Abx depletion, acetate replenishment and acetate + Abx groups at weaning. On postnatal 

day 60, animals were subjected to behavioral testing using three-chambered social interaction. 

Caecal content was collected for 16S sequencing, metagenomic analysis and metabolomic 

profiling. Medial prefrontal cortex (mPFC) taken for transcriptomic profiling and western blot 

analysis. Serum from male and female PMS patients and control counterparts was collected for 

targeted SCFA analysis. Analysis of mouse microbiome contents demonstrated Shank3KO gene 

effects leading to decreased microbiome diversity, altered Bacteroidetes to Firmicutes ratios, and 

reduced levels of Lactobacillus genus. Metagenomic profiling revealed altered microbial 

functional output including fatty acid metabolism, this was confirmed by metabolomic analysis 

as reduced levels of SCFAs including acetate, effects that were exacerbated by Abx treatment. 

Behaviorally, control KO mice demonstrated decreased social interaction, a deficit exacerbated 

by microbiome depletion. RNA-sequencing showed marked changes in gene expression related 

to epigenetic regulation and synaptic plasticity in Abx+KO mice compared to Wt. Treatment of 

KO animals with acetate or Abx+acetate reversed the social deficits reported accompanied by 

changes to acetylation of specific histone marks. Human PMS patients were found to have sex-

specific alterations in SCFA levels including acetate, which correlated with clinical behavioral 

measures. Our rodent data identified an altered gut microbiome and acetate levels in the 

Shank3KO model which can be targeted to reverse core social deficits possibly via epigenetic 

mechanisms. Clinical data corroborate findings of altered gut derived metabolites in PMS and 

add sex differences as a variable for further investigation. 
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Abstract: Fragile X syndrome (FXS) is the most common form of heritable intellectual 

disabilities and a leading genetic cause of autism. However, effective treatment for FXS-induced 

cognitive deficits remains an unmet medical need. Autophagy is a catabolic process of 

programmed degradation and recycling of proteins and cellular components via the lysosomal 

pathway. Our recent findings demonstrated that upregulating autophagy via a genetic method 

rescued aberrant spine morphology and impaired cognitive behaviors in Fmr1 KO mice. Further 

analysis with proteomics revealed that 288 of the 548 overabundant proteins in the hippocampus 

of Fmr1 KO mice are targets of autophagic protein degradation. Pharmacological activation of 

autophagy rescued the aberrant spine morphology and cognitive behaviors, and the rescue effects 

are largely abolished in neuronal-specific ATG7 knockout mice. Mechanistic studies revealed 

that eIF4G1 and PSD-95 belong to the identified 288 protein targets and are critical for rescue 

effects. Overabundant eIF4G1 and PSD-95 induce increased spine density and elevated the 

percentage of immature spines in CA1 neurons of Fmr1 KO mice. Autophagy degrades eIF4G1 

and PSD-95 proteins, corrects the downstream pathway and F-actin assemble, and rescues the 

spine deficits. Direct brain infusion of autophagy activator also rescued the synaptic and 

cognitive deficits of Fmr1 KO mice. Altogether, our findings identify autophagy as a novel 

therapeutic target for Fragile X syndrome and revealed the proteins mediating the rescue effects. 
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Abstract: Extracellular signal-regulated kinase (ERK/MAPK) pathway in the brain is 

hypothesized to be a critical convergent node in the development of autism spectrum disorder. 

However, it is not clear whether selectively targeting this pathway is beneficial in autism. Here 

we tested a clinically relevant, selective inhibitor of ERK signaling in a mouse model of 

idiopathic autism. We report that treating juvenile mice with this inhibitor reduced ERK pathway 

activation, dose and duration-dependently reversed core disease-modeling behavioral deficits in 

sociability, vocalization and repetitive behavior, and reversed abnormal EEG signal. Further 

analysis revealed that sub-chronic treatment did not affect weight gain, locomotion, or neuronal 

density in the brain. Together, our data indicate that specifically inhibiting the ERK pathway is 

beneficial in this model of idiopathic autism, and suggest that selectively targeting ERK pathway 

could be a new approach for treating autism. 
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Abstract: Learning and memory formation consume a large amount of energy. Synapses 

specifically are hotspots for energy demand. As most synapses are placed far from the cell body, 

a local energy source is required. We recently showed that dendritic mitochondria form spatially 

stable compartments to fuel local synaptic protein synthesis during plasticity. However, a direct 

quantitative estimation of postsynaptic ATP levels and their spatiotemporal regulation is 

unknown. A major bottleneck has been the lack of reliable methods to quantify ATP in 

individual spines during synaptic plasticity. We developed a postsynaptic ATP reporter (Spn-

ATP) based on an engineered firefly luciferase that produces light in the presence of ATP by 

bioluminescence. We targeted the luciferase to Homer2 for spine-specific expression and tagged 

it with mOrange for calibration of expression level and pH. Since luminescence has low photon 

yield, we built a state-of-the-art imaging system comprising a highly sensitive EM-CCD camera 



for capturing the luciferase luminescence, in parallel with a confocal camera for imaging 

mOrange fluorescence and a two-photon glutamate uncaging system for single-spine stimulation. 

Our results reveal that at steady-state there are ~105 free ATP molecules per spine. At rest, spine-

specific energy demands are met by both mitochondrial and glycolytic ATP synthesis. However, 

upon synaptic plasticity induction, spines exhibit a local increase in ATP, contributed solely by 

mitochondrial ATP synthesis and not glycolysis. We are currently investigating the underlying 

molecular mechanisms regulating local mitochondrial ATP synthesis during synaptic plasticity. 
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Abstract: Trafficking of receptors from endosomes to the cell surface is a key mechanism to 

regulate synaptic function. In non-neuronal cells, many cell surface proteins recycle from 

endosomes to the plasma membrane either via the SNX27-Retromer-WASH pathway, or via the 

recently discovered SNX17-Retriever-CCC-WASH pathway. To date, the only recycling 

pathway studied in neurons is the SNX27 pathway. However, mutations in the SNX17 pathway 

cause neurodevelopmental disorders, suggesting that this pathway likely has crucial roles in 

synaptic function. Here, using cultured hippocampal neurons, we discover that the SNX17-

Retriever pathway is a critical regulator of synaptic function and plasticity. SNX17 loss results in 

decreased dendritic spine density and prevents the long-term potentiation (LTP)-mediated 

structural changes in spines. Live imaging of GFP-SNX17 revealed that it is rapidly recruited to 

spines upon LTP induction. Furthermore, we show that SNX17 acts in part by regulating the 

surface levels of ß1-integrin in neurons. These studies increase our knowledge of endocytic 

recycling at synapses and uncover key roles for the SNX17-Retriever pathway in neurons. 
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Title: Cortical spine dynamics during a single seed grasp motor learning 

Authors: J. SOHN1,2, M. SUZUKI3,4, M. E. LARKUM5,3, Y. KAWAGUCHI1,6,8, *Y. 

KUBOTA1,7,9;  
1Natl. Inst. Physiol Sci. (NIPS), Okazaki, Japan; 2Osaka Univ., Suita, Japan; 3Charité 

Universitätsmedizin Berlin, Berlin, Germany; 4The Univ. of Amsterdam, Amsterdam, 

Netherlands; 5Inst. Of Biol., Humboldt Univ. of Berlin, Berlin, Germany; 7Dept. of Physiological 

Sci., 6The Grad. Univ. for Advanced Studies (SOKENDAI), Okazaki, Japan; 8Tamagawa Univ., 

Machida, Japan; 9Support Unit for Electron Microscopy Techniques, Res. Resources Div., 

RIKEN Ctr. For Brain Sci., Wako, Japan 

Abstract: Dendritic spine plasticity is thought to be the cellular basis of learning and memory 

involving a dynamic orchestration of plasticity in existing spines and the formation and 

elimination of new spines. Motor learning is correlated with a significant increase in formation 

of new spines on the apical tuft of layer 5 pyramidal cells in the primary motor cortex (M1) (Xu, 

T. Nature 2009) and selective artificial shrinkage of dendritic spines in M1 that are potentiated 

during motor learning disrupts an acquired motor skill (Hayashi-Takagi, A. Nature 2015) 

indicating that the spine plasticity during motor learning is indispensable for an animal’s skill 

acquisition. However despite abundant evidence for the correlation between motor learning and 

postsynaptic spine plasticity the origin of synaptic inputs to newly-formed spines remain elusive. 

Spine plasticity depend on the characteristics of presynaptic neural circuits. M1 forms 

corticocortical networks as well as cortico-subcortical loops of wiring via the thalamus. 

Understanding network plasticity during learning therefore requires concurrent analysis of 

postsynaptic spine dynamics and presynaptic cell characteristics. We found that distinct neural 

circuits are involved in formation of new spines and in their maintenance for motor learning and 

memory. Post hoc characterization of the presynaptic cell types revealed that motor skill 

improvement coincided with selective formation of spines innervated by corticocortical axons. 

Chemogenetic silencing of corticocortical input to the motor cortex impaired both motor learning 



and spinogenesis. Fewer thalamocortical synapses were generated during learning but survived 

longer with increased spine size compared to new corticocortical synapses. These results suggest 

that pyramidal cell dendrites in motor cortex use a neural circuit division-of-labor during skill 

learning with dynamic teaching contacts from top-down intracortical axons followed by synaptic 

memory formation driven by thalamic axons. These results suggest that pyramidal cell dendrites 

in motor cortex use a neural circuit division-of-labor during skill learning with dynamic teaching 

contacts from top-down intracortical axons followed by synaptic memory formation driven by 

thalamic axons. Dual spine supervision may govern diverse skill learning in neocortex. 
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Abstract: PSD95 is a key component of the postsynaptic density undergoing activity-dependent 

regulation. In particular, chronic stimulation induces plasticity mechanisms which rely on protein 

synthesis and structural remodeling. We set out to investigate these mechanisms on a single-

synapse level by analyzing how activity influences the integration of new PSD95 molecules at 

synaptic sites and their rearrangements within individual clusters at molecular resolution. 

By combining genome-editing, pulse-chase experiments and STED nanoscopy on primary rat 

hippocampal neuronal cultures, we revealed that the amount of new PSD95 recruited to 

individual synapses scales with the synapse size, meaning that smaller synapses integrate a lower 

amount of new PSD95, while bigger synapses integrate a higher amount of new PSD95. This 

evidence suggests an activity-dependent regulation, which was confirmed by the bidirectional 

response observed when applying prolonged excitatory (gabazine) or inhibitory (TTX) 

stimulation. Indeed, activity inhibition results in a higher amount of new PSD95 incorporated at 

synapses, while excitation has the opposite effect. Importantly, the co-localization of the old and 



new protein pools as observed at STED resolution is only partial, suggesting a distinct function 

of the two protein pools or a modular process of PSD95 assembly. 

To analyze the activity-dependent structural rearrangements of the PSD95 clusters, we used 

MINFLUX nanoscopy, a technique that delivers single-digit nanometer resolution in 3D. When 

imaging PSD95 labelled with nanobodies, we observed a clustering behavior of molecules 

distancing less than ~40 nm from each other in the majority of the synaptic sites. Notably, the 

distance between the PSD95 nanobody-detected molecules does not correlate with the synapse 

size, and therefore appears to be a fixed feature of the PSD95 organization. Upon prolonged 

stimulation, the density of detected molecules in the PSD95 clusters increased for both TTX and 

gabazine treatment, resulting in smaller and compacter PSD95 clusters. 

Concluding, we demonstrate that while excitatory and inhibitory stimulations induce 

bidirectional changes to PSD95 turnover at individual synapses correlating with the synapse size, 

the rearrangements in the structural organization of PSD95 molecules, as detected by specific 

nanobodies, are monodirectional. Altogether, the present work leverages on innovative labeling 

and imaging technologies to shed new light into the mechanisms underlying plasticity at the 

individual synapse level adding previously inaccessible information. 
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Abstract: Functional and structural elements of synaptic plasticity are tightly coupled, as has 

been extensively shown for dendritic spines and presynaptic terminals. We interrogated 

structural features of presynaptic terminals in 3DEM reconstructions from CA1 hippocampal 

axons that had undergone control stimulation or theta-burst stimulation (TBS) to produce long 

term-potentiation (LTP). The total volumes of the presynaptic bouton, mitochondria, and 

synaptic vesicles were measured, in addition to distances between neighboring vesicles and to 

the active zone. Finally, we computed the vesicle-associated volume, volume and density of the 

cloud of vesicles. The outcomes revealed that vesicles in the core of the presynaptic vesicle 

cloud are reduced two hours following the induction of LTP. These findings support the 

hypothesis that the greater vesicle loss in boutons associated with mitochondria (Smith et al., 

2016) occurs at the core of the vesicle cloud, and not restricted to the docked, readily-releasable, 

or reserve pool of vesicles. Furthermore, the distances between neighboring vesicles were greater 

in less dense terminals that present greater percentage of mitochondria volume and lower 

percentage of total vesicle volume. These findings further support the involvement of 

mitochondria on vesicle mobilization (Smith et al., 2016) and allow the identification of 

presynaptic terminals with extreme morphometric changes following the induction of LTP. 

Smith HL, Bourne JN, Cao G, Chirillo MA, Ostroff LE, Watson DJ, and Harris KM (2016) 

Mitochondrial support of persistent presynaptic vesicle mobilization with age-dependent 

synaptic growth after LTP. eLife, 5:e15275. PMCID: PMC5235352 
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Abstract: The function of the non-genic DNA often referred to as “junk DNA”, of which 

transposable elements (TE) makes up a large portion, has remained elusive. Previously our lab 

has shown that a domesticated retrotransposon fragment, activity regulated cytoskeleton-

associated protein 1 (Arc1), is important in the regulation of structural synaptic plasticity in the 



Drosophila larval Neuromuscular junction (NMJ). Key to the finding was that Arc1 transport its 

mRNA across the synapse and is required for normal maturation of synaptic boutons. Here, we 

show that copia, a bona fide TE is enriched at the larval NMJ and is trafficked across synapses in 

extracellular vesicles. Targeted knockdown of copiagag utilizing the bipartite GAL4/UAS genetic 

system pre-synaptically results in abnormal NMJ development, increased plasticity, and a 

marked activity derived phenotype. Through digital PCR and immunofluorescence microscopy 

we determined that there is an enrichment of copiagag mRNA and protein in the larval brains 

when compared to other somatic tissue. We observe that copiagag acts antagonistically to Arc1 

and together regulate structural synaptic plasticity at the larval NMJ. This, we believe is the first 

report to document a physiological role for a retrotransposon at synapses, and further 

corroborates recent findings and data that suggest Tes and potentially other types of “junk DNA” 

require a closer examination. 
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Abstract: Homeostatic synaptic plasticity aims at compensating for perturbations in network 

activity, thereby maintaining neurons in a dynamic functional range. Among the mechanisms 

that regulate synaptic plasticity, dendritic mRNA translation plays a crucial role for the local 

control of synaptic properties. Nevertheless, the precise regulatory mechanisms and the 

relevance of homeostatic plasticity in the human brain warrant further investigation. In this 

study, we investigated the impact of neural network silencing on functional and structural 

properties of neurons in murine and human cortical tissue. Pharmacological inhibition of 



voltage-gated sodium channels or glutamatergic neurotransmission (i.e., common targets of 

anticonvulsant substances) in organotypic tissue cultures and adult human neocortical slices 

demonstrated that network silencing promotes a compensatory functional and structural 

reorganization of excitatory synapses. Moreover, this form of compensatory excitatory synaptic 

plasticity was accompanied by (epi)transcriptomic changes. Our findings provide first 

experimental evidence for homeostatic synaptic plasticity in the adult human neocortex. They 

suggest an important role for mRNA modifications and protein synthesis in the regulation of 

synaptic homeostasis in mice and humans. 
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Abstract: A common aspect of many neurological diseases is the denervation of brain regions 

because of demyelination or cell death. Nonetheless, the underlying mechanisms involved in 

lesion-induced reorganization of neural networks warrant further investigation. In this study, we 

assessed the effects of a partial denervation on hippocampal neurons. Lesion of the entorhinal 

cortex in organotypic entorhino-hippocampal tissue cultures — prepared from mice of both sexes 

— was used to denervate distal apical dendrites of hippocampal granule cells and CA3 pyramidal 

neurons. Changes in excitatory neurotransmission were assessed with single and paired whole-

cell patch-clamp recordings, and morphological alterations were analyzed with electron 

microscopy. Moreover, a region specific transcriptome as well as compartmentalized FISH 

analyses were performed. Partial denervation resulted in homeostatic synaptic adaptions of 

dentate granule cells and CA3 pyramidal cells. These changes in excitatory neurotransmission 

occurred predominantly in the strongest synapses as shown by a hierarchical analysis of 

spontaneous excitatory postsynaptic currents. The homeostatic adjustment was accompanied by 

characteristic region-specific transcriptomic changes. Consistent with these findings, paired 



recordings of dentate granule cells and CA3 pyramidal neurons and ultrastructural analyses of 

mossy fiber synapses revealed denervation-induced compensatory structural and functional 

changes at the single synapse level. These homeostatic adjustments seem to depend at all levels 

on the presence of the actin-binding protein synaptopodin, since they were not evident in 

synaptopodin-deficient tissue preparations. We conclude that partial denervation of dentate 

granule cells and CA3 pyramidal neurons leads to synaptopodin-dependent homeostatic hetero- 

and transsynaptic adaptations in hippocampal networks. 
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Abstract: BACKGROUND: Huntington’s disease (HD) is a rare, inherited disease that often 

causes movement, cognitive and psychiatric deficits. Synaptic alteration of the cortico-striatal 

circuits is one of the earliest manifestations of neuronal dysfunction in HD. However, the 

mechanism(s) by which mutant Huntingtin protein (mHTT) impacts synaptic formation and 

function is not yet well understood. OBLECTIVE: To define mitochondrial and synaptic 

deficits in the BAC mouse model of HD and to investigate the potential rescuing effect of brain-

derived neurotropic factor (BDNF). METHODS: Here we used the BACHD and the ΔN17-

BACHD models to examine cortical synaptic formation and function in vitro. We established 

long-term cortical neuronal cultures up to 35 days in vitro (DIV35). We quantitated 

mitochondrial morphology and membrane potential and examined synapse formation and 

maintenance by immunostaining with specific antibodies against Synapsin I, a pre-synaptic 



marker, and against the 95 kD post synaptic density protein (PSD95), a post-synaptic marker, at 

different stages. RESULTS: Synapses began to form at DIV14 at which time there was no 

difference between WT and BACHD and between WT and ΔN17-BACHD cortical neurons. 

However, starting at DIV21 and continuing to DIV35, BACHD neurons showed a progressive 

reduction in synapses as compared to WT neurons. Significantly, the synaptic deficits in 

BACHD neurons were completely mitigated by BDNF treatment. Unlike BACHD neurons, the 

synapses in ΔN17 BACHD cortical neuronal cultures showed a progressive increase as 

compared to WT neurons. Similar patterns were also observed for mitochondrial membrane 

potential using JC-9 at DIV13. The mitochondrial membrane potential was lower in BACHD but 

higher in ΔN17 BACHD cortical neurons than WT neurons. However, cortical neurons from 

both models showed a significant mitochondrial fragmentation. CONCLUSION: Taken 

together, our results demonstrate that synapses and mitochondria are abnormal in both BACHD 

and ΔN17 BACHD cortical neurons, albeit with interesting and significant differences. That 

BDNF exerts a potent effect in rescuing synaptic deficits as well as some aspects of 

mitochondrial dysfunction points to BDNF raises the question as to its mechanism(s) of action 

and points to the possibility of employing it therapeutically. 
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Abstract: Sleep apnea (SA) is associated with chronically elevated sympathetic nerve activity 

(SNA) and hypertension. The sympathetic hyperactivity of SA can be mimicked by exposing 

animals to acute intermittent hypoxia (AIH). Notably, just a few bouts of AIH are sufficient to 

elicit a prompt and progressive increase of SNA, referred to as sympathetic long-term facilitation 

(sLTF). Although sLTF is thought to reflect neuroplasticity, underlying mechanisms are not well 

understood. Here we tested the hypotheses that: 1) AIH is sufficient to induce sLTF in mice, 

opening the opportunity to apply transgenic/gene-editing methods along with opto-



/chemogenetic techniques to explore sLTF mechanisms; 2) AIH-induced sLTF in the mouse 

reflects ionotropic glutamate receptor activation in the hypothalamic paraventricular nucleus 

(PVN). AIH was performed in vagus nerve-intact, anesthetized, artificially ventilated, and 

paralyzed male C57Bl/6 mice (20-30g). AIH consisted of 5, 3 min bouts of hypoxia at 0.15 FiO2 

interspersed with 3 min bouts of recovery at 1.0 FiO2. Arterial pressure and postganglionic renal 

SNA were recorded during the AIH protocol and for 60 min thereafter. Control and treated mice 

received PVN injections of vehicle (aCSF) and the pan-specific ionotropic glutamate receptor 

antagonist kynurenic acid (KYN, 2 nmol, ~40 nL), respectively, 10 min before the start of AIH 

(n=7 per group). Renal SNA was similar between groups before and after PVN vehicle/KYN but 

increased progressively with each bout of hypoxia only in the control group. Immediately after 

AIH (~ 5 min), when mice were returned to continuous hyperoxic ventilation, SNA was again 

similar between groups. Over the next 60 min of hyperoxic ventilation, the ramp increase of 

SNA was significantly greater in PVN vehicle-treated than in KYN-treated mice (P<0.05). In 

control mice only, the magnitude of sLTF quantified 60 min after AIH was significantly 

correlated with the amplitude of the SNA response to the last bout of AIH (R=0.85, p=0.015) and 

with the amplitude ratio of the SNA response to the 5th vs. 1st hypoxic episodes (R=0.75, 

p=0.0498), indicating that these variables predict sLTF magnitude. Arterial pressure was stable 

at baseline but dropped in both groups by <15 mmHg over the 60 min post-AIH period. This 

indicates that differential arterial baroreceptor unloading is unlikely to underlie differential sLTF 

magnitude between control and PVN KYN-treated mice. We conclude that post-AIH sLTF 

requires availability of PVN ionotropic glutamate receptors, which supports a model of sLTF in 

which potentiating glutamatergic plasticity impacting pre-sympathetic neurons contributes to 

AIH-induced sLTF. 
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Abstract: Acute ischemic stroke lesions encompass the penumbra, an area of hypoperfusion 

surrounding the core with a limited lifespan of a few hours unless reperfusion is initiated. 

Despite this short window, the penumbra is potentially salvageable and is a target for 

neuroprotection. This study aimed to determine the neuroprotective effect of LAU-001 and 

NPD1 on the ischemic penumbra. Two different types of small bioactive molecules were 

investigated. The first was LAU-0901, an antagonist of PAF-R that blocks activated pro-

inflammatory signaling and has been shown to have promising efficacy in a stroke model. The 

second product of DHA, a novel synthetic docosanoid 188ndersen188ection D1 (NPD1), 

activates cell-survival pathways and possesses potent anti-inflammatory and neuroprotective 

activity in the brain. Male Sprague-Dawley rats (280-355g) were anesthetized with 

isoflurane/nitrous oxide and received 2h MCAo by intraluminal suture. Neurological status was 

evaluated at 60 min, and on days 1, 2, 3, or 7; a grading scale of 0-12 was employed. Rats were 

treated with LAU-0901 (i.p. 60mg/kg at 3h) and NPD1 (i.v. 222 µg/kg at 3h 15 min) after the 

onset of stroke and vehicle (cyclodextrin and saline at 3h). There were four groups: LAU-

0901+NPD1 and vehicle, 3 days’ survival, and LAU-0901+NPD1 and vehicle, 7 days’ survival. 

Rats were perfused with 4% Paraformaldehyde on days 3 and 7, and an ex vivo MRI of the brain 

was conducted using 11.7 T MRI. Infarct Hierarchal region splitting was used to distinguish the 

core from the penumbra. Physiological variables showed no significant differences among 

groups. No adverse behavioral side effects were observed after the administration of LAU-

0901+NPD1. Combinatory treatment with LAU-0901+NPD1 improved behavioral score 

compared to vehicle-treated rats in both 3-day and 7-day groups. In the 3-day LAU-0901+NPD1 

treatment group, the neurological scores improved on days 1, 2, and 3 by 33, 34, and 35% 

compared to the vehicle group. In the 7-day LAU-0901+NPD1 treatment group, the neurological 

scores improved on days 1, 2, 3, and 7 by 23, 26, 28, and 34% compared to the vehicle group. 

MRI analysis of lesion, core, and penumbra volumes in the process. We concluded that 

combination treatment by the PAF-R antagonist, LAU-0901, plus NPD1 affords synergistic 

neuroprotection in the post-ischemic brain and open avenues for potential future therapeutics for 

ischemic stroke. We are currently exploring the molecular mechanisms involved. 
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Abstract: Remote ischemic conditioning (RIC) represents an innovative and attractive 

neuroprotective approach in brain ischemia. The purpose of this intervention is to activate 

endogenous tolerance mechanisms by inflicting a subliminal ischemia injury to the limbs, or to 

another “remote” region, leading to a protective systemic response against ischemic brain injury. 

Among the multiple candidates that have been proposed as putative mediators of the protective 

effect generated by the subthreshold peripheral ischemic insult, it has been hypothesized that 

microRNAs may play a vital role in the infarct-sparing effect of RIC. Recently, miRNAs have 

been isolated in secreted vesicles called exosomes. Exosomes, small lipid bilayer vesicles, are 

part of the transportable cell secretome that can be taken up by nearby recipient cells or can 

travel through the bloodstream to cells in distant organs. In the light of these premises, the aims 

of the present study were: 1) To evaluate the effect of the systemic administration of exosomes 

isolated from plasma of animals subjected to remote ischemic postconditioning (RLIP) on 

cerebral ischemia-reperfusion injury; 2) To finely dissect exosomes content in terms of miRNAs; 

3) To select those regulatory miRNAs specifically expressed in protective exosomes and to 

identify the molecular pathways involved in their protective effects. Circulating exosomes were 

isolated from blood of animals exposed to RLIP and administered to animals exposed to tMCAO 

by intracerebroventricular, intraperitoneal or intranasal routes. miRNA signature in protective 

exosomes was evaluated by microarray analysis. Exosomes isolated from the plasma of rats 

exposed to RLIP attenuate cerebral ischemia-reperfusion injury and improved neurological 

functions. By contrast, exosomes isolated from plasma of animals exposed to tMCAO alone 

failed to confer neuroprotection. Notably, protective exosomes were characterized by a peculiar 

miRNA signature. Collectively, the results of the present work demonstrated that exosomes 

released in plasma of rats after RLIP may transfer a neuroprotective signal to the brain of 

ischemic animals and represent a potentially translatable therapeutic approach in stroke. 
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Abstract: Histone Deacetylase 9 (HDAC9) overexpression has been found neurodetrimental in 

humans stroke patients. Ferroptosis is a neuronal death pathway characterized by an iron-

depenent accumulation of lipid peroxides and its counteraction is an emerging therapeutic target 

in brain ischemia. Here, we investigated the possible relationship between stroke-induced 

HDAC9 and ferroptosis in in vitro and in vivo models of stroke. The results indicated that 

counteraction of oxygen and glucose deprivation (OGD) plus reoxygenation (RX) -induced 

HDAC9 increase blocked glutathione peroxidase 4 (GPX4) reduction and transferrin 1 (TfR1) 

receptor increase. Interestingly, HDAC9 increase occurred in the cytosol compartment but not in 

the nucleus. Importantly, OGD/Rx reduced specificity protein 1 (Sp1) protein expression and 

increased hypoxia-inducible factor (HIF-1) (HIF-1) that are transcriptional activators of GPX4 

and TfR1 in neurons, respectively. Importantly, Sp1 reduction and HIF-1 increase were partially 

blocked by pre-treatment with siHDAC9, suggesting the involvement of this HDAC isoform in 

causing this effect. Interestingly, OGD/Rx-induced Sp1 down-regulation and HIF up-regulation 

was related to their deacetylation, with consequent ubiquitination for Sp1 and deubiquitination 

for HIF-1. Co-immunoprecipitation experiments showed that Sp1 and HIF were bound with 

HDAC9 after OGD/Rx exposure, whereas siHDAC9 reverted OGD/Rx-induced degradation of 

Sp1 and increase of HIF. Furthermore, rat cortical neurons exposed to OGD/Rx showed an 

increase of HDAC9, in parallel with a down-regulation of Sp1 and GPX4 and an up-regualtion of 

HIF and TFR1 proteins, respectively. Importantly, transfection of siRNAs against HDAC9, HIF-

1 or TFR1 or transfection of vectors overexpressing Sp1 or GPX4 significantly blocked 

OGD/Rx-induced increase of the malondialdehyde (MDA) content, a well known marker of lipid 

peroxidation and consequent cell death in cortical neurons. Notably,, Sp1 recruitment to the 

GPX4 gene was reduced whereas HIF-1 recruitment to the TFR1 gene was increased in the 

temporoparietal cortex of rats subjected to transient middle cerebral artery occlusion (tMCAO), 

with a consequent GPX4 reduction and TFR1 increase, respectively. Conversely, the tMCAO-

induced. (1) Sp1 and GPX4 reduction or (2) HIF-1 and TfR1 increase was prevented by 

intracerebroventricular injection of siHDAC9. These results suggest that HDAC9 knockdown by 

blocking Sp1 and HIF-1 binding on GPX4 and TfR1 gene promoter sequences respectively, 

provides protection from stroke-induced ferroptosis. 
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Abstract: Neuroprotective efficacy observed during short survival periods may not necessarily 

apply to more extended survival periods, and some stroke-impaired behaviors recover naturally 

in rodent models 1-2 weeks after stroke. The objective of the present study was to test the 

hypothesis that acute LAU-0901 plus NPD1-induced neuroprotection endures in animals allowed 

to survive for several weeks after focal ischemic insult. Two small bioactive molecules were 

investigated: LAU-0901, a PAF-R antagonist that blocks pro-inflammatory signaling, and 

191ndersen191ection D1 (NPD1), which activates cell-survival pathways, and their combination 

exerts potent anti-inflammatory activity in the brain. Male Sprague-Dawley rats (290-360g) were 

subjected to 2h of middle cerebral artery occlusion (MCAo) by the intraluminal filament and 

treated with vehicle, LAU (60 mg/kg, IP), NPD1 (222 µg/kg, IV), LAU-0901+NPD1 at 3 h after 

onset of MCAo. Rats received neurobehavioral examinations during MCAo (60 min) and then on 

days 1, 2, 3, 7, and weekly during eight weeks survival period, followed by ex vivo MRI using 

11.7 T on weeks 4 and 8. Physiological variables showed no significant differences among 

groups. No adverse behavioral side effects were observed after the administration of LAU-0901, 

NPD1, or LAU-0901+NPD1. LAU-0901 and NPD1 treatments alone significantly improved the 

behavior compared to the vehicle group on day 1 (by 32 and 33%), day 7 (38 and 40%), week 4 

(38 and 39%), and persisting throughout eight weeks of survival period (by 58 and 44%, 

respectively). Combinatory treatment with LAU-0901 plus NPD1 dramatically improved total 

neurological score on days 1 (by 37), 2 (by 37%), 3 (by 36%), 7 (40%) and on weeks 4 (by 

40%), 5 (44%), 6 (44%), 7 (44%) and 8 (41%) compared to vehicle group. MRI analysis in the 

process. In conclusion, these data suggest that LAU-0901 and NPD1 alone provide high-grade 

neuroprotection in the MCAo model. In conclusion, combinatory therapy with LAU-0901 plus 

NPD1 affords synergistic neuroprotection with improved neurological recovery when 

administered at 3h after focal cerebral ischemia in rats. 
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Abstract: A major goal of clinical applications in cerebral vascular disorders, primarily stroke, 

is rehabilitation at the molecular and cellular level. This involves reconstruction of vascular 

networks using pro-angiogenic therapies to recover neural functionality. On this front, 

nanotechnology-based methods have made big strides in recovering vascular networks using pro-

angiogenic molecules. Previously, our lab has successfully shown that nanotransfection of 

fibroblasts with a DNA cocktail for pro-vasculogenic transcription factors can mediate an 

increase in perfusion in the brain following an ischemic stroke [1]. Plasmid DNA for 

transcription factors Etv2, Fli1, and Foxc2 (EFF) were transfected into murine fibroblasts, which 

were intracranially delivered to the site of the infarct in an induced MCAO model of stroke. 

After a 21-day period, our results showed an increase in biomarkers for both vascularity and 

neural cellularity. Furthermore, imaging showed increased vascularity, decreased infarct size, 

and decreased glial scarring. Finally, behavioral analysis of mice showed a marked recovery of 

motor function in the weeks following treatment. Altogether, these results suggested that our 

plasmid DNA cocktail might serve as a viable candidate for re-vascularization therapy. Despite 

this promise, however, the proposed therapy needed to be precisely delivered to the infarct 

region, which can prove to be difficult and risky. Thus, our focus turned to finding a new 

candidate delivery vessel for our gene therapy cocktail. Myeloid-derived suppressor cells 

(MDSCs), a population of immature myeloid cells, showed promise due to the tendency of 

MDSCs to naturally accumulate in chronic disease tissues (e.g., stroke). Thus, we used an 

electroporation-based transfection technique to transfect MSC-2 immature myeloid cells with the 

EFF cocktail, thus engineering them to express a pro-angiogenic phenotype. Moreover, we 

looked at the role which biological nanoparticles, known as extracellular vesicles (Evs), secreted 

from the transfected cells played. We show that engineered MDSCs (eMDSCs) and their 

secreted Evs show significant EFF cargo loading of mRNA transcripts. We also show that 

secreted Evs and proteins from eMDSCs are bioactive via normalized uptake experiments. In this 

regard, eMDSC-derived conditioned media drove the formation of a highly proliferative tubular 

network of endothelial cells that is indicative of angiogenesis by numerous factors related to 

network growth and maturity in vitro. Ongoing studies aim to demonstrate the migration and 

therapeutic potential of eMDSCs in an induced MCAO model. 

1. Lemmerman et al. Sci Adv, 7(12): eabd4735 (2021). 
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Abstract: PAMAM dendrimers are 3-dimensional nanomolecules which can deliver DNA/RNA 

and drugs to different cells types in vitro and in vivo. In the past, we used the generation-4 (G4) 

PAMAM dendrimers with modified surface having 90% hydroxyl groups and 10% amine groups 

(known as G4-90/10). They can blood-brain barrier and deliver the cargo into the cells in vitro 

and in vivo. Unlike some of the viral vectors, these dendrimers can carry plasmids that are more 

than 10 kb in size. In the current study, we utilized G4-90/10 PAMAM dendrimers tagged with 

Cy5.5 fluorescent dye to deliver a gene that encodes a transcription factor hSOX2 to the infarct 

region in a stroke brain in rats. Following a stroke event, reactive astrocytes are recruited at the 

stroke region to perform their normal maintenance functions, creating severe inflammation. The 

goal of this study was to reprogram a fraction of these astrocytes into neurons and repopulate the 

infarct region in the stroke brain. The hSOX2 gene was delivered to the stroke brain complexed 

with the G4-90/10 dendrimers. Our initial behavior analysis as evidenced by the ladder test, 

indicated that, following delivery of hSOX2 by the dendrimers, there was recovery of behavioral 

functioning in the stroked rats compared to the vehicle-treated stroked rats and sham-operated 



controls. Overall, these results show that PAMAM dendrimers have significant potential 

delivering therapeutic molecules for treating stroke and other neurological conditions. 
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Abstract: Objective The degree to which somatosensory loss resulting from stroke insult 

impairs motor function and recovery is not well understood. We seek to determine whether 

stroke-induced somatosensory impairment limits perceived recovery, as measured by Stroke 

Impact Scale-hand function (SIShf) subdomain, during BCI-FES intervention.  

Methods Stroke participants (n=35, 16 female, M age 62yrs, ±12.8yrs) completed <30hrs of 

BCI-FES intervention with neuropsychology testing at pre (M1), and post intervention (M3). 

Participants were grouped post hoc on presence or absence of cutaneous impairment (n=20 with 

cutaneous impairment, n = 15 without cutaneous impairment), as measured by the NIH Stroke 

Scale (NIHSS) sensory domain and into a group with (n=25) and without poststroke 

proprioceptive impairment (n=10), as measured by the NIHSS motor arm domain and change in 

SIShf (M1–M3) for each grouping were compared using independent samples t-tests.  Results 

Over time, participants with cutaneous sensory impairments perceived greater recovery (SIShf 



mean difference =1.60 ±3.48) than those without (SIShf mean difference =0.067, ±1.87) and 

these mean differences were significantly different (p=0.016, t = -1.54, df =33). Participants 

without proprioceptive motor impairments resulting from stroke, perceived more recovery (SIShf 

group mean difference =2.20, ±4.21) than those with (SIShf group mean difference =0.44, ±2.22) 

and the mean differences were significant (p=0.50, t= 1.62, df =33).Discussion Integrity of the 

sensorimotor system is important for perceived motor recovery poststroke and those with 

proprioceptive sensory impairments perceive less recovery following BCI. Those without 

perceived less recovery than those with cutaneous loss, suggesting a greater limit of 

proprioceptive somatosensation with respect to motor rehabilitation poststroke. 

Conclusion Proprioceptive loss as a result of stroke is prohibitive for perceiving motor recovery 

in a stroke-impaired hand following multimodal BCI-FES intervention. 
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Abstract: α-Tocotrienol (TCT) form of natural vitamin E is more potent than better known α-

tocopherol against experimental stroke. Angiographic studies of canine stroke revealed 

beneficial cerebrovascular effects of TCT. This work sought to understand the molecular basis of 

such effect. In mice, TCT supplementation improved perfusion at the stroke-affected site by 

inducing miR-1224. miRNA profiling of laser capture microdissected stroke-affected brain site 

identified miR-1224 as the only vascular miR induced. Lentiviral knockdown of miR-1224 

significantly blunted the otherwise beneficial effects of TCT on stroke outcomes. Studies on 

primary brain microvascular endothelial cells revealed direct angiogenic properties of miR-1224. 

In mice not treated with TCT, advance stereotaxic delivery of miR-1224 mimic to the area at risk 

for stroke markedly improved stroke outcomes. Mechanistic studies identified Serpine1 as a 

novel target of miR-1224. Down-regulation of Serpine1 augmented the angiogenic response of 



miR-1224 mimic in the brain endothelial cells. The inhibition of Serpine1, by dietary TCT and 

pharmacologically, increased cerebrovascular blood flow at the stroke-affected site and protected 

against stroke. This work assigns Serpine1, otherwise known to be of critical significance in 

stroke, a novel cerebrovascular function that can worsen stroke outcomes. miR-1224 dependent 

inhibition of Serpine1 can be achieved by dietary TCT as well as by the small molecule inhibitor 

TM5441. 
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Abstract: As ischemic strokes account for roughly 85% of strokes and current methods 

inadequately provide for the intense inflammation inherent to stroke, anti-inflammatory 

treatments provide potential alternative therapy for stroke patients. In combining cutting-edge 

nanoparticles with traditional turmeric (Curcumin) with anti-inflammatory properties, unique 

supportive therapies may be possible. The purpose of this study was to analyze behavior 

outcomes such treatments with anti-inflammatory properties injected systemically within an 

ischemic stroke model in rats. The curcumin encapsulated with the surface-modified PAMAM 

dendrimers were injected intraperitoneally for a week into the stroke rats following 90-min 

occlusion of middle cerebral artery. The rats underwent a battery of behavior tests such as Paw-

lateralization index and neuro scoring. Average lateralization scores for each postoperative day 

within the stroke group demonstrated ipsilateral dominance, whereas lateralization was mixed 

within the sham group. One-way ANOVA within the stroke group demonstrated significant 



differences in lateralization scores collected on postop day 7 between treatment groups. On post 

operative day 7, groups the rats that received curcumin encapsulated dendrimer demonstrated 

significantly higher averages of contra-lateralization than curcumin-only, empty dendrimer, and 

HBSS control groups. The stroke rats within the combined treatment groups (dendrimer and 

curcumin) demonstrated the greatest use of their contralateral limb, showing statistical 

significance compared to all control subgroups; with the greatest significance being seen 

between the combined treatment and the HBSS control. Results suggest relevance of combined 

dendrimer and curcumin therapy to potentially mitigate stroke sequalae; specifically, the impacts 

of ischemic stroke on contralateral limbs. Furthermore, due to the increased significance between 

combined therapeutic and pure HBSS control as compared to other groups, potential evidence 

exists to suggest role of dendrimer and curcumin in potential therapeutics – whereas in isolation, 

neither demonstrated the effects seen in combining both agents. These results invite further 

investigation of the therapeutic potential of nanoparticles in the ischemic patient model. 
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Abstract: Background: Cerebrovascular endothelial cells (CECs) are key components of the 

blood-brain barrier (BBB) and are the first cells to respond to ischemic stroke. However, 

therapeutic strategies targeting CESs are underdeveloped. Vascular cell adhesion molecule-1 

(VCAM-1; CD106) is a member of the immunoglobulin-like superfamily (IgSF) that shows 

increased expression in CECs after stroke. Herein, we test if an RNA aptamer-based nanoparticle 

targeting VCAM-1 can be specifically demonstrated to target CECs in stroke brains. Methods: 

Anti-VCAM-1 aptamer nanoparticles (conjugated with Cy5.5) and control aptamer nanoparticles 

(randomized oligonucleotides conjugated with Cy5.5) were chemically synthesized. A transient 

middle cerebral artery occlusion (tMCAO, 60 min occlusion) stroke model was induced in mice. 



Nanoparticles (0.5 nmol per mouse) were injected through their tail vein at 6 hours after stroke. 

Ex vivo whole brain images were acquired by IVIS imaging system. Then, the brain tissues were 

cryosectioned and stained against CD31 to visualize brain vasculature. Immunofluorescent 

images were acquired by Nikon confocal fluorescence microscope. Results: Higher fluorescence 

intensity was detected by IVIS images preferentially from the brain of stroke mice treated I anti-

VCAM-1aptamer nanoparticles (n=4)- compared to the mice injected with control aptamer 

nanoparticles (n=4, p<0.05) or PBS (n=4, p<0.01). One mouse died in the PBS treated group but 

no mice died in nanoparticles treated group, demonstrating no toxicity of RNA nanoparticles. 

Quantified mean fluorescence intensity (MFI) showed the mice treated with anti-VCAM-1 

aptamer nanoparticles had significantly higher MFI in ischemic hemisphere compared with 

stroke mice. Our confocal miscropy data from immunofluorescence staining against CD31 

further confirmed that Cy5.5 signals were overlapped with CD31+ CECs. Conclusion: Our data 

suggest that CECs affected by stroke can be selectively targeted with anti-VCAM-1 aptamer 

nanoparticles. The VACM-1 specific aptamer nanoparticles demonstrate an efficiency and safety 

of RNA-based nanoparticle as a useful delivery platform for miRNA-based therapy specifically 

into CECs after stroke. This method is expected to overcome the challenge from the lack of cell-

specific targeting approaches needed to reduce off-target side-effects. 
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Abstract: It is common to find objects that resemble animals, often on purpose (e.g., toys). The 

categorization of such objects as animal-like seems obvious to the human visual system. 

However, this “Animal Bias” for zoomorphic objects is strikingly absent in the recent benchmark 

artificial models of vision, deep convolutional neural networks (DCNNs). Here we provide a 

computational understanding of the human Animal Bias. First, we successfully induced this bias 

in multiple DCNNs (AlexNet, VGG). These DCNNs were pre-trained on ImageNet followed by 



explicit exposure to zoomorphic objects during transfer learning and the instruction to categorize 

the zoomorphic objects as animals. After this transfer learning, DCNNs showed an Animal Bias 

with a held-out test set of animals, zoomorphic objects, and regular objects, as well as an 

increased correspondence with neural representations in human occipitotemporal cortex as 

measured through functional magnetic resonance imaging. Second, we further considered the 

possibility that the human Animal Bias could also emerge indirectly from several other well-

known characteristics of human object perception, such as its peculiar sensitivity for faces and 

bodies, its explicit sensitivity for the superordinate distinction between animate and inanimate 

classes, its bias for relying upon shape rather than texture, and its exposure to a more 

ecologically valid distribution of image categories. We included DCNNs trained with stimulus 

sets and tasks specifically designed to test each of these hypotheses, but none of these training 

regimes induced an Animal Bias or an increased correspondence with neural representations. 

These findings provide computational support that the Animal Bias for zoomorphic objects 

observed in the human brain might specifically reflect the importance of such objects during 

development. 
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Abstract: We don’t just see the world, we understand it. From a brief video or even a still image 

of a person in action, we can infer what they are doing, why they are doing it, what they will do 

next, or what they might have done but didn’t. A fundamental question in neuroscience is how 

neural populations transform sensory inputs into such deep and versatile understandings. 

Mirror neurons are proposed to be the neural basis for such understanding, at least for how we 

infer what another person intends or feels. However, the mirror hypothesis does not encompass 

all aspects of understanding. For example, if understanding comes from activating our own high-

level action representations, how can we understand actions we have never performed (e.g., 



jumping a skateboard)? Or could never perform (e.g., flying)? Alternate theoretical frameworks 

have emerged in parallel based on the concept that human-like learning and thinking is the 

product of how neural systems build and use internal models of the world, what we will call the 

“cognition through internal models” framework. These internal models are characterized by 

features such as generalizability and compositionality – attributes that overcome many of the 

limitations ascribed to the mirror hypothesis. 

We hypothesize that “mirroring” is one manifestation of a more general mechanism by which we 

create generalizable internal representations of the world. To test this hypothesis, we recorded 

from populations of neurons in human PPC while a participant experienced actual touch (to the 

participant) or observed touch (to another individual) while manipulating the location of a touch 

(cheek, shoulder) and touch type (pinch, press, rub, and tap). The population was not well 

characterized by individual sensations being mirrored between actual and observed sensations. 

Instead, basic-level tactile variables related to body location and touch type were encoded as 

generalizable properties of the neural population, encoded in similar ways across different task 

conditions. These encodings could be explained using a small number of latent neural subspaces 

associated with basic aspects of the stimuli, such as the touch type and body location, consistent 

with compositionality. Our work supports the cognition through internal models framework. We 

speculate that populations of neurons achieve versatile understanding, not through a process of 

mirroring but instead by encoding representational building blocks of cognition. 
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Abstract: Face are naturally dynamic, multimodal and embedded in rich social context. 

However, mapping the face processing network in the human brain and its relation to behavior is 

typically done during rest or using isolated, static face images. The use of such contrived stimuli 



might result in overlooking widespread cortical interactions obtained in response to naturalistic 

context and the temporal dynamics of these interactions. Here we examined large-scale cortical 

connectivity patterns measured in response to a dynamic movie in a sample of typical adults 

(n=517), to determine how inter-subject functional connectivity (ISFC) relates to face 

recognition scores. We found a positive correlation with recognition scores in edges connecting 

the occipital visual and anterior temporal regions and a negative correlation in edges connecting 

attentional dorsal, frontal default, and occipital visual regions. These ISFC patterns resembled 

previous findings comparing individuals with congenital prosopagnosia to normal controls and 

the viewing of inverted compared to upright faces. To further examine these connectivity 

patterns, we developed a novel method that allows analysis of inter-subject stimulus-evoked 

node/edge responses at a single TR resolution. Using this method, we demonstrated that co-

fluctuations in face-selective edges observed here and in previous work are related to local 

activity in core face-selective regions. Finally, correlating this temporal decomposition of the 

observed ISFC patterns to the movie content revealed that they peak during boundaries between 

movie segments rather than during the presence of faces in the movie. Our novel approach 

demonstrates how visual processing of faces is linked to fine-scale dynamics in attentional, 

memory, and perceptual neural circuitry. 
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Abstract: Freiwald and Tsao (2010) [Functional Compartmentalization and Viewpoint 

Generalization Within the Macaque Face-Processing System. Science 330:845-851] observed 

that neurons in the middle-lateral and middle-fundus (ML/MF) face patches—also denoted as 

middle face patch—were maximally responsive to a single preferred face view. Neurons in the 

anterior-lateral face patch (AL), the subsequent processing stage, responded maximally and 

similarly to mirror-symmetric face views—e.g., left and right profile views. Finally, neurons in 

the anterior medial (AM) face patch, the last processing stage, were virtually viewpoint invariant. 

Several studies have probed the form of view-tuning of neural populations in human face-

selective areas with a combination of fMRI and pattern analysis methods. While some studies 

concluded the human Fusiform Face Area (FFA) is view-tuned, like ML/MF, others concluded it 

is mirror-symmetrically tuned, like AL. We proposed a model that accounts for these 

inconsistent conclusions (Ramírez, 2018). The model suggests that stronger responses to frontal 

face views in FFA led to the artefactual observation of mirror-symmetry due to analysis choices 

that skew the results—i.e., data recentering and choice of pattern dissimilarity measure in 

Representational Similarity Analyses (RSA). Two predictions stemming from the model are that 

(i) if human FFA and ML/MF are homologues, ML/MF should reveal stronger responses for 

frontal than lateral face views, as observed in FFA, and (ii) combining neurons in ML/MF to 

emulate measurements from neuroimaging methods that reflect pooled activity of large numbers 

of neurons should lead to artefactual observations of mirror-symmetry if data are demeaned prior 

to RSA or the Euclidean distance used as measure of pattern dissimilarity. We reanalyzed the 

data from Freiwald and Tsao (2010) and confirmed both predictions. Increased average spike 

counts for the frontal face-views were observed in ML/MF, but not AL. We also observed a 

marked increase in the degree of mirror-symmetry inferred with RSA with the Euclidean 

distance and when the data were demeaned prior to RSA with the cosine distance. Our findings 

demonstrate that inferences regarding neural coding with RSA are not translation invariant (i.e., 

data recentering can change the conclusions), and underscore the importance of taking into 

consideration measurement scale and pattern dissimilarity measure when interpreting RSA 

observations. Our findings do not support a recently suggested homology between macaque AL 

and human FFA, but support instead the original homology proposed by Tsao et al. (2003) 

between the middle face patch (ML/MF) and FFA. 
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Abstract: Primates can learn to recognize features in virtually all images, a perceptual ability 

still unparalleled by machine vision. One hypothesis is that cortical neurons encode important 

patterns from scenes, objects, and textures, then use this information to interpret incoming visual 

signals (Poggio & Edelman, 1990). To understand the visual patterns encoded by cortical 

neurons along the ventral stream, we have previously used generative machine learning 

algorithms to synthesize strongly activating images, called prototypes (Rose et al., 2021). We 

implanted two macaques with chronic microelectrode arrays and synthesized prototypes from 

neurons in primary visual cortex (V1) and inferotemporal cortex (IT). Prototypes from IT 

neurons often resembled abstracted parts of real-world objects, such as monkey faces and body 

parts, as determined by pre-trained neural networks and human judgements (Bardon et al, 2021). 

However, it was unknown if monkeys could also perceive these similarities, as would be 

expected if prototypes represent neuronally encoded abstractions from experience. We 

investigated this question using a two-alternative forced choice task in which we trained two 

macaques to saccade to generator-stylized images of conspecifics and not to other objects (e.g., 

wheels, houses, or plants). We then tested how they spontaneously classified prototypes from IT 

and V1 in randomly rewarded probe trials (interleaved 15% of the time). Monkeys chose IT 

prototypes over shuffled prototypes above chance level (M ± SEM; 73.1 ± 3.2% right-sided 

Student t-test, P = 9.1 x 10-7) and selected V1 prototypes at chance level (48.4 ± 4.0%, P = 0.66). 

For each prototype, we calculated a “monkey-similarity” score using activations of the AlexNet 

macaque unit. We found these scores correlated positively with how often each prototype was 

chosen by the monkeys (Pearson’s r = 0.66, P = 8.0 x 10-6). In additional experiments, we 

confirmed monkeys could abstract simple shape features from real-world objects — such as 

circles and triangles from street signs — and found they could also abstract features common to 

categories which are less ecologically relevant than conspecifics (e.g., chickens and chairs). 

Finally, we confirmed human participants also reported similarities between monkeys and IT 

prototypes in a computerized replication of the first experiment (IT: 77.6 ± 2.5%, P = 1.2 x 10-6; 

V1: 54.8 ± 3.0%, P = 0.081). Like macaques, human behavior was positively correlated with 

monkey-similarity scores (r = 0.82, P = 5.0 x 10-6). These results provide evidence that 

prototypes from cortical neurons arise as abstractions from experienced scenes, objects, and 

textures.  
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Abstract: We can effortlessly and rapidly classify information based on subtle changes in visual 

features. Human faces are exemplary in this regard: social categories, such emotive state, are of 

obvious and immediate behavioral relevance but characterized by modest changes in visual 

input. While previous research has identified a wide network of face preferential areas, how 

faces are actually processed to extract social meaning is still unknown. Our previous work with 

visually degraded faces suggests that the use of stimulus relevant tasks, as opposed to more 

generic tests of memory such as N-back, may be necessary to characterize these complex 

networks. Here we extend those findings by combining social perception tasks with 

neuroimaging data at fine spatial and fast temporal scales.We used a fixation task and two 

stimulus relevant tasks – perception of gender and perception of expression. We acquired 

separate high spatial (0.8mm isotropic) and temporal (0.5s) resolution 7 Tesla BOLD images. 

Participants viewed partially degraded faces (1s on, 2 to 6s ISI), and made 2AFC choices 

(male/female; happy/neutral, blue/red border) for each stimulus. Only task demands and 

spatiotemporal scale of the BOLD images differed for each run; images and stimulus timing 

were identical. We estimated single trials as well as task specific hemodynamic responses. We 

find substantial heterogeneity between tasks, with the stimulus irrelevant color task associated 

with significantly (p<0.05, multiple comparison corrected) weaker single trial amplitudes in the 

fusiform face and occipital face areas (FFA; OFA). For social perception tasks, perceiving 

expression drives larger BOLD responses in the superior temporal sulcus (STS), however in 

other regions (FFA, OFA) there are few differences. By leveraging the rapidly sampled data we 

find that estimated hemodynamic responses differ substantially between tasks, particularly in 

atypical regions (e.g. medial/lateral prefrontal cortices). Similarly, by exploiting fine scale detail, 

multivariate classification succeeds in task decoding, with an average of 70% accuracy (chance 

33%). Through the lens of socially relevant task demands and high spatial and temporal 

resolution brain imaging we observe signals that 1) may not be resolvable with typical 

acquisition strategies, 2) have substantial variability 3) are relevant to naturalistic perception and 

4) highlight novel areas. Despite broad consistency in ‘core’ areas, we find variability between 

individuals that group averaging would obscure. These findings highlight the ability of fMRI to 

capture dynamic changes in network configuration, based on moment to moment perceptional 

demands. 

Disclosures:  L.T. Dowdle: None. L. Vizioli: None. G.M. Ghose: None. 

Nanosymposium 

179. Social Vision: Mechanisms of Face and Body Perception 

Location: SDCC 24 



Time: Sunday, November 13, 2022, 1:00 PM – 3:00 PM 

Presentation Number: 179.07 

Topic: D.06. Vision 

Support: Intramural Research Program at NIMH (ZIA-MH-002909) 

Title: A cortico-amygdala pathway for foveally and peripherally-presented faces 

Authors: *K. D. RANA1, M. SARGEANT1, J. TAUBERT2, L. G. UNGERLEIDER1, E. P. 

MERRIAM1;  
1Natl. Inst. Of Mental Hlth., Bethesda, MD; 2Univ. of Queensland, St Lucia, Australia 

Abstract: Face processing is typically thought to be foveally biased, which is consistent with the 

foveal bias of the ventral temporal cortex (VTC), where the cortical face regions are located. 

However, the amygdala, which also contains face-selective neurons, responds to peripherally-

presented faces. Given this discrepancy in visual field sensitivity, how does the amygdala 

interface with the cortical face regions? We addressed this question by investigating cortico-

amygdala activity and connectivity in a passive-viewing task in which human participants 

viewed three-item arrays consisting of faces, objects, and scenes. Each array had one centrally 

presented stimulus and two flankers in the periphery. We measured brain activity using 

magnetoencephalography (MEG). Decoding face location revealed peak decoding accuracy at 

170 ms, both in VTC and in the amygdala. Pairwise decoding of location in VTC showed high 

decoding accuracy for centrally-presented faces, and at each peripheral location, but poor 

decoding between the two peripheral flanker locations. This is consistent with the foveal bias of 

VTC. However, all three locations could be decoded using amygdala activity, suggesting the 

amygdala plays a role in locating faces in the visual field. We performed a searchlight analysis 

based on the phase-slope index connectivity, which was seeded on the amygdala. This analysis 

revealed gamma-band connectivity from the amygdala to the anterior superior temporal cortex 

(aSTS). We then computed phase-slope connectivity between aSTS and early visual cortex 

(EVC), and areas in lateral occipital cortex (LO) and fusiform gyrus (FG) that were found 

sensitive to faces in a separate control task. This connectivity analysis revealed gamma-band 

communication from aSTS to EVC and FG. Our findings suggest that the amygdala 

communicates information about face location to aSTS, which then sends information back to 

EVC and FG. Location information in the amygdala may support orienting behavior to face 

stimuli. 
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Abstract: Humans can understand social scenes at a glance. Abilities such as these are thought 

to rely on a network of brain regions often referred to as the social brain. Although people have 

found cortical patches selective for social content including faces, bodies and social interactions, 

it is mostly unknown how these domains work collectively dynamically during perception. 

People with autism spectrum disorders typically have deficits in some aspects of social 

cognition, but there is uncertainty over which brain regions are responsible. Here we “map” the 

regions of cortex important for social perception and cognition in wild type marmosets which is 

a new world monkey that is highly social. In the traditional paradigm we showed images and 

videos with marmoset faces and marmosets engaged in several forms of social behavior, together 

with matched control images and videos. We mapped brain regions responsive to the visual 

stimuli with micro-electrocorticogram (EcoG) recordings over the posterior and middle temporal 

cortex and lateral prefrontal cortex in animals seated in a primate chair with head fixed and gaze 

monitored. Stimulus selectivity was evident in the high gamma band. We localized several 

face/body/object patches in temporal and frontal lobe, which appear to be in similar locations to 

areas mapped with fMRI scanning. We also identified patches that appear to be selective for 

social interactions. Timing data suggests a first posterior to anterior feedforward wave of 

activation, followed by a second feedback wave. Moreover, in the naturalistic paradigm, we also 

recorded with the same EcoGs but with untethered, wireless recordings in the same animal, 

during social behaviors in the home cage. A topdown-view camera was used to record and track 

the marmosets’ behaviors. We found the face and social patches showed higher activity when the 

animal with the electrodes was facing towards the cage-mate, compared with when they were 

facing apart. With these recordings, we hope to compare patterns of activation during the 

perception of social stimuli with patterns activated during performance of social behaviors. 
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Abstract: The dopamine transporter (DAT) is one of the major determinants of dopamine 

signaling. We have previously shown that autophagy, or self-eating, selectively targets DAT for 

degradation, suggesting that autophagy regulates dopamine signaling. However, the molecular 

mechanism of selective targeting of DAT by autophagy is unknown. Autophagy is a homeostatic 

process that targets organelles and proteins for degradation to recycle their basic building 

components. Selective autophagy uses various eat-me signals to recognize specific cargo. One of 

these signals is the pentapeptide KFERQ motif. We used bioinformatics to identify a KFERQ-

like motif in the cytoplasmic domain of DAT. We hypothesized that “DAT’s KFERQ-like motif 

mediates its autophagic degradation.” Using site-directed mutagenesis, we show that the DAT 

selective autophagy motif is functional and mediates its degradation by autophagy. Our findings 

uncover a novel mechanism by which autophagy regulates dopamine signaling. 
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Abstract: Differential expression of kynurenine pathway and its association with 

behavioral deficits under hypobaric hypoxiaThe Kynurenine Pathway (KP) is a responsible 

entity for tryptophan metabolism and produces various metabolites exhibiting neuroactive, 

neurotoxic, and immunomodulatory properties. Modulation of KP due to environmental stress 



alters its metabolites, further resulting in behavioral dysfunction. To understand the regional 

expression of KP metabolites in the brain in relation to depression and anxiety-like behavior was 

studied in animals under hypobaric hypoxia. Male Sprague-Dawley rats weighing 230–250 g 

were exposed to hypobaric hypoxia (HH) (at 25,000 ft.) for 1, 3, and 7 days. The depression-like 

behavior of the rats was assessed using the Forced Swim Test (FST), while the anxiety and 

locomotor activity of the rats were examined using the Open Field Test (OFT). The levels of KP 

metabolites in the pre-frontal cortex (PFC), neocortex, and hippocampus were measured using 

high-performance liquid chromatography to elucidate the region-dependent variations. Further, 

the correlation between behavioral analogues and KP metabolites was evaluated using Pearson’s 

correlation. In the PFC, neocortex, and hippocampus, tryptophan increases on 1-day HH 

exposure but further decreases on prolonged HH exposure. The kynurenines were found to be 

increased in all brain regions up to 3-day HH. However, in the PFC and hippocampus, the 

quinolinic acid branch of KP was found to be activated, while in the neocortex, the kynurenic 

acid branch of KP was activated. Serotonin was significantly reduced in all three brain regions 

throughout HH exposure. On behavioural assessment, a significant increase in immobility, 

indicating the depression-like state was found to be highest on 3-day HH exposure. Similarly, in 

OFT, the highest immobile time and least total distance travelled were observed on 3-day HH 

exposure. Further, we have shown the positive correlation between behavioral parameters and 

kynurenine and quinolinic acid in a time-dependent manner in the PFC and hippocampus. In the 

case of the neocortex, a positive correlation of behavioral analogues was observed with 

kynurenine and kynurenic acid. Under HH stress, differential activation of KP in a region-

dependent manner was observed. Furthermore, a positive correlation of kynurenine, kynurenic 

acid, and quinolinic acid with depression and anxiety-like states in rats exposed to HH was 

found. This study strongly portraits KP as a therapeutic target to treat HH-related psychological 

and physiological abnormalities. 
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Abstract: Alterations of the gut microbiome are identified as contributing to various 

inflammatory disorders including major depression, autism spectrum disorder, and anxiety 

disorders. All of these psychiatric disorders are also linked to changes in inflammation and 

circulating levels of cytokines in the blood. The ‘leaky gut’ hypothesis (Maes et al, 2008) 

suggests that peripheral inflammation results from leakiness of the gut/body barrier, thereby 

permitting gut microbiota, metabolites, and/or cytokines to infiltrate other parts of the body, 

including the brain. Chronic stress is a well-known trigger for emotional disorders, and stress has 

been shown to shift gut microbiota composition, at least in male rodents. As depression and 

anxiety disorders are 2x more likely to occur in women than men, we hypothesized that there are 

sex differences in the impact of chronic stress on gut bacteria species and gut microbiome 

composition over time that relate to patterns of circulating cytokines in blood and brain. We 

exposed young adult male and female C57/BL6 mice to a variable stress paradigm that is known 

to disrupt emotional behavior. The stress paradigm consists of three stressors (100 mild foot 

shocks at 0.45 mA for 1h; restraint for 1 h; tail suspension for 1 h) alternated daily during a set 

stress period. Our past work with this paradigm revealed sex differences in stress susceptibility, 

with females showing greater stress susceptibility than males after 6-d of variable stress, but both 

males and females being negatively impacted by 28-d stress exposure. Fecal samples were 

collected from all subjects at three time points: baseline, before stress exposure began; then after 

6-d, and after 28-d of the variable stress paradigm (or control condition). Fecal samples were 

prepared for next-generation sequencing; 16S rRNA amplicon sequencing data was collected and 

analyzed utilizing Rstudio and various 16s amplicon sequencing analytics packages (DADA2, 

Phyloseq, DESeq2, Corrplot, gplots, and RRHO). Blood was also sampled at each timepoint to 

measure metabolic conditions and cytokines. These data were then correlated with cytokine 

levels detected in plasma as well as hippocampus and nucleus accumbens collected from stressed 

and control mice Preliminary data shows compositional alterations in the Lachnospirales and 

Lactobacillales orders as well as shifts in single taxa that correlate strongly with specific 

cytokines. This exploratory analysis of compositional changes in the gut will elucidate 

convergent and divergent sex differences by which stress impacts immune responses via the 

microbiome-gut-brain-axis. 
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Title: Late glucocorticoid receptor antagonism normalizes the programming effects of brief and 

repeated periods of social isolation stress in adolescent rats 
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Abstract: Social isolation stress (SIS) is one of the most commonly used stress paradigms to 

reproduce psychiatric-like disorders in rodents and it is generally conducted for several weeks 

from weaning to adulthood. However, the long-term effects of briefer periods of SIS only during 

early-adolescence, a critical phase for brain development, are less explored. The present study 

aims at investigating the programming effects induced by brief and repeated SIS at early-

adolescence and the potential effectiveness of late glucocorticoid receptor (GR) antagonism in 

counteracting such SIS-induced alterations. Further, the neurobiological mechanisms underlying 

these effects were evaluated as well. Male Sprague-Dawley rats were subjected to two hours of 

SIS per day during early-adolescence from postnatal day (PND) 28 to PND 34. Adult animals 

stressed in early-adolescence and their relative control groups were intraperitoneally treated with 

the GR antagonist RU486 (30 mg/kg) or vehicle at PND 83, 85 and 87. Potential reversal of 

programming effects on behavioral reactivity was evaluated starting 1 week after treatment 

(PND 90). To investigate the neurobiological mechanisms underlying such effects, transcriptome 

analysis was performed within ventral and dorsal hippocampus. Our results demonstrated that 

brief and repeated periods of SIS during early-adolescence induced a reduction of time spent in 

the open arms, number of entries in the open arms and frequency of head-dippings in the 

elevated plus maze task, and an enhanced emotional reactivity in the acoustic startle response 

task, suggesting the development of anxious-like profile later in life. Strikingly, we found that 

treatment with RU486 at adulthood normalized such SIS-induced programming effects in rats 

tested 1 week after treatment. However, transcriptome analysis did not reveal significant 

alterations within ventral and dorsal hippocampus, indicating that gene expression in these two 

brain areas is not involved in the behavioral effects of SIS and treatment. Our data reveal that 

glucocorticoid stress hormones due to SIS exposure during early-adolescence induced effects on 

emotional reactivity which persist later in life and which are counteracted by late GR 

antagonism. These findings have a groundbreaking potential of introducing a promising 

therapeutic approach to treat and counteract the development of stress-related disorders long-

after trauma. However, additional studies are needed to understand the neurobiological 

underpinnings of this process. 
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Abstract: We recently showed that histaminergic transmission in the nucleus accumbens (Nac) 

increases medium spiny neurons (MSNs) intrinsic excitability through histamine type 2 receptor 

(H2R)-dependent modulation of Kv4.2 channels (Aceto et al., 2022). Given that HA-containing 

hypothalamic tuberomammillary nucleus (TMN) neuron output is increased during acute stress 

(Ito, 2000; Manz et al., 2021), we asked whether acute immobilization stress (AIS) recruits 

endogenous histamine signaling in the Nac. We employed an AIS paradigm in which mice were 

restrained for 120 minutes, followed by a 15-minute recovery period, after which brain slices 

were prepared for ex vivo electrophysiology. Using whole-cell patch-clamp recordings, we 

found that pharmacological activation of H2R elevates MSN excitability of control mice. 

However, in mice that underwent AIS, H2R activation failed to increase MSN excitability. 

Moreover, H2R activation in AIS mice did not affect: i) subthreshold depolarization in response 

to current injection; ii) the latency to fire and iii) action potential afterhyperpolarization. 

Consisting with the hypothesis that AIS engages TMN-to MSN volume transmission, thereby 

altering the H2R-dependent modulation of Kv4.2 channels, we found that activation of H2R was 

unable to decrease A-type K+ currents in AIS mice. Furthermore, western blotting analysis 

revealed increased Kv4.2 channel internalization in Nac tissues from these mice. Interestingly, in 

mice treated with H2R-antagonist prior to AIS paradigm (intraperitoneal injection of zolantidine 

dimaleate; 10 mg/Kg body weight), H2R activation, similarly to what observed in control mice, 

increased evoked firing and decreased A-type K+ currents. Together, our findings indicate that 

AIS recruits endogenous H2R function in MSNs and suggest a possible involvement of H2R 

signaling in stress-induced behaviors. 
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Abstract: BACKGROUND: Elevated inflammation has been reliably associated with 

depression, leading to theories that inflammation may induce depression. Research has suggested 

that increased inflammation in depressed individuals may be due to impaired negative feedback 

of glucocorticoids on the immune system – in other words, the cells of the immune system in 

depressed individuals may become glucocorticoid resistant, leading to unchecked immune 

activation. Most studies that have evaluated the association between inflammation and 

depression have quantified basal levels of circulating cytokines. The present study seeks to 

expand on this work by evaluating inflammatory markers evoked by the immune stimulus 

lipopolysaccharide (LPS) in whole blood. In addition, the ability of dexamethasone (DEX), a 

synthetic glucocorticoid, to suppress this LPS-evoked inflammatory response was 

assessed.  METHODS: Participants (n = 27) were drawn from the St. Louis Personality and 

Aging (SPAN) study, a community sample of older adults (mean age = 72) residing in the St. 

Louis area. Participants completed surveys about their physical and mental health, including 

the Beck Depression Inventory (BDI), as well as a fasting blood draw. A portion of the blood 

was allowed to clot and serum was collected to assess basal levels of circulating cytokines. In 

addition, whole blood was stimulated with 1 ng/mL of LPS with and without 1, 10, 100, or 

1000 nM of DEX and incubated at 37⁰ C, 5% CO2 for 6 hours. Both basal and LPS-

evoked TNFα levels were quantified via ELISA.  RESULTS: As expected, the addition of LPS 

generated a massive upregulation of TNFα, which was suppressed at all concentrations of 

DEX. A reduction in DEX suppression of the TNFα response was correlated with higher BDI 

scores, but only at the two lowest doses of DEX (DEX 1 r= -.50, p< .01; DEX 10 r= -.51, p< .01; 

DEX 100 r= -.15, ns; DEX 1000 r= -.09, ns). In contrast, basal serum levels of TNFα were not 

associated with BDI scores (r= .19, ns).  CONCLUSIONS: Depression is associated with 

reduced dexamethasone suppression of LPS-evoked TNFα. The ability of glucocorticoids to 

suppress the immune system may be compromised in individuals with elevated depressive 

symptomology. The lack of correlation between basal TNFα and depression may be attributable 

to the small sample size of the current study. FUTURE DIRECTIONS: This study is currently 

enrolling additional participants to increase power. Evaluation of the LPS-evoked IL-6 and IL-

1β response are also ongoing.   
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Abstract: The characteristic endogenous circadian rhythm of plasma glucocorticoid 

concentrations is made up from an underlying ultradian pulsatile secretory pattern. Recent 

evidence has indicated that this ultradian cortisol pulsatility is crucial for normal emotional 

response in man. In this study, we investigate the anatomical transcriptional and cell type 

signature of brain regions sensitive to a loss of ultradian rhythmicity in the context of emotional 

processing. We combine human cell type and transcriptomic atlas data of high spatial resolution 

with functional magnetic resonance imaging (fMRI) data (see attached figure). We show that the 

loss of cortisol ultradian rhythm alters emotional processing response in cortical brain areas that 

are characterized by transcriptional and cellular profiles of GABAergic function. We find that 

two previously identified key components of rapid non-genomic GC signaling – the ANXA1 

gene and retrograde endocannabinoid signaling – show top differential expression and the most 

significant enrichment. Our results further indicate that specific cell types, including a specific 

NPY-expressing GABAergic neuronal cell type, and specific G protein signaling cascades 

underly the cerebral effects of a loss of ultradian cortisol rhythm. Moreover, using recent brain 

studies defining transcriptomic signatures of several psychiatric disorders, we find enrichment of 

transcriptomic signatures of major depressive disorder, post-traumatic stress disorder, bipolar 

disorder, schizophrenia, autism spectrum disorder and alcoholic abuse disorder. Our results 

provide a biological mechanistic underpinning of our fMRI findings, indicating specific cell 

types and cascades as a target for manipulation in future experimental studies. Our results are 

relevant for all stress-related (brain) diseases, but also for improving our understanding of the 

side effects of synthetic glucocorticoid hormones. 



 

Disclosures:  P. Habets: None. K. Kalafatakis: None. O. Dzyubachyk: None. S. van der 

Werff: None. A. Keo: None. J. Thakrar: None. A. Mahfouz: None. A. Pereira: None. G. 

Russell: None. S. Lightman: None. O. Meijer: None. 

Nanosymposium 

180. Stress: Molecules, Cells to Behaviors 

Location: SDCC 25 

Time: Sunday, November 13, 2022, 1:00 PM – 3:00 PM 

Presentation Number: 180.08 

Topic: F.03. Stress and the Brain 

Support: W911NF-13-1-0376 

W911NF-17-2-0086 

W911NF-18-2-0056 

W911NF-17-1-0069 

USAMRDC/MOMRP W81XWH-10-1-0021 

USAMRDC/MOMRP W81XWH09-2-0044 

USAMRDC/MOMRP W81XWH-14-1-0043 

 USAMRDC/MOMRP W81XWH-10-2-0072 

 USAMRDC/MOMRP W81XWH-13-1-0071 

 

Title: Molecular signature of war-zone related post-traumatic stress disorder 
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Abstract: Post-traumatic stress disorder (PTSD), following exposure to serious traumatic events, 

may progress to a syndromic, multisystem condition affecting cardiovascular, neurologic, 

metabolic, and immune functions. In this study, we used data-driven integrated multi-omics and 

clinical analyses to identify multimodal molecular profiles seen in combat-related PTSD. 

Proteomic, metabolomic, and epigenomic assays were conducted on blood samples of two well-

characterized PTSD cases and healthy control cohorts: Systems Biology Consortium (SBC; 340 

veterans) and Fort Campbell Cohort (FCC; 180 active-duty soldiers). All participants had been 

deployed to Iraq and/or Afghanistan. All cases and controls had been exposed to military-service 

related criterion A trauma, but only cases developed PTSD. The active-duty cohort included 

blood biomarkers and clinical features assessed longitudinally before and after deployment. 

Proteomic datasets from an SBC training cohort of 218 veterans (109/109 PTSD+/-) were used 

to discover altered molecular and pathway signatures. Identified molecular and pathway 

signatures were initially tested in a newly recruited SBC validation group of 82 veterans (41/39 

PTSD+/-) and then tested in the FCC, an independent cohort of 180 active-duty personnel 

(PTSD+/-). These molecular profiles were computationally integrated with upstream epigenetic 

regulators (miRNA and methylation marks) and downstream functionally related metabolites. 

We identified reproducible biological features of PTSD including perturbations in inflammation, 

oxidative stress, metabolism, and angiogenesis. This tetrad of processes, when perturbed, may 

play a role in psychiatric and physical comorbidities associated with PTSD, including impaired 

wound healing, cardiovascular and metabolic disease and may also contribute to co-occurring 

neuropsychiatric disorders including depression and risk for dementia. 
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Abstract: Extensive evidence indicates a link between early life stress (ELS) in humans and a 

subsequent predisposition to psychopathologies that are characterized in part by maladaptive 



habitual behaviors. Stress and anxiety are factors that can influence the relative use of 

mammalian memory systems implicated in such disorders. Specifically, cognitive memory 

functions of the hippocampus are typically impaired by stress/anxiety, whereas habit memory 

functions of the dorsolateral striatum (DLS) are enhanced. However, these effects have been 

primarily observed in adult animals, and the effects of stress on these memory systems have not 

been extensively investigated in the context of ELS. We have previously observed that 

administration of the stress hormone corticosterone (CORT) during adolescence enhances 

subsequent DLS-dependent habit formation in adulthood. The present study was designed to 

further elucidate the role of CORT in this phenomenon by examining the effects of concurrent 

administration of the broad steroidal antagonist Mifepristone (MIFP). Four groups of Long-

Evans male adolescent rats (PND 37±4) received two peripheral injections daily over five days: 

first, either MIFP (30mg/kg) or its vehicle, followed by a 15-min interval, then either CORT 

(5mg/kg) or its vehicle. Subjects then matured into adulthood undisturbed (~3 weeks) before 

training in a DLS-dependent water plus maze task. In this task, rats were released from different 

starting positions (i.e. north or south) and were required to make a consistently reinforced body 

turn response (i.e. always turn right) at the maze choice point to mount a hidden escape platform. 

Consistent with our previous findings, the administration of CORT during adolescence facilitated 

task acquisition in adulthood relative to controls. However, MIFP given prior to CORT in 

adolescence blocked subsequent enhancement of habit formation. Finally, rats given MIFP alone 

did not significantly differ from controls. Taken together, these findings provide further evidence 

that chronic administration of corticosterone during adolescence can facilitate subsequent DLS-

dependent habit formation, and highlights glucocorticoid function as a potential underlying 

mechanism by which ELS may influence habit learning in adulthood. 
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Abstract: Stimuli associated with threat (fear cues) are highly salient. It is largely believed that 

biasing attentional resources to potential threat in the surrounding environment is adaptive for 

survival, as this can inform appropriate behavioral responding. Yet, when left unchecked, the 

inability to disengage attention from threat, or attend to alternative indicators of safety, can 



contribute to fear-related psychiatric disease such as anxiety or PTSD. Using a mouse model, we 

have begun investigating how brief exposures to threat in the form of fear conditioning alter later 

learning and memory related to potential threat. This talk will present evidence of generalization 

(fear exhibited to non-threatening stimuli that share qualities with a fear cue) on both short (1 

day) and long (1 month) timescales, including evidence of greater fear generalization in females. 

This talk will also show evidence that safety conditioning, a process that engages the ventral 

hippocampus, provides an avenue to reduce responding to threat cues when presented in parallel 

with fear cues or alongside fear cues during extinction. Moreover, safety conditioning early in 

life, during adolescence, may aid in overcoming fear generalization later in life. This work 

emphasizes the impact that exposure to affective stimuli (both fear and safety) can have on 

affective learning and memory and suggest both age- and sex-specificity in the promise of safety 

signal-based treatments for fear-based psychiatric disease. 
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Abstract: Rewards influence behavioral and neural memory processes. In adults, memory for 

high-reward memoranda is related to increased connectivity involving mesolimbic dopamine 

systems, centered around the ventral tegmental area (VTA), the anterior hippocampus, and 

cortical areas both during and after encoding. Additionally, prior work conducted in adults has 

shown that rewards alter hippocampal activation patterns during encoding and that cortical 



pattern similarity between encoding and retrieval is associated with better memory for both 

neutral and emotional stimuli. However, few studies have examined how rewards influence these 

memory processes across development. To address these knowledge gaps, we had 89 participants 

ages 8 to 25 years-old complete a reward-motivated encoding and retrieval fMRI paradigm with 

baseline and post-encoding active rest periods. Participants then returned 24-hours later for a 

behavioral memory retrieval test. We find both age-invariant enhancements and nonlinear age-

related differences in reward-motivated associative memory after 24 hours. Neuroimaging 

analyses suggest that reward enhances memory through differential engagement of 

mesocorticolimbic systems and differential neural memory reinstatement across development. 

We find evidence for age-related differences in engagement of subcortical and cortical circuits 

supporting reward-motivated memory processes. We also find evidence that reinstatement of 

memory representations may differ by both reward level and age across the brain. Taken 

together, our findings suggest that reward motivation enhances memory somewhat differently 

across development through neural mechanisms that vary with age. 
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Abstract: Over the last decade, research on curiosity – the desire to seek new information – has 

been rapidly growing. Several studies have shown that curiosity elicits activity within the 

dopaminergic circuit and thereby enhances hippocampus-dependent memory. However, given 

this new field of research, we do not have a good understanding yet of (i) why some people show 

better learning improvements due to curiosity than others, (ii) how curiosity-based learning 

changes across the lifespan, and (iii) how curiosity affects exploratory behaviour and thereby 

potentially influence memory. In this talk, I will present a series of behavioural and 

neuroimaging studies that address these three questions about curiosity. First, I will present 

findings on how inter-individual differences in the magnitude of curiosity-based learning depend 

on the strength of resting-state functional connectivity within the cortico-mesolimbic 

dopaminergic circuit. Second, I will show data on how curiosity and interest affect memory 

differently in childhood and adolescence. Third, in a virtual reality paradigm, I will present 



findings on how states of curiosity are associated with increases in spatial exploration. Together, 

our findings help to refine our recently proposed framework – the Prediction, Appraisal, 

Curiosity, and Exploration (PACE) framework – that attempts to integrate theoretical ideas on 

the neurocognitive mechanisms of how curiosity is elicited, and how curiosity enhances learning 

and information seeking. Furthermore, our findings highlight the importance of curiosity 

research to better understand how curiosity can be harnessed to improve learning and 

information seeking in real life. 
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Abstract: Cognition and attention arise from the adaptive coordination of neural systems in 

response to external and internal demands. Recent work suggests that the dynamics of large-scale 

brain states—characterized by distinct patterns of activity and functional interactions—capture 

performance in cognitive tasks (Shine et al., 2019; Yamashita et al., 2021; Cornblath et al., 2020) 

or attentional engagement during movies (Van der Meer et al., 2020). However, whether a 

common set of latent neural states underlies cognitive state dynamics across contexts is 

unknown. We tested the possibility that neural dynamics in a shared low-dimensional subspace 

reflect cognitive, attentional, and arousal dynamics in humans. We conducted functional MRI as 

participants performed gradual-onset continuous performance tasks, watched comedy sitcom 

episodes and an educational documentary, and rested. Hidden Markov model analyses (Vidaurre 

et al., 2017) revealed four latent brain states that generalized across participants, datasets, and 

task and naturalistic contexts. Latent state dynamics traversed canonical gradients of the 

functional brain connectome (Margulies et al., 2016), with one transitional “hub” state situated at 

the center of the gradient axes. Global and transient de-synchronization in functional connections 

(Faskowitz et al., 2020) preceded neural state transitions. Though the same latent states recurred 



across fMRI runs and datasets, distinct state-traversal patterns were observed during rest, task, 

and naturalistic conditions. Neural state dynamics were synchronized across participants during 

engaging movies (sitcom episodes), though synchrony was lower during a less engaging movie 

(an educational documentary). Neural state dynamics were temporally aligned to narrative event 

boundaries and cognitive task blocks. Furthermore, brain state dynamics reflected fluctuations in 

attention task performance and self-reported engagement (i.e., emotion-laden attentional arousal 

with consequences for memory; Song et al., 2021) during movies. Whereas different neural 

states were involved in attentionally engaged states in task and naturalistic contexts, a common 

neural state indicated inattention in both contexts. The latent neural subspace and functional roles 

of latent states were extensively replicated with independent datasets (Van Essen et al. 2013; 

Chen et al., 2017; Rosenberg et al., 2016; Chang et al., 2021). Together, our findings suggest that 

human cognition and attention arise from neural dynamics that traverse latent states in a shared 

low-dimensional gradient space. 
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Abstract: Value-based decisions are often guided by memory for past experiences. If a choice 

led to a good outcome, we are more likely to repeat it. However, it is unclear how memory helps 

us assign value to options we didn’t choose and which we therefore never had the chance to learn 

about directly. Research on counterfactual reasoning has focused on how people learn from and 

react to explicit information about what they could have gained if they had chosen the other 

option, leaving open questions about how people evaluate unchosen options which were never 

directly experienced. Here, we show that memory for the association between chosen and 

unchosen options has a lingering effect which manifests in counterfactual valuation. In multiple 

preregistered experiments, we find that people persistently compare the chosen and unchosen 

options: if the chosen option proved to be worthwhile, the unchosen option is deemed less 



desirable; if the former disappoints, the latter suddenly becomes attractive. A phenomenon we 

termed the “inverse decision bias”. Moreover, we show that memory for the association between 

choice options determines the extent of the inverse decision bias, and retroactive interference 

eliminates the inverse decision bias altogether. Finally, we present a new memory-based policy 

gradient model that predicts both the inverse decision bias and its dependence on memory. Our 

findings point to the causal role of memory in the valuation of unchosen options and introduces a 

new perspective on the relationship between memory, decision-making and counterfactual 

reasoning. 
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Abstract: Social interactions during adolescence are critical for the development of the brain, 

including the formation and stabilization of neural circuits that are critical for learning and 

memory functions. Previous studies have observed decision-making deficits in adult animals 

who were isolated during adolescence, but the impact of this isolation stress on age-related 

decision-making functions during adolescence is not known. We hypothesized that social 

isolation during adolescence would disrupt the formation and stabilization of prefrontal circuits 

that guide decision-making functions and sought to test this hypothesis using our recently 

developed protocol to rapidly assess decision-making functions in rats as young as P30. We 

repeatedly assessed decision-making functions during adolescence and adulthood in rats that 

were either 1) socially housed throughout adolescence and adulthood, 2) socially housed during 

adolescence and isolated in adulthood 2) socially isolated during adolescence and adulthood. We 

found that adolescent decision-making trajectories were attenuated in rats isolated during 

adolescence compared to socially housed rats and rats who were isolated in adulthood. 

Computational analyses of trial-by-trial choice data revealed that social isolation during 

adolescence, but not during adulthood, disrupted value updating following positive outcomes. 

We hypothesized – based on our previous work demonstrating that amygdala projections to the 

orbitofrontal cortex (OFC) control positive-outcome updating – that abnormal decision-making 



trajectories in socially isolated rats were the result of neurodevelopmental disruptions in the 

amygdala-to-OFC circuit. To investigate the impact of social isolation on the amygdala-to-OFC 

circuit, we combined the Cre-lox and Flp-FRT systems to 1) selectively label both amygdala and 

OFC neurons within this circuit and 2) express ChrimsonR in amygdala neurons that project to 

the OFC and assess neural activity in OFC neurons. Our preliminary data indicates that isolation 

during adolescence disrupts amygdala control over OFC neurons. We propose that social 

isolation during adolescence disrupts amygdala input into the OFC and persistent decision-

making problems. Our ongoing work is investigating the protein mechanisms responsible for 

these neurodevelopmental abnormalities to identifying potential treatments for restoring 

plasticity within these decision-making circuit in adulthood. 
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Abstract: Although aging is often associated with a decline in memory function, there are some 

individuals who retain memory function and some who show a decline. What factors explain 

why some older adults remember better than others? One set of processes that could contribute to 

episodic memory differences in aging is diminished attention processes that lead to poor memory 

encoding and diminished remembering. To address these questions, we investigated how 

individual differences in a sustained attention (assayed via gradCPT) relate to associative 

retrieval, generalization, and memory precision in younger and older adults. In Experiment 1, we 

examined how sustained attention relates to associative memory for premise pairs (AB, BC) and 

associative inference / memory integration pairs (AC). Data were collected from 71 young adults 



(M = 26.9 yrs, SD = 4.57) and 68 older adults (M = 66.8 yrs, SD = 4.27). In Experiment 2, we 

examined how sustained attention relates to object-color and object-location memory precision 

in an independent dataset of 79 young adults (M = 23.34, SD = 4.21) and 84 older adults (M = 

69.75, SD = 3.51). We computed two assays of attention lapsing from the gradCPT – (a) 

commission error rate on infrequent ‘no go’ trials and (b) reaction time (RT) variability for 

responses on frequent ‘go’ trials using a coefficient of variance metric. On the gradCPT, the 

younger and older adult groups did not significantly differ in commission errors nor RT 

variability. Linear regression models indicated that sustained attention metrics predicted memory 

performance across all metrics of memory performance (e.g., associative memory for premise 

pairs, mnemonic generalization / inference trial performance, and memory precision) in both 

young and older adults. These findings suggest that, while attention does not explain age-related 

differences in hippocampal-dependent memory, individual differences in the propensity to suffer 

attention lapses partially explain why some older adults remember better than others. 
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Abstract: Episodic memories do not reflect the continuous stream of experience. Rather, they 

represent the passage of discrete and meaningful events. Recent work shows that pupil-linked 

arousal measures help signal this transformation of continuous experience into memorable 

episodes (Clewett et al., 2020). Here, we aimed to determine the neural mechanisms by which 

arousal shapes the temporal organization of memory. We hypothesized that noradrenergic and 

dopaminergic activity trigger memory separation under arousal, given their known role in 

biasing hippocampal processes to encode new memories. To test this hypothesis, we combined 

high-resolution functional magnetic resonance imaging (fMRI) with pupillometry to measure 

human brain activity during sequence learning. While in an MRI scanner, healthy young adult 

males and females (N = 32) encoded lists of object images as they listened to simple auditory 

tones in their left or right ear. At infrequent yet regular intervals within each sequence, the tone 



switched to the participant’s other ear to create an ‘event boundary’ that divided each item 

sequence into discrete auditory events. Replicating prior work, we found that auditory event 

boundaries elicited increased pupil dilation, impaired temporal order memory, and led to more 

exaggerated retrospective estimates of temporal distance between items from recent event 

sequences. At the local level, boundary-evoked pupil dilations were associated with concomitant 

increases in ventral tegmental area (VTA) activation. This discrete activation of the VTA was 

also correlated with greater subjective time dilation effects in memory for boundary-spanning 

information, suggesting that dopamine elicits the subjective separation of temporally adjacent 

events in memory. On a larger timescale, we found that prolonged periods of pupil variability, a 

putative index of noradrenergic activity, were related to worse temporal order memory as well as 

less stable patterns of hippocampal and lateral occipital cortex (LOC) activity across time. This 

reduction in hippocampal pattern stability was also associated with the subjective dilation of time 

in memory. Together, our findings suggest that stability and change in neuromodulatory and 

hippocampal processes scaffold the formation of episodic representations in long-term memory. 
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Abstract: Exposure to trauma throughout the lifespan is prevalent and increases the likelihood 

for the development of mental health conditions such as anxiety and post-traumatic stress 

disorder (PTSD). Safety signal learning (SSL)–a form of conditioned inhibition that involves 

reducing fear via conditioned safety–has been shown to effectively attenuate fear responses 

among individuals with trauma exposure, but the association between trauma exposure and the 

neural mechanisms of SSL remains unknown. Adults (ages 18-30; n=64) with a range of trauma 

exposure (assessed using the UCLA PTSD Reaction Index) completed a conditioned inhibition 



task during functional MRI scanning and collection of skin conductance response (SCR). The 

task included stimuli representing threat, safety, and a safety compound (i.e., CS+ and CS- were 

paired). fMRI data were analyzed using FSL for a priori regions of interest (e.g., amygdala and 

anterior hippocampus) activation analyses and for exploratory whole-brain activation analyses. 

Statistical analyses included repeated measures analyses of covariance. Conditioned safety 

signals reduced psychophysiological reactivity (i.e., SCR) in the overall sample (t(26) = 3.14, p = 

0.004). Although exposure to a higher number of traumatic events was associated with elevated 

SCR across all task conditions (F(1,15) = 4.91, p = 0.036), SCR did not differ between threat in 

the presence of conditioned safety (i.e., SSL) relative to threat alone in a trauma-related manner. 

At the neural level, however, a significant interaction between trauma exposure and task 

condition for both amygdala (F(3,186) = 3.20, p = 0.024) and anterior hippocampal (F(3,186) = 

2.75, p = 0.044) activation emerged. Specifically, higher levels of trauma exposure (i.e., a greater 

number of total traumatic events), but not lower levels of trauma, were associated with 

diminished hippocampal and amygdala engagement during SSL. Exploratory whole-brain 

analyses revealed that exposure to more trauma was associated with lower dorsolateral prefrontal 

cortical activation during SSL. While conditioned safety signals can reduce fear in the presence 

of threat even among individuals exposed to higher degrees of trauma, the neural circuitry 

involved in SSL is in fact sensitive to trauma exposure. Future research investigating neural 

processes during SSL among individuals with PTSD or anxiety disorders can further elucidate 

the ways in which SSL and its neural correlates may reduce fear and link trauma exposure with 

later mental health conditions. 
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Abstract: Systems neuroscience studies often focus on defining the neural mechanisms by 

which associations between cues and predicted outcomes control behavior. These studies 

regularly use associative learning frameworks to understand the neural control of behavior. 

While powerful, these frameworks do not always account for the full range of effects of novelty 

on behavior and future associative learning. Here we show that dopamine in the nucleus 

accumbens (Nac) core is evoked by novel, neutral stimuli in isolation, and that these responses 

causally influence future learning for valenced stimuli. We used optical approaches to record and 

manipulate dopamine signals in the Nac core of awake and behaving mice during exposure to 

neutral stimuli and defined their influence on future learned behavior. Dopamine was evoked by 

novel neutral stimuli and the trajectory of this response over time tracked habituation. 

Habituation to novel cues prior to associative learning reduced future associative learning, a 

psychological construct termed latent inhibition. Critically, trial-by-trial dopamine response 

patterns tracked this phenomenon. Finally, optically stimulating or inhibiting dopamine 

responses to the cue during the habituation period bidirectionally influenced future aversive and 

appetitive associative learning. Our findings highlight the causal role of dopamine signaling in 

the NAc core in novelty-based learning in a way that cannot be predicted based on purely 

associative factors. 

Disclosures:  M.G. Kutlu: None. J.E. Zachry: None. P. Melugin: None. J. Tat: None. S. 

Cajigas: None. A. Isiktas: None. D. Patel: None. C. Siciliano: None. G. Schoenbaum: 

None. M. Sharpe: None. E.S. Calipari: None. 

Nanosymposium 

181. Emotional and Motivational Influences on Learning and Memory 

Location: SDCC 33 

Time: Sunday, November 13, 2022, 1:00 PM – 4:30 PM 

Presentation Number: 181.12 

Topic: G.04. Emotion 

Support: NIH DP5 OD023106-01 

Title: Neuromodulation of hippocampal memory traces: Implications for stress-related disorders 

Authors: *S. L. GRELLA1, C. W. HARLEY2, D. F. MARRONE3, J. H. BLADON4, S. 

RAMIREZ5;  
1Psychology, Loyola Univ. Chicago, Chicago, IL; 2Psychology, Mem. Univ. Newfoundland, St 

John’s, NL, Canada; 3Psychology, Wilfrid Laurier Univ., Waterloo, ON, Canada; 4Psychology, 

Brandeis Univ., Waltham, MA; 5Psychological and Brain Sci., Boston Univ., Boston, MA 

Abstract: Contextual information is encoded in the hippocampus partially through the 

recruitment of distinct neuronal ensembles. It is believed that reactivation of these ensembles 



underlies memory retrieval processes. The ability to update hippocampal representations through 

retrieval induced plasticity is considered adaptive, occurring by virtue of the inherent 

malleability of memories. Given that a wide range of neuromodulators have been found to 

influence memory, we are investigating the role of norepinephrine (NE) and dopamine (DA) 

locus coeruleus projections to the hippocampus in assigning new networks to mediate encoding 

that reflects environmental change. We hypothesize that NE / DA may provide a mnemonic 

switch signaling hippocampal systems to move from a state of retrieval to encoding in the 

presence of novelty, potentially constituting an important pathway in memory updating. Stress 

induced dysregulation of these neuromodulatory arousal systems may contribute to maladaptive 

memory processes such as impairments in memory updating. To mitigate dysregulated signalling 

and maladaptive cognition and behavior often observed in stress related memory disorders such 

as post-traumatic stress disorder, we aim to develop novel memory modulation strategies. To that 

end, we recently showed that optical stimulation of a positive memory (self-stimulation of the 

ventral tegmental area) during recall of a negative (fear) memory, acutely and enduringly 

reduced the expression of fear and permanently altered the fear memory ensemble. We are 

currently exploring how this modulation strategy affects hippocampal NE / DA 

neurotransmission toward a better understanding of the neuromodulatory mechanisms involved 

in memory updating, and how they are impacted by stress. 
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Abstract: Stress can profoundly influence encoding of individual experiences, particularly for 

emotionally salient information. Across species, these effects are frequently linked to 

glucocorticoid responses, which can enhance and impair encoding of individual items. Yet even 

within a single experience, different types of information can be remembered, including item-

level, relational, and affective representations, and we previously showed that these are 



differentially modulated by acute stress. Here we investigated the cognitive and neural 

mechanisms by which glucocorticoids influence multiple components of emotional episodic 

memories using a double-blind, placebo-controlled, within-subjects design. Participants (N = 27 

social drinkers) encoded associations between 80 photographs of objects and neutral scenes and 

rated their emotional responses to each object/scene pair during an fMRI scan. Of these 80 

objects, 50% were neutral (handheld household objects) and 50% were emotionally salient 

(alcoholic beverages), previously validated to be comparable in perceptual features. Twenty-four 

hours after encoding, participants retrieved memories for different components of these episodes, 

including item-level (object recognition), relational (recognition of scene associated with object), 

and affective (vividness of memory for feelings) representations. They completed this process 

twice, once receiving 20 mg hydrocortisone ~1 hour prior to encoding and once receiving a 

placebo. We found that glucocorticoid administration prior to encoding amplified the perceived 

emotional salience of object/scene pairs. Furthermore, glucocorticoid administration interacted 

with emotional arousal to shape later memories. Following hydrocortisone, higher emotional 

salience enhanced memory for items and relations; however, this association was flipped 

following placebo, with higher emotional salience impairing both forms of memory. In contrast, 

whereas higher emotional salience enhanced affective memory following placebo, cortisol 

blocked this enhancement. Preliminary evidence indicates that cortisol may have modulated 

memory by altering hippocampal circuitry: cortisol enhanced background functional connectivity 

between hippocampal subfields and changed the association between hippocampal connectivity 

and subsequent relational memory behavior. Together, these findings highlight novel 

mechanisms by which stress-related hormones regulate the formation of emotional memories. 
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Abstract: Exposure therapy is the gold-standard treatment for PTSD, but its effectiveness is 

limited by reliance on techniques addressing only a circumscribed set of stimuli and experiences 

that have clear associative links (e.g., fear of driving after a vehicle accident). Here, we 



investigated how latent associations between stimuli can facilitate the transfer of threat from one 

to the other (i.e., generalization). In a two-day fMRI experiment drawing on Pavlovian 

preconditioning and episodic memory designs, 37 psychiatrically healthy participants first 

learned the association between one of two categories (e.g., animals or tools) and a specific 

shape (e.g., circle or square) on day 1. Next, one of the previously encountered shapes was 

paired with a mild shock (CS+) and the other shape was a safe control stimulus (CS-) – this 

resulted in a latent associative structure, in which shock was indirectly related to one of the 

previously encountered categories (PS+) via its previous CS+ association, while the other 

category (PS-) remained unassociated with shock. We tested these associations in a subsequent 

generalization test, in which participants encountered novel PS+ and PS- exemplars. Day 2 

involved a second generalization test and an item recognition test for day 1 PS+ and PS- stimuli. 

We predicted that neural and behavioral indices of threat would show generalization to the PS+ 

(relative to PS-), despite never directly pairing the PS+ with the shock. Univariate fMRI analyses 

revealed hyperactivation in the insula for the PS+ relative to PS- on day 1; this effect was 

attenuated at the day 2 test. Insula activity also predicted retrospective self-report valence ratings 

of the PS+, but not PS-. These results accord with a growing body of work implicating the insula 

as a key region underlying generalized threat learning. Additionally, the item recognition test 

found that PS+ items viewed before aversive conditioning were better remembered than PS- 

items, suggesting a retroactive enhancement effect. MVPA was also used to assess integration 

and similarity of the preconditioning and conditioning memories. Results are discussed in the 

context of current theories of abstract threat generalization and its relevance to improving 

exposure therapy for PTSD. 
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Abstract: Working memory (WM) is a capacity- and duration-limited system that forms a 

temporal bridge between fleeting sensory phenomena and possible actions. Many everyday 

behaviors require that WM-guided actions be timed to a future event or executed in a specific 



sequence. Once a future goal state becomes obvious, what happens to the mnemonic 

representations of visual and motor information needed to reach it? One possibility is that task-

relevant visuomotor representations stored in WM are selected and prioritized until actions are 

completed, enabling precise and continuous control of action by the contents of visual WM. A 

second possibility is that task-relevant visuomotor representations are selected and transformed 

from retrospective stimulus- and rule-based representations into prospective action-based 

representations, rendering the persistent selection of visual WM information during action 

planning and execution unnecessary. We tested these alternatives by recording EEG while 

participants performed a retrospectively cued orientation recall task. A one-second gap separated 

the retrocue display and a subsequent probe display; thus, participants were free to select task-

appropriate visual and motor WM representations following the retrocue but could not execute a 

response until 1.0 sec later. Following earlier work, we independently manipulated the physical 

location of the to-be-recalled orientation (i.e., left vs. right visual hemifield) and the affordance 

used to generate a response (i.e., left vs. right hand); this allowed us to track the selection of 

visual and motor signals in trial-averaged EEG data independent of one another and nuisance 

effects (e.g., volume conduction). Comparisons of EEG signals associated with visual and motor 

selection revealed transient selection of the task-relevant visual information that began and ended 

before the onset of the probe display, accompanied by sustained selection of the task-relevant 

motor response that began concurrently with the selection of visual information but that persisted 

throughout the delay and subsequent response period. A complementary decoding analysis 

revealed strong and sustained above-chance decoding of planned motor-responses over 

occipitoparietal and frontocentral clusters but weak and transient decoding of visual information 

over the same sites. These observations are difficult to reconcile with models of WM-guided 

behavior that require the continuous selection of visual information but can be explained by a 

hybrid selection model where visual WM representations are selected and transformed from a 

stimulus-specific to a response-specific format. 
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Abstract: Previous studies have shown that the content of visual working memory (VWM) can 

be decoded in both human early visual cortex (EVC) and posterior parietal cortex (PPC). At the 

same time, task-irrelevant distractors shown during the VWM delay period can also be decoded 

in these brain regions. This study examines how target and distractor objects may be represented 

together in a VWM task in EVC and PPC, as well as in lateral and ventral occipito-temporal 

cortex (LOT/VOT) involved in visual object processing. In each trial of the study, participants 

retained a target object while viewing either a blank screen or a stream of distractor objects 

during the VWM delay period. The target and distractor objects came from the same four object 

categories, allowing exemplars from the same object category to serve as targets or distractors in 

different trials. Results showed that while the overall object representational structure during 

VWM delay was dominated by distractors in EVC and LOT/VOT, it was shaped by both targets 

and distractors in PPC. To examine how target representations may or may not be affected by 

distractor presence in VWM, a classifier was trained to decode a pair of targets when distractors 

were present to then cross-decode the same pair of targets when distractors were absent and vice 

versa. Target representation in VWM was found to differ between when distractors were present 

and when they were absent in all three sets of brain regions. Using the same cross-decoding 

approach, target representation in VWM is further shown to depend on the type of distractors 

present. Lastly, by training a classifier to decode a pair of objects when they were distractors to 

then cross decode the same pair of objects when they were targets, it was found that target 

representation in VWM differed from distractor representations in all three sets of brain regions. 

Overall, these results show that targets in VWM are retained differently with and without 

distractors, and target representation in VWM partially dependent on the type of distractors 

present. Moreover, targets are also retained differently in VWM compared to the distractors. In 

both ventral and dorsal regions, VWM code is thus transformed with distraction, such that targets 

retained in VWM are not coded independently of distractor representations. 
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Abstract: Working memory acts as a flexible workspace for cognition, allowing us to maintain 

the stimulus inputs, goals, and motor actions needed for behavior. Recent work has suggested 



that each working memory item is represented in an independent ‘subspace’ within the high-

dimensional pattern of neural activity (Bouchacourt and Buschman, 2019; Panichello and 

Buschman, 2021). By representing information in orthogonal subspaces, the brain can avoid 

interference between memories (Libby and Buschman, 2021). Cognitive control can then act on 

the representations within working memory. For example, by transforming a representation in a 

way that it aligns with the output-potent subspace of a downstream region, cognitive control can 

route task-relevant information to particular downstream region(s). However, the details of how 

information is embedded in a subspace and how it moves between subspaces, either to be 

exposed to or hidden from downstream areas, are still largely unknown. To address this, we 

analyzed the dynamics of neural activity when monkeys and computational models solve a set of 

working memory tasks that require the animal/model to maintain and manipulate information in 

working memory. By identifying, quantifying, and comparing the transformations of neural 

representations during the task, we characterized the building blocks of how to use subspaces to 

perform neural computations. In particular, we investigated the specific class of rotational 

transforms, identifying their contribution to mapping information in a task-relevant manner. 

Altogether, our results begin to quantify the dynamics of representations in working memory and 

understand how these dynamics facilitate cognition. 

Disclosures:  A. Ardalan: None. J. Ye: None. P. Kollias: None. T. Buschman: None. 

Nanosymposium 

182. Cognitive Neuroscience of Working Memory: Decoding and Networks 

Location: SDCC 7 

Time: Sunday, November 13, 2022, 1:00 PM – 3:45 PM 

Presentation Number: 182.04 

Topic: H.05. Working Memory 

Support: CFREF BrainsCAN Computational Graduate Studentship 

Mitacs Graduate Fellowship 

NSERC Discovery Grant RGPIN-2019-06741 

Title: Characterizing the spatial organization of population codes in prefrontal cortex 

Authors: *J. D. XIANG, M. ROUSSY, B. CORRIGAN, R. LUNA, M. MOFRAD, L. 

MULLER, J. MARTINEZ-TRUJILLO, M. MUR;  

Univ. of Western Ontario, London, ON, Canada 

Abstract: The lateral prefrontal cortex (LPFC) plays a key role in higher-order cognition. 

Electrophysiology studies in behaving animals show that patterns of activity across neural 

populations in LPFC code task-relevant information. However, fMRI studies in humans report 

weak decoding of task-relevant information from LPFC activity. We hypothesize that the 

contradiction arises because the spatial topography of prefrontal population codes is too fine-

grained to be effectively resolved by standard fMRI (2×2×2 mm3). 

We analyzed microelectrode array data (Utah array, 4×4 mm2, 10×10 channels spaced 0.4 mm 



apart) recorded from LPFC areas 8A and 9/46 of two macaques performing three cognitive tasks: 

a visuospatial working memory task, an associative learning task, and an oculomotor delayed 

response task. For each monkey, task, and measurement session, we estimated each channel’s 

tuning profile by computing its mean firing rate for each condition. To assess the spatial scale of 

the population codes, we estimated tuning profile similarity between channel pairs as a function 

of distance, using global Moran’s I. To inspect the spatial topography of the population codes, 

we visualized channel tuning similarity on the arrays. 

We find that tuning profiles are spatially autocorrelated up to a distance of 2.5 mm across all 

tasks in most sessions for both monkeys (p<.05 corrected, channel permutation test). The array 

map visualizations suggest moderate spatial clustering of channels with similar tuning and a 

somewhat irregular topography. The observed topography and fine-grained spatial scale of the 

prefrontal population codes, which falls above the Nyquist frequency of standard fMRI 

sampling, may limit the sensitivity of standard fMRI to prefrontal population codes. 

The spatial resolution of standard fMRI appears insufficient to robustly detect prefrontal 

population codes. High-field fMRI, with increased spatial resolution, may be able to measure the 

fine-grained population codes from the prefrontal cortex, and bridge the gap between monkey 

electrophysiology and human fMRI studies. 
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Abstract: Early fMRI investigations of visual working memory identified a spatially localized, 

load-dependent increase in BOLD activity in the intraparietal sulcus, and this region has been 

hypothesized to play a particularly important role in working memory maintenance. However, 

emerging evidence suggests that working memory codes are widely distributed across cortex. 

For example, the identity of a single remembered item can also be decoded from activity patterns 

in early visual cortex, and working memory load can be decoded from a spatially global EEG 

signal. Here, we looked for evidence of working memory load signals across the visual stream, 

while ruling out potential sensory confounds that had not been previously controlled. In a pre-

registered fMRI experiment, n = 12 human observers (t = 12 scanner hours per observer) 

performed a visual working memory task with set sizes 0, 1, 2, and 4. On each trial, observers 

encoded 4 items (colored squares). After a short interval (.8 sec), observers were given a retro-

cue indicating which items should be prioritized, remembered, or dropped from memory. We 

replicated a classic load-dependent increase in BOLD activity with set size in the intraparietal 

sulcus. However, we also observed diverse univariate and multivariate load signals across the 

entire visual stream. For example, we were able to decode working memory load from 

multivariate patterns of activity in V1-IPS in a sustained fashion, and we also observed diverse 

patterns of load-dependent univariate modulations. Our results highlight the supporting role of 

many different regions in working memory maintenance and point to future avenues for 

understanding the distributed nature of working memory codes. 
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Abstract: Working memory (WM) depends on the activity of neural populations to maintain 

internal representations of information that are no longer available in the environment. The 

neural population dynamics that support WM in the human cortex remain unexplored. We 

studied neural representations of WM in the human cortex when human participants performed a 

memory-guided saccade task in an MRI scanner (n=14, 7 females): A target dot (12° 

eccentricity) appeared at a randomly chosen location (polar angle) in each trial. After a delay, 

observers reported remembered locations by a saccadic eye movement. Utilizing fMRI and time-

resolved multivariate analyses, we found evidence of both stable and dynamic WM 

representations during a classic memory-guided saccade task. Using dimensionality reduction 

techniques, we identified robust neural subspaces in early visual, parietal and even frontal cortex 

that were stable throughout the delay period with memorized locations organized within a two-

dimensional representation of visual space. The dynamic subspace, which was largely restricted 

to early visual cortex, had both an early and late delay component during which the WM 

representation changed. Leveraging models of the receptive fields of voxels comprising each of 

the visual field maps, we visualized how the dynamic population code changed over time. Early 

in the trial, the population neural response in V1 was dominated by a narrowly tuned activation 

among voxels with receptive fields centered on the location of the peripheral memory target. 

Late in the trial, the population neural response was driven by diffuse activation among voxels 

with receptive fields along a line between the fovea and the peripheral location of the target. 

Together, the timing, shape, and spatial distribution of the WM dynamics in early visual cortex 

suggest that the early component encodes feedforward visual inputs, while the late component 

encodes abstracted task-relevant mnemonic representations resulting from feedback signals from 

higher-level brain areas. 
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Abstract: Working memory (WM) keeps information in mind for short-term use, but immediate 

goals may build off long-term experience. Successful WM holds information that varies in 

familiarity, over multiple time scales, and with fluctuating competition from concurrent 

demands. This range of usages may underlie inconsistencies in how and where the brain stores 

WM content. Namely, monkey electrophysiology vs. human neuroimaging advance distinct 

conclusions about whether WM is stored in prefrontal or sensory cortices, respectively. 

However, monkeys typically undergo months of task training and thousands of trials before 

recordings take place. Expertise and long-term memory are increasingly recognized as 

contributors to human WM. Therefore, we hypothesized that extensive stimulus experience and 

learned associations might shift the neural activity that supports WM. Here, we used a 

longitudinal ‘precision fMRI’ approach to test this prediction. Across 4 months, 3 human 

subjects completed regular at-home behavioral testing and were scanned repeatedly (~24 scans 

apiece) during task performance. Subjects trained on (1) a serial reaction time (SRT) task, 

wherein complex kaleidoscope stimuli were embedded in probabilistic sequences, and (2) a 

delayed recognition task probing WM for trained or novel kaleidoscope stimuli. Across training, 

WM delay activity became more distributed across the PFC and more stimulus-selective – fMRI 

responses shifted to resemble typical non-human primate findings and to reflect stimulus 

associations from the SRT task. This changing distribution of WM activity was also 

accompanied by changes in behavioral metrics of WM decay and inter-stimulus interference. As 

stimuli became well-learned, WM recognition was less susceptible to impairment from longer 

delay times, and more robust to competition from familiar lure stimuli. Hippocampal activity 

also increased progressively during the WM probe across training, consistent with the idea that 

the task came to engage long-term retrieval. The same WM stimulus can therefore engage 

distinct activity patterns depending on its level of familiarity and its position in higher order 

knowledge structures. While laboratory task stimuli often comprise simple arbitrary features, 

real-world WM maintains complex stimuli that have individual meaning and learned 

associations. By densely sampling evolving behavior and fMRI activity across learning, we show 

how this prior knowledge may scaffold WM and support maintenance via robust distributed 

codes. 
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Abstract: How we use working memory as we move through our environment remains poorly 

understood. This is in part because most laboratory tasks rely on participants remaining still – 

often positioned in a chin rest, gazing at one spot, and responding to experimental elements with 

simple button presses. However, bodily effectors such as head and eye movements become 

critically linked to behavior when studying working memory during more unconstrained tasks. In 

virtual reality, co-registration of head and eye movements is possible and can provide an 

extremely rich output metric. In a series of virtual reality experiments, participants remembered 

two visual items. After a working memory delay, a central colour cue indicated which item 

needed to be reproduced from memory. We investigated how head-direction and gaze track 

internally directed selective attention in working memory after the cue. We show that when 

participants can freely move their head, focusing internal attention to locations in memorized 

space is associated with a head-direction and a gaze bias in the same direction. The involvement 

of both effectors reveals that common neural circuitry is engaged during external and internal 

orienting of attention. We further used the discovered gaze bias to investigate the spatial codes 

supporting working memory following self-movement, that is when visual material is rendered 

out of sight because the spatial relations between observer and environment change. Directional 

biases in gaze revealed that multiple representations of our spatial environment can support 

different stages of working memory within the context of free movement: maintaining and 

selecting information. Overall, our findings show that there is a general bodily orienting response 

during internal selective attention and that multiple spatial codes support working memory 

during unconstrained behavior. 
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Abstract: The ability to stably maintain visual information over brief delays is central to many 

cognitive tasks. A potential neural mechanism to achieve visual working memory stability is to 

maintain multiple concurrent representations at various levels of abstraction and cortical loci. 

Recent work has shown “sensory-like” mnemonic representations in early visual cortex, while 

the same mnemonic information is represented in a transformed format in the intraparietal 

sulcus. As an explicit test of mnemonic code transformations along the visual hierarchy, we 

quantitatively modeled the progression of veridical-to-categorical orientation representation via a 

reanalysis of an existing fMRI dataset. Six participants performed both a visual perception (rare 

target detection) and a visual working memory task (delayed estimation). fMRI activation 

patterns in different retinotopic regions of interest were sorted into bins based on the orientation 

shown or remembered. For each task and retinotopic area, the representational similarity of 

activation patterns in each orientation bin was determined based on Euclidean distances. We 

compared the resulting confusion matrices with two explicit models: The veridical model 

assumes that each orientation is most similar to adjacent orientations, and increasingly dissimilar 

to more distant orientations. The categorical model assumes that orientations are coded in 

quadrants relative to cardinal axes, so between either “twelve-to-three” or “three-to-six” o’clock. 

For the perceptual task, the veridical model explained the data well in all retinotopic areas, while 

the categorical model did not. While the veridical model also did well in the working memory 

task, the categorical model gradually gained explanatory strength for increasingly anterior 

retinotopically defined areas. These findings suggest that once visual representations are no 

longer tethered to sensory inputs, there is a gradual progression from veridical to more 

categorical mnemonic formats along the visual hierarchy. 
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Abstract: Working memory (WM) content is mostly stored in neurons preferring contralateral 

items in bilateral prefrontal cortex (PFC) [1], but representations can travel between hemispheres 

[2]. This is thought to support full-field spatial WM continuity. Recently, temporal continuity in 

WM has been linked to activity-silent mechanisms in PFC supporting behavioral serial 

dependence (SD) between successive trials [3]. Indeed, SD increases when prefrontal activity-

silent traces of previous memories are reactivated in the fixation period by either internal (e.g. 

attention) or external (e.g. transcranial magnetic stimulation, TMS) inputs [3]. However, how 

memory traces and reactivations interact with anatomical lateralization to ensure both WM 

spatial and temporal continuity is currently unknown. Here, we asked if SD is lateralized and 

whether it propagates between hemispheres. 

We tested the lateralization of SD using human and monkey behavioral responses and TMS 

experiments in humans. Further, we analyzed simultaneous bilateral PFC multiunit recordings in 

three monkeys performing a spatial WM task to assess interhemispheric transfer of reactivations 

during fixation periods. We found that SD is reduced when items are presented in opposite 

hemifields as compared to within the same hemifield, providing behavioral evidence for some 

spatial discontinuity in SD. However, we also found trial-averaged bilateral reactivations of the 

previous trial’s stimulus representation in the fixation period, a neural correlate of SD, 

suggesting spatial continuity of SD. To understand how these seemingly inconsistent findings 

could be reconciled, we performed canonical correlation analysis on the activity of neurons 

between hemispheres. We found strong single-trial canonical noise correlations during the delay, 

hinting towards the coordination of trial-by-trial memory representations across hemispheres, but 

not during the time of reactivations. This suggests that trial-by-trial memory reactivations are 

private to each hemisphere, which may explain the spatial discontinuity of SD in working 

memory. TMS experiments in humans were also consistent with private reactivations, as the SD 

increase through single-pulse TMS was lateralized. 

[1] Funahashi, S. et al., J Neurophysiol 61:2, 331-349 (1989) [2] Brincat, S. L. et al., Neuron 

109:6, 1055-1066.e4 (2021) 
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Abstract: The manifold and trajectory of neuronal population responses can reveal neural 

computations underlying cognitive functions. Previous studies have shown that population 

geometry undergoes various transformations during the execution of cognitive tasks. It is 

unknown, however, if such transformations are unique for specific brain areas or common across 

areas during execution of the same task. It is also often assumed that transformations are task-

dependent, yet this assumption has not been tested rigorously. We therefore analyzed neural 

spiking data of six macaque monkeys from different prefrontal subdivisions before and after the 

animals were trained in a spatial (n=2195 neurons) and a feature (n=1640) delayed match-

nonmatch working memory task. We found that in the anterior portion of the prefrontal cortex, a 

low dimensional population manifold rotation between different task epochs already exists in 

naïve animals. The results suggest that some transformations observed in prefrontal cortex may 

be an inherent property of the circuit rather than the reflection of certain cognitive operations 

required by a trained task. We also compared the population geometry of prefrontal (n=591) and 

posterior parietal (n=835) populations from two macaque monkeys in a delayed match-nonmatch 

working memory task. In this task, trial difficulty was determined by how far a memorized 

stimulus was located relative to a reference location, which changed daily. Thus subjects 

gradually inferred the reference location within each session. We found that the geometry of 

stimulus representation was more stable in prefrontal cortex across various task epochs. At the 

same time, both prefrontal and parietal areas showed plasticity during a single session, which 

correlated with behavior change. In summary, our results indicate that heterogeneity exists in the 

geometry of neuronal representation across different high-order brain regions. Specifically, we 

found that population transformations, which are often assumed to represent trained cognitive 

operations, emerge automatically even in subjects naïve to training. Moreover, systematical 

rotation dynamics exist for training time scales spanning a few minutes to a few months. 
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Abstract: For many optogenetic experiments, it would be ideal to stimulate multiple brain 

regions simultaneously and independently. Although implantation of two optical fibers into 

target brain regions could enable similar level of functionality, its application to more than three 

different brain regions would be challenging due to their rigid neural interface (tissue damage) 

and management of wired-fiber cables (constraints on movement and 

physiological/psychological stresses imposed on animals). It would be also perfect to selectively 

control multiple animals within a social group for behavior experiments using optogenetics (e.g., 

study of interactions by individuals and their effects on mental health). Currently, it is impossible 

with optical fiber methods due to entanglement of fibers. While wireless techniques (NFC or 

Bluetooth) for multichannel operation have been described, they suffer from major limitations in 

their ability to identify and select a channel(s) in a single platform device due to high power 

consumption (>30 mW). Such high power requirements for operation would render a wireless 

device energy-hungry and make it impossible to operate while an animal with a device implanted 

freely behaves in a cage. Here, we introduce a miniaturized, ultra-low power multichannel 

wireless optogenetic brain implant that can selectively modulate multiple brain regions (<5) of a 

freely behaving animal or distributed neural circuits (<3) of freely behaving animals (<2).To 

validate the functionality of the dual-channel wireless optogenetic system in vivo, we chose to 

manipulate the mesolimbic dopaminergic (DA) system and tested whether we can selectively 

deliver light to stimulate distinct VTA DA axonal fibers in Nac with two μLEDs (470 nm & 650 

nm) controlled by different channels.We performed 3-chamber conditioned place preference test 

with this manipulation. Here, one μLED on a probe of a wireless dual-channel brain implant 

directly interfaces with dorsal-Nac (d-Nac) while the other μLED does ventral-Nac (v-Nac) (they 

are separated by a distance of 1mm). Indeed, consistent with previous findings, we found that the 

stimulation of DA axonal fibers with μLEDs targeting d-Nac can induce strong preference in 

conditioned place preference (CPP) test. Then, we found that this preference was reversed by 

stimulating DA axonal fibers with μLEDs targeting v-Nac. This strongly suggests that we can 

selectively and simultaneously modulate the different neural circuitry in same animals with 

newly developed wireless optogenetic systems. 
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Abstract: High spatial and temporal precision and cell type specificity make optogenetics a 

powerful tool for studying fundamental neural mechanisms and developing neurorehabilitation 

techniques. Here we demonstrate an optimized large-scale optogenetic cortical interface for non-

human primates (NHPs) [1, 2]. This interface consists of a custom built multi-modal artificial 

dura (MMAD) which is an advancement in comparison to artificial duras used for optical 

imaging in that platinum particles are printed into a biocompatible and transparent polymer 

enabling electrical stimulation and recording in combination with optical access to the cortex [3]. 

We have surgically implanted the MMAD in two rhesus macaques which provides both optical 

access to about 2.7 cm2 and recording capability from about 1 cm2 of the posterior parietal cortex 

(PPC). We also developed a custom LED array compatible with our MMAD for optical 

stimulation. To achieve large-scale optogenetic expression, we delivered AAV-hsyn-Jaws-GFP 

into PPC using convection enhanced delivery (CED), an efficient pressure-based viral delivery 

approach [2, 4-5]. This interface improves upon the stability and scale of our previous interface 

iterations [4]. We confirmed expression across large cortical areas (>2 cm2) with both 

neurophysiology and epifluorescent imaging. Furthermore, using this interface we observed that 

the243eactivationn of PPC using optogenetics leads to longer reaches in a center-out reach task. 

Our optimized design supports 3+ months of optical access in comparison to 2-4 weeks in our 

previous version and uses up to 16 LEDs for simultaneous optical stimulation which is an order 

of magnitude improvement over our previous setup. Lastly, our custom designed MMAD 

enables our printed circuit boards to be clamped on the MMAD polymer only for the duration of 

stimulation and recording [3] making the entire setup more stable. This work will set the stage 

for the development of stable, large-scale, multi-modal neural modulation protocols for the 

purpose of studying cortical organization and plasticity, and developing neurorehabilitation 

techniques. 

References:[1] DJ Griggs et. Al., SPIE, 2019.[2] DJ Griggs et. Al., EMBC, 2022, (accepted).[3] 

DJ Griggs et. Al., J. Neural Eng., 2021.[4] A Yazdan-Shahmorad et. Al., Neuron, 2016.[5] K 

Khateeb et. Al., J. Vis. Exp., 2019. 
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Abstract: Our group has been investigating the use of magnetic stimulation from tiny, 

implantable coils (referred to as microcoils) as a way to improve the efficacy of artificial 

stimulation of the CNS. While there have been some remarkable successes with electrode-based 

prostheses, e.g., cochlear implants (Cis) and deep brain stimulation (DBS) for the treatment of 

Parkinson’s disease and other motor disorders, there are some intrinsic limitations associated 

with the implantation of electrodes that have limited progress for other applications. For 

example, it is difficult to control the spread of activation with electrodes; inadvertent activation 

of non-targeted neurons can lead to a myriad of side effects and also limits the resolution, of 

larger concern for devices that target sensory systems. Electrodes are also limited by the amount 

of charge they can deliver, their long-term biocompatibility, foreign body responses, etc. 

Magnetic stimulation from microcoils is an attractive alternative to conventional electrodes 

because the asymmetry in the fields they produce allows improved selectivity in targeting 

neurons. In addition, the high permeability of biological materials to magnetic fields allows 

passage through bone and other materials that impede the passage of electric fields. Thus, time-

varying magnetic fields can be used to ‘carry’ an electric field across a high-impedance boundary 

that is difficult to target with conventional electrodes. This same permeability also may confer 

improved stability of coil performance in cases where the electrical properties of the surrounding 

tissue change over the course of implantation. To date, we have tested microcoil-based magnetic 

stimulation in several regions of cortex, deep brain regions, the retina, and the cochlea. In the 

cortex, the spatially asymmetric fields from coils preferentially activate vertically-oriented 

pyramidal neurons while avoiding horizontally-oriented passing axons, thus better confining 

activation to focal regions around the coil. In the cochlea, the magnetic fields from coils 

positioned within the scala tympani pass readily through the surrounding bony walls to activate 



peripheral processes of spiral ganglion fibers. Coupled with the narrower spread of fields in 

perilymph, coils result in narrower spectral spread (than electrodes) and thus offer the potential 

for an increased number of independent spectral channels. Despite these intriguing results, coils 

have some important limitations including the need for high amplitude currents and the potential 

for excessive heating. Magnetic cores and enhanced insulation offer potential solutions to these 

limitations. 
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Abstract: Neuromodulation is critical in studying and treating many neuronal diseases and 

disorders; however, it relies on techniques that are often either invasive or nonspecific. We are 

developing a technology to noninvasively activate specific neurons using electromagnetic fields 

and an electromagnetic perceptive gene (EPG). Glass catfish (Kyptopterus vitreolus) has a gene 

that encodes a protein responsive to magnetic fields. This gene (EPG) has been isolated, cloned, 

and expressed in mammalian cells. EPG can be used through viral injection to target specific 

neurons which can then be noninvasively stimulated using electromagnetic fields (Krishnan et 

al., 2018). Our research focuses on the modulating neurons in the visual cortex since it is widely 

studied and can be researched by behavioral experiments and through functional imaging. Long 

Evans rats were genetically engineered to express EPG in excitatory neurons of the primary 

visual cortex via stereotaxic injection of adeno-associated virus containing EPG under CaMKII 

promoter. These rats were then tested for behavioral responses to magnetic stimulus using an 

operant conditioning chamber. While in the chamber, an electromagnetic coil attached to the 

rat’s head delivered 50 mT of magnetic field for 2 seconds every minute, repeated for 25 trials. 

The sham stimulus included the same electromagnetic coil attached to the rat’s head with the 

same electric current flowing, but in opposing direction, eliminating the magnetic field. In 

response to magnetic stimulus, rats pressed a lever and received a sucrose solution reward. Once 



the rats learned to associate the stimulus with pressing the lever, the same experiment was 

conducted using the sham stimulus. Preliminary data has shown significantly (p<0.05) faster 

responses when receiving an electromagnetic stimulation as compared to sham stimulation. 

Additionally, we used a 7T Bruker MRI to perform fMRI on rats expressing EPG in their visual 

cortex. Using fiber optic cables, we stimulated both eyes with a 5Hz flashing light for 20 

seconds. While both control and EPG rats showed significant activation in the superior 

colliculus, only EPG rats had significant activation in the both hemispheres of the visual cortex 

(p<0.01), corresponding to the region of neurons containing the EPG. This may suggest that EPG 

increases activity and connectivity between neurons when under the strong magnetic fields of the 

MRI. Overall, these results suggest that EPG may be a new method to noninvasively activate 

specific neurons. 
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Abstract: Eighty percent of temporal lobe seizures originate in or near the hippocampus. Deep 

brain stimulation and optogenetics have shown success in some cases of intractable epilepsy. 

Nevertheless, there remains a need to identify more novel targets and biomarkers for 

pharmacoresistant seizures. We propose a novel minimally invasive gene-based intervention, the 

electromagnetic perceptive gene (EPG), which encodes a protein that responds to magnetic fields 

(Krishnan et al, 2018). The premise for our work rests on the fact that during a seizure, electric 

currents arise from abnormal firing of neuronal networks, and these currents generate a magnetic 

field, as evidenced by magnetoencephalography (MEG) studies. We hypothesize that EPG 

expressed in interneurons will sense the magnetic fields generated during a seizure, which will in 

turn activate the neurons that will shut down or disrupt the circuit, interrupting seizure activity 

and progression in a closed-loop and cell-specific fashion. Our approach utilizes an acute kainic 

acid (KA) model of temporal lobe epilepsy in adult Long Evans rats. In the experimental group 

(n=9), EPG was stereotaxically injected in the CA3 region of the right hippocampus using a viral 



vector under hDlx promoter, which is a promoter that is specific to inhibitory interneurons 

(AAV9-hDlx-EPG-IRES-EGFP). Control rats received an injection of a control virus (AAV9-

hDlx-GFP) (n=9). Two to three weeks following stereotaxic procedure, intrahippocampal 

injection of KA (0.2 µg/0.2 µl) was administered to the right hippocampus. Tungsten 

microelectrodes were used to obtain hippocampal local field potential recordings starting at 10 

minutes after KA injection. Seizure detection was performed in NeuroScore. Signals were high 

pass filtered at 0.1Hz and seizure detection performed using a dynamic threshold. Seizure events 

were defined as having at least 4 spikes, minimum interspike interval of 0.05s, maximum 

interspike interval of 0.6s, minimum train duration of 7.5s, and a train join interval of 1s. 

GraphPad Prism was used to perform an independent samples t-test for seizure onset, duration, 

and number of seizures between the hDlx EPG and hDlx GFP group. We found that hDlx EPG 

rats presented a significant delay in the onset of first seizure (1142.72 ± 186.35s) compared to 

hDlx GFP rats (644.03 ± 15.06s), *P = 0.028. They also experienced significantly less seizures 

(4.11 ± 1.03) compared to hDlx GFP rats (8.33 ± 1.58), *P = 0.042. These preliminary findings 

suggest that magnetogenetics via EPG may be an effective strategy to alleviate seizure severity 

in a minimally invasive, closed loop and cell specific fashion. 

Disclosures:  A.C. Metto: None. A.A. Gilad: None. G. Pelled: None. 

Nanosymposium 

183. Electrical Stimulation, Magnetogenetics, and Optogenetics 

Location: SDCC 5 

Time: Sunday, November 13, 2022, 1:00 PM – 4:15 PM 

Presentation Number: 183.06 

Topic: I.08. Methods to Modulate Neural Activity 

Support: NIH Grant R01DC018300 

NIH Grant R01NS110893 

Title: Freeform Stimulator and a Path to More Versatile Neural Implants 

Authors: *G. FRIDMAN1, C. STEINHARDT2, A. CHENG1, P. ADKISSON1, R. BAID1, S. 

RAGHUNATH1, A. WANG1;  
1Johns Hopkins Univ., BALTIMORE, MD; 2Johns Hopkins Univ., Baltimore, MD 

Abstract: In our laboratory we have been developing the Freeform Stimulator (FS). This neural 

implant can deliver ultra-low frequency electric fields to neurons safely. Conventional neural 

implants use charge balanced biphasic pulses to evoke action potentials (Aps) in target neurons. 

They are constrained to delivering short pulses to avoid bubbles due to electrolysis, pH changes, 

and corrosion. However, it has been shown in many previous experiments that delivery of long 

duration waveforms, including direct current, can significantly expand the range of neural 

control. It can cause neurons to not only excite their activity in a natural stochastic fashion in 

contrast to phased-locked pulse-evoked Aps, but also reduce or inhibit spontaneous firing rate, 

sensitize neurons to input, and modulate LTP. FS works by rectifying biphasic charge balanced 



pulses delivered to the electrodes embedded within the device into direct ionic current (iDC) at 

the output of the device. The output is delivered via electrolytic gel through microcatheters to the 

target neurons rather than through wires and electrodes. This newest FS design is uses hydrogel 

and hydrogel switches to conduct and control ionic current and is therefore not susceptible to the 

same reliability problems as the previous generation of the technology, which relied of 

electrolytic fluid and microvalves. We previously showed the strong impact of FS on peripheral 

nerve modulation. In our recent experiments, we explored using the FS implant to modulate the 

activity of cortical networks. We implanted two rats with recording electrode array and 

microcatheter tubes that delivered iDC to the motor cortex. We delivered 10s-long bipolar iDC 

stimuli at 0-100uA through micropipettes to the motor cortex of an anesthetized rat while also 

recording the responses of cortical neurons to this stimulation. The neurons showed strong 

excitatory and inhibitory responses for both animals, with 12 excitatory, 1, inhibitory, and 3 

neurons with no effect for one animal, and correspondingly 6 excitatory, 6 inhibitory and 2 no 

effect for the second animal. 
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Abstract: Patch clamp, the gold standard for neuronal electrophysiology, cannot keep up with 

the demand for high throughput intracellular recordings. These recordings are imperative for 

studying network activity in healthy vs diseased neuronal populations, for correlating ion 

channel activity to biological cascades, and for rapid screening of CNS-targeted, personalized 

therapeutics. Here, we present a transparent, higher throughput, robust, and tunable platform for 

manipulating and probing single neuronal electrical function during simultaneous fluorescence 

microscopy. Our platform consists of arrays of transparent nanopillar (NP) electrodes (2-5 um 

tall, < 500 nm diameter), shown in Figure C, made using a maskless photolithography and dry 

etching technique, followed by pillar shrinkage using wet etching. After seeding neurons on our 

NP electrode array, electrical stimuli provided to the NPs induces nano-sized pores across the 

overlying plasma membrane (electroporation), providing the NPs with access to the cell interior 

including the nuclear member (Figure A). Our nanopillar electrode arrays are compatible with 

various cellular constructs including 2D primary and iPSC-derived cultures (Figure D), brain 

slices, and 3D organoids. Using cell micropatterning, we aim to design simple neuron circuits to 

study network activity in various neuronal architectures while performing fluorescence imaging 

to visualize subcellular structures. Finally, we fabricated devices which can obtain simultaneous 

intracellular action potential and extracellular (EC) recordings, depicted in Figure B, from 

neuronal networks in 2D monolayers to compare single-cell activity to neuronal circuit behavior. 

Comparing IC and EC signals will help relate single-cell and subthreshold events to local field 

potentials and culture-wide behavior. These experiments reveal a large corpus of knowledge 

which can be gleaned from electronic devices at the cell-nanopillar interface. 
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Abstract: Temporal interference stimulation (TIS) [Grossman et al., Cell. 2017;169(6):1029‐

1041.e16] is considered a promising approach for non-invasive targeted modulation of deep 

brain region activity. Compared to classic transcranial electric stimulation (tES) approaches (e.g., 

tDCS, tACS), it strongly reduces stimulation of overlaying structures and is more customizable. 

However, to facilitate TIS research, precise hardware and a reliable planning tool are required. 

We have developed a cloud-based, online-accessible tES/TIS planning tool to: (i) allow 

exploration and identification of optimized stimulation conditions (electrode montages, current 

magnitudes) to maximize stimulation selectivity and TI exposure strength at the user-selected 

target, while minimizing off-target exposure; (ii) quantify and visualize TI dose and electric field 

distributions along with key metrics for target and off-target regions to interactively assess 

performance and safety. 

The highly interactive planning tool is based on the o2S2PARC platform [Neufeld et al. The 

FASEB Journal 2020; 34.(S1):1-1] for open and collaborative computational (neuro-)sciences. 

Electromagnetic simulations were performed using a low-frequency electro-quasistatic simulator 

from Sim4Life (ZMT Zurich MedTech AG, Zurich, Switzerland) in combination with detailed 

anatomical human, mouse and monkey head models from the IT’IS Virtual Population. The use 

of precomputed field distributions enables efficient multi-goal optimization (high focality, 

minimal off-target TI delivery, minimal E-field deposition at skin), after which conflicting goals 

can be weighted and the exposure can be further fine-tuned interactively before exporting a 

detailed report for the identified configurations of interest.The novel planning tool has already 

been used to facilitate several preclinical studies worldwide. work is currently underway to 

further support study design by (i) enabling highly automated, personalized (in terms of anatomy 

as well as heterogeneous and anisotropic brain properties), image-based exposure assessment and 

optimization using innovative artificial intelligence-based algorithms; (ii) performing extensive 

modeling uncertainty assessment and providing a larger range of models in view of inter-subject 

variability; (iii) supporting modeling of multi-polar (i.e., more than two channels) TIS; (iv) 

creating a curated, user-extensible database of target-specific standard treatment configurations. 

A user-friendly highly interactive planning tool was developed that offers optimization and 

improved analyses of tES and, in particular, TIS. 
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Abstract: An increasing amount of neural interfaces is directly targeting the cortex for electrical 

neurostimulation, and it has been hypothesized that the stimulation resolution could benefit from 

using more advanced stimulation patterns. However, behavioural experiments offer too little 

information on such fine-scale differences, while electrophysiological measurements are often 

limited to a too small part of the brain. Calcium imaging can be a solution to study the effect of 

microstimulation on the mesoscale, but it is non-trivial to use extracellular, penetrating electrode 

arrays designed for electrophysiology, in a calcium imaging environment, due to different shape 

requirements and the necessary compatibility of the materials with 2-photon imaging. We 

present a pilot study where we designed, optimized, and tested a set-up that combines 2-photon 

calcium imaging with intracortical microstimulation, using multiple extracellular electrodes at 

the same time, both with mouse brain slices, as well as in vivo in the mouse cortex, showing the 

applicability to different brain models. 

Our electrode arrays consisted of flexible, polyimide shanks of 20x70 µm², a length of 400 to 

1200 µm (depending on the brain model), and located at a fixed distance of 150 to 200 µm from 

each other. Iridium oxide electrodes of size 20x30 µm² were spread along the width and length 

of each shank, creating a grid of intracortical electrodes, with distances varying from 15 µm to 

several 100 µm, allowing to study the effect on the neural activity at different length scales. All 

materials used in the electrode arrays were tested on their fluorescence and were shown to be 

compatible with 2-photon imaging. 

During the experiments in brain slices, the electrode arrays were positioned with the shanks 

pointing upwards, and a coronal brain slice with a thickness of 400 µm of a P30 GcaMP6f mouse 

was put on top, such that the shanks penetrated the slice from the bottom. For the in vivo 

experiments, the shanks were inserted into the cortex at a very steep angle (~90° perpendicular to 

cortical layers). A 2-photon set-up, with a wavelength of 960 nm, was then used to image the 

neural activity in cortical layer 2/3. The shank size and the electrode distances were optimized in 

order to reach a good fit between the neurons and the electrodes. 

Our setup allows 2-photon calcium imaging of the neural tissue, using multiple intracortical 



stimulation electrodes. This setup will be used to investigate several stimulation paradigms and 

their effect on neural activation, comparing conventional microstimulation with one electrode 

with a situation where multiple electrodes are used simultaneously. 

Disclosures:   M. Schelles: A. Employment/Salary (full or part-time):; ReVision Implant. R. 

Fiáth: None. F. Ceyssens: A. Employment/Salary (full or part-time):; ReVision Implant. K. 

Wierda: None. I. Ulbert: None. M. Kraft: None. 

Nanosymposium 

183. Electrical Stimulation, Magnetogenetics, and Optogenetics 

Location: SDCC 5 

Time: Sunday, November 13, 2022, 1:00 PM – 4:15 PM 

Presentation Number: 183.10 

Topic: I.08. Methods to Modulate Neural Activity 

Support: RN01NS092726 

R01NS110893 

Title: Non-linear responses of neurons to pulsatile stimulation provide evidence of average 

population firing rate-based encoding schemas in sensory systems 

Authors: C. R. STEINHARDT1, G. Y. FRIDMAN2;  
1Dept. of Biomed. Engin., 2Dept. of Otolaryngology, Johns Hopkins Univ., Baltimore, MD 

Abstract: Pulsatile electrical stimulation is the standard paradigm used in neural implants to 

restore function, but how it interacts with the direct targets of stimulation is not well understood. 

Recent findings showed that about half of pulses delivered to vestibular afferents produce action 

potentials (Mitchell et al. 2016). We investigated the effects of pulses on firing rate first through 

single-unit recordings of macaque vestibular afferents in response to pulse trains of fixed pulse 

rates from 25 to 300 pulses/s and fixed amplitudes from 25 to 100% of the safe range (13 

combinations). In spontaneously firing vestibular afferents, the slope of pulse rate versus firing 

rate varied from -0.2 to 0.5 spike/s/pulses/s. We then used a biophysical model of the vestibular 

afferent to simulate pulsatile stimulation of a macaque vestibular afferent with fine sampling of 

pulse rate and pulse amplitude combinations (625 conditions). We found that pulses interacted 

with themselves at the axon, producing non-linear additive and blocking effects. Pulses also 

interacted with spontaneous EPSCs producing an approximately separable set of non-linear 

additive and blocking effects. Because pulse trains are given with fixed inter-pulse intervals, we 

found that the average probability of each of these interactions could be estimated without a 

dependency on time. Using that concept, we produced an equation that predicted the induced 

firing rate during stimulation as a function of the pulse amplitude and pulse rate delivered and 

the spontaneous firing rate of the neuron being stimulated. We parameterized this equation to the 

simulation then tested whether it could predict macaque vestibular afferent firing responses. We 

found that it could predict the data across conditions with rms error of 6.30±1.13 spikes/s(N=13). 

An important finding was that afferents experiencing the same pulse amplitude and pulse rate of 



stimulation would have different firing rates and changes in firing rate dependent on the 

spontaneous rate of the neuron. At most pulse amplitudes, neurons with high spontaneous rates 

(i.e. 130 spikes/s) would be inhibited while neurons with low spontaneous rates (i.e. 0-20 

spikes/s) were strongly excited. However, a simulation of the response of a population of 200 

afferents with natural variance in spontaneous rates showed that the average population firing 

rate increased with pulse amplitudes in the same range. These findings suggest that neural 

implants, such as vestibular implants, affect different portions of the population as pulse 

amplitude increases but proportionally modulate the average population firing rate, leading to 

coherent changes in behavioral responses. 
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Abstract: Background:Transcranial Direct Current Stimulation (TDCS) of the primary motor 

hand area (M1-HAND) has been shown to modulate corticomotor excitability, with aftereffects 

lasting up to several hours. Specifically, bi-polar TDCS targeting the right and left M1-HAND 

has been used to shift the interhemispheric balance. Pseudo-continuous Arterial Spin Labeling 

(pc-ASL) maps regional cerebral blood flow (rCBF) and can capture the rCBF changes that are 

caused by a change in regional neuronal activity in M1-HAND and connected areas during and 

after TDCS. 

Objective: To elucidate how TDCS with a bi-hemispheric M1-HAND montage engages the bi-

hemispheric pericentral cortex and shifts in interhemispheric balance. 

Methods:In separate sessions, 20 healthy right-handed participants received 10 minutes of active 



TDCS (30 sec ramp-up and down) or sham TDCS (30 sec ramp-up, immediate ramp-down) at 

2.0 mA with the anode placed over left M1-HAND and the cathode placed over right M1-

HAND. We used 7 x 5 cm rubber electrodes with conductive gel. Real and sham TDCS were 

applied at two different days in counterbalanced order with subjects being blinded to the TDCS 

condition. We performed pc-ASL fMRI at 3 T concurrently with TDCS, to measure effects on 

rCBF both during and for 24 minutes after stimulation. We focused on the post-stimulation 

period of TDCS (offline effects) and used FSL’s FMRI Expert Analysis Tool (FEAT) to model 

rCBF changes after TDCS. 

Results: Compared to sham TDCS, real TDCS induced a relative decrease in rCBF in the deep 

part of left M1-HAND underlying the anode. This effect persisted during the entire post-TDCS 

period, reaching the highest effect size 9-16 minutes after the end of TDCS (peak voxel: -30, -30, 

52, z-score = 4.67). In contrast, there were no outlasting rCBF changes in the right M1-HAND 

underlying the cathode. 

Conclusion: Our preliminary results show that bi-hemispheric TDCS with standard non-focal 

electrodes targeting left M1-HAND (anode) and right M1-HAND (cathode) induces lasting site-

specific offline effects of TDCS. Aftereffects are regionally confined to the deep area of left M1-

HAND underlying the anode. This unilateral aftereffect might underpin the previously reported 

shift in bi-hemispheric balance between the two M1-HAND. 
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Abstract: In our day-to-day lives, we are constantly inundated with temporally fragmented 

auditory information which we retain and associate over time to attain a goal-directed behavior 

e.g. memorizing and noting a person’s phone number while it is being recited. The auditory 

cortex has long been known to be involved in sensory processing but its implication for cognitive 

processes are not fully explored. To decipher its role in the behavior, external intervention is 

essential in order to establish a causal-link relationship. Electrical stimulation remains to be the 

simplest of all reversible activation techniques for causal research in systems neuroscience. Yet it 



is a powerful tool to induce a transient effect on neurons, which is crucial to delineate and study 

the effects on the course of an explicit cognitive function during a complex behavioral task. 

There has been a tremendous interest in transcranial direct current stimulation i.e. tDCS since its 

rediscovery a decade ago, which involves localized macrostimulation of a cortical region using 

low-magnitude currents of either polarity presumably causing shifts in neurons’ resting 

membrane potential. Although it has been shown that transcranial anodal i.e. positive stimulation 

improves and cathodal i.e. negative stimulation deteriorates the behavioral performance of 

human subjects on auditory tasks respectively, its neuronal mechanisms have not been 

thoroughly investigated. Thus, we set out to bridge this connection by assessing the neural 

effects of intracranial direct current stimulation i.e. iDCS in the auditory cortex of macaque 

subjects (n = 3). The current study aims to address the following: 1) the quantitative relationship 

between current intensity and its electrically-evoked neuronal activity; 2) the instantaneous and 

prolonged stimulation effects on the temporal dynamics of neural activity; 3) the spatial extent of 

stimulation effects on neural activity; 4) the effects on neural firing rate due to various 

stimulation types and 5) the effects of different current intensities on sensory encoding in 

auditory cortex. To this end, we determined the efficacy of iDCS on spontaneous activity and on 

sensory encoding in auditory neurons with the ultimate goal to manipulate cellular and network-

level processes. 
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Title: Imaging versus electrographic connectivity in human mood-related fronto-temporal 

networks 
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Abstract: The efficacy of psychiatric DBS is thought to be driven by the connectivity of 

stimulation targets with mood-relevant fronto-temporal networks, which are typically evaluated 

using diffusion-weighted tractography. Leveraging intracranial electrophysiology recordings to 

better predict the circuit-wide effects of neuromodulation to white matter targets, we 

hypothesized strong convergence between tractography-predicted structural connectivity and 

stimulation-induced electrophysiological responses. We utilized detection of evoked potentials 

elicited by single-pulse stimulation to two common DBS targets for treatment-resistant 

depression (the subcallosal cingulate (SCC) and ventral capsule/ventral striatum (VCVS)) in two 

patients undergoing DBS with stereo-electroencephalographic (sEEG) monitoring. These evoked 

potentials were compared with predicted structural connectivity between DBS leads and sEEG 

contacts using probabilistic, patient-specific diffusion-weighted tractography. We found that 

detected evoked potentials and tractography showed strong convergence in both patients in 

orbito-frontal, ventromedial prefrontal, and lateral prefrontal cortices for both SCC and VCVS 

stimulation targets, but low convergence was found in anterior cingulate cortex (ACC), where 

tractography predicted structural connectivity from SCC targets but produced no evoked 

potentials during SCC stimulation. Further, tractography predicted no connectivity to ACC from 

VCVS targets, but VCVS stimulation produced robust evoked potentials within the ACC. The 

two connectivity methods showed significant convergence, but important differences emerged 

with respect to the ability of tractography to predict electrophysiological connectivity between 

SCC and VCVS to regions of the mood-related network. This multimodal approach raises 

intriguing implications for the use of tractography in surgical targeting and provides new data to 

enhance our understanding of the network-wide effects of neuromodulation. 
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Abstract: Hippocampal volume (HV) measures are widely used to assess outcomes of epilepsy 

surgery. Subtle hippocampal volume changes are associated with aging and with cognitive 

deficits, and different types of hippocampal sclerosis occur in epilepsy, especially TLE. Here, we 

compare 3 MRI-based HV segmentation methods: a) Hippodeep (HD), b) FreeSurfer v7.1 gross 

hippocampal segmentation (Fsvol), and c) FreeSurfer v7.0 “sum of subfields” (Fssum). We 

hypothesized that Hippodeep, a deep learning model, might fail less frequently and be more 

sensitive to effects of age, sex, and disease, relative to the other methods.T1-weighted MRI data 

from 275 participants (159 with epilepsy, 116 controls (CN),151F/124M, mean age of patients: 

40.98y (range 20-72 yrs), mean age of CN: 44.96y (range 16-84 yrs), p=0.0069) were analyzed. 

Epilepsy participants had seizure onset on the left (n=58), right (n=51), or both (n=47) 

hemispheres; n=3 lacked information. HV were estimated for all participants using Hippodeep, 

Fsvol and Fssum; all outputs underwent visual quality check (QC). The agreement in HV across 

methods was evaluated in CN by calculating the Pearson’s correlation coefficient in the left (L) 

and right I hippocampi separately. Dependent samples t-tests were run on L and R HV in the full 

sample. HV from all three methods were strongly correlated in CN and epilepsy groups. Of the 3 

methods, FSvol failed 13/550; FSsum failed 15/550; HD failed 10/550; QC survival rate was 

higher in HD (Fig. 1A). Comparing L and R HV in CN, HD yielded the lowest mean HV, 

followed by Fssum and then Fsvol. The mean of L HV was consistently lower than the R HV. 

We adjusted for ICV, age, and sex effects in CN and patients separately (Fig.1B). L and R HV 

were significantly lower in patients than CN when using HD (Fig.1B). 

Consistent with prior studies, Fsvol and Fssum were sensitive to the known HV changes with 

age. HD had less QC failure, and greater sensitivity to the hippocampal differences between 

patients and CN. Detection of age, sex, and disease effects on HV depended on the method used, 

motivating larger multisite studies. 
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Abstract: Introduction: Inter-ictal spikes are thought to occur at random and it may 

include not only epileptic foci but also networks of distant brain regions. During a single or 

series of random spikes, a complex sequence of several brain area activations may occur. 

These sequences of brain activations cannot be explained by standard EEG-FMRI 

analyses, known as General Linear Model (GLM), which assumes a standard 

Hemodynamic Response Function (HRF) with predetermined peak timing and shape. The 

objective of this study is to uncover the spatiotemporal dynamics of Interictal Epileptiform 

Discharges (IED’s) related Blood Oxygenation Level Dependent (BOLD) alterations by 

temporally and spatially resolving these activations. HRF’s exact form and peak timing in 

epilepsy patients, however, are unknown. Methods: We analysed spatial temporal 

information using inter-trial temporal 260lzheimer260ation analysis (IT-TSA) and 

compared it to standard GLM in seven focal epilepsy patients who underwent 

simultaneous EEG-fMRI resting state acquisition. In contrast to GLM, the Inter Trial 

Temporal Synchronisation Analysis (IT-TSA) does not assume any canonical HRF for 

statistical analysis. The null hypothesis is that percent signal changes across trials are 

normally distributed, with a mean of zero. Synchronization across trials (IED’s blocks) is 

tested by computing a two-sided t-test of percent signal change across trials at each time 

point ‘t’. This reveals the spatial temporal sequence of common brain activations during 

the inter-ictal trial. Results: IT-TSA showed that three of seven individuals had scattered 

brain areas before the start of trial (spike onset). Later, the seizure focus has appeared and 

engages other areas of the brain over the course of the trial. It also increased sensitivity and 

identified additional brain regions not seen in traditional GLM analysis in all patients. 

Cortical activity revealed extensive symmetric bilateral activations and deactivations 

across the brain. Interestingly, our study quantitatively confirms that the late negative 

responses could not have been the undershoot of an earlier positive response. Subcortical 

activity included thalamus deactivation in four patients, activation in one, and caudate, 

putamen, and pallidum deactivation in three which is missed by GLM 

analysis. Conclusion: This study demonstrates that IT-TSA model-free analysis can 

uncover the large-scale network of brain activations and deactivations spatially and 



temporally in epilepsy patients. It has the potential to assist in understanding epileptic 

networks and interpret fMRI activation maps during treatment. 
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Abstract: Sleep is known to enhance glymphatic activity and thus physiological brain 

pulsations, while in epilepsy sleep lowers seizure threshold. Previously, we have shown how 

these pulsations are increased in focal epilepsy. Additionally, we have shown how physiological 

brain pulsations change in low vigilance state and EEG verified sleep in healthy controls (HC). 

These earlier findings suggest that patients with epilepsy (PWE) may have altered pulsation 

characteristics between awake and low vigilance states and, furthermore, compared with sleeping 

HC. Thus, we sought to investigate how decreased vigilance affects brain pulsations in focal 

epilepsy. Our study group consisted of 12 HC (age:28.6+-5.4, 9 females) and 14 

PWE (age:33.9+-14.6, 6 females). Subjects were scanned with 10 min resting-state fast fMRI 

sequence (TR=100ms) during the day with normal vigilance, and additionally during late 

evening (10-12pm) with permission to sleep. To maximize the vigilance difference, we used the 

first 5 min (2861 frames) of the awake scan and the last 5 min of the sleep scan. We calculated 

the pulsation power in three different frequency bands (c.f. Fig. 1) likewise as in 

our previous studies. We conducted statistical paired analysis with FSL 261lzheimer between 

day vs. late evening scans in both groups. Additionally, we performed statistical comparison 

between patients’ and controls’ evening scans. As expected, our results inside HC group and 

between normal vigilance HC and PWE were comparable to our previously published results. 

However, low vigilance effect was intriguingly in opposing directions inside the groups (Fig. 1). 

Our new results suggest that the physiological brain pulsations in focal epilepsy, and thus 

glymphatic clearance, are even more disturbed in epilepsy than previously thought. Additionally, 

our results give a glimpse into why seizure balance is usually worse during sleep. Thus, we 

postulate that in epilepsy, the low vigilance state predisposes epilepsy patients to nocturnal 

seizures as the electrolyte homeostasis governed by glymphatic clearance may be altered. 
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Abstract: Antiepileptogenic therapies remain limited, even in preclinical models. Thus, 

identifying targets to prevent the development of epilepsy (i.e., epileptogenesis) is a large unmet 
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need. In animal models, a common epileptogenic insult is prolonged seizure activity (status 

epilepticus [SE]) which leads to significant pathological changes. These changes include 

neuronal apoptosis, DNA damage, oxidative stress, and inflammation are thought to contribute to 

the emergence of spontaneous recurrent seizures [SRS] in the days-weeks following SE. These 

resemble the hallmarks of cellular senescence, a conserved program which halts cell proliferation 

and triggers an inflammatory senescence associated secretory phenotype (SASP) in response to 

damaging stimuli. Senescent Cells (SCs) canonically upregulate cell-cycle inhibition genes such 

as p16. Cellular senescence is of growing interest in neurodegeneration. Ablating SCs rescues 

disease associated impairments. Senescence has not been examined in the context of epilepsy. 

Methods: We induced SE in mice, and examined the senescence phenotype, which was 

predominantly in microglia. We examined the microglial motility in live slices of a senescence 

(p16) and microglia reporter line following SE. In a separate cohort of mice, we ablated SCs 

immediately following SE and until euthanasia. SC ablated mice and their vehicle-treated (SC 

remaining) counterparts were monitored for seizure burden with EEG and behavioral analysis. 

Results: Our data suggest that p16+ SC accumulate in hippocampifollowing epileptogenesis. 

Interestingly, of the p16+ SCs, approximately 85% colocalize with microglia at all time points. 

Further, microglial process motility is increased in the SE p16+ microglia compared to SE p16- 

microglia. There is a significant reduction in seizure burden, and improvement in spatial and 

context-recognition memory with SC removal. Conclusions: These findings suggest that cellular 

senescence is induced, predominantly in microglia, following epileptogenesis. Senescent cell 

ablation reduces seizure burden and improves spatial and context-recognition memory. 
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Abstract: Introduction: Identification of differentially expressed genes (DEGs) in mesial 

temporal lobe epilepsy (mTLE) by transcriptome analysis of hippocampal and temporal lobe 

neocortical tissue can identify pathophysiological molecular mechanisms leading to mTLE and 

putative new drug targets. However, such studies need validation in tissue from non-epilepsy 

subjects to confirm results. Method: Here we reduced a list of 3,040 mTLE significant DEGs to 

˂ 120 DEGs using an unbiased bioinformatics approach. A short list (˂ 20 DEGs) was created 

using systematic bioinformatics selection criteria, and lead targets among the shortlisted were 

identified by an overall evaluation including target druggability. Subsequently, lead targets were 

attempted validated by qPCR and Western blot using mRNA isolated from paired hippocampal 

and temporal lobe neocortical tissue samples from 17 mTLE patients ((mean age at surgery 

(MAS): ⁓ 42 years; sex distribution (SD): 10 female (F) and 7 men (M)) and 16 non-epilepsy 

subjects (mean age at death (MAD): ⁓ 39 years; SD: 7 F and 9 M), respectively, and by 

immunohistochemistry (IHC) using paraffin embedded hippocampal and temporal lobe 

neocortical tissue from 14 mTLE patients (MAS: ⁓ 44 years; SD: 8 F and 6 M) and 12 non-

epilepsy subjects (MAD: 60,5 years; SD: 6 F and 6 M), respectively.Results: We show that 

CACNB3 — a voltage gated Ca2+ channel subunit with no known link to epilepsy — is 

significantly regulated in mTLE at both mRNA and protein level. In addition, we suggest a 

putative role of CACNB3 in seizure generation. Conclusion/Significance: Results from mTLE 

patients and non-epilepsy subjects support our previous transcriptome finding that CACNB3 

down-regulation in mTLE hippocampus relative to temporal lobe neocortex is caused by disease, 

although the result is not supported at protein level. However, protein level results consistently 

find higher CACNB3 expression levels in mTLE, despite comparing to different groups of non-

epilepsy subjects. This may imply that increased CACNB3 expression levels in mTLE temporal 

lobe neocortex is one underlying pathological event in mTLE, indicating that CACNB3 

modulation with a drug is likely to have a positive therapeutic effect. 
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Abstract: There are a number of anti-epileptic drugs (AEDs) on the market, however, up to 30% 

of patients are still resistant to these available therapies. Drug-resistant epilepsy mostly concerns 

mesial temporal lobe epilepsy (mTLE), the most common form of focal epilepsy (80%) and 

involves structures of the limbic system such as the hippocampus and the amygdala. This 

reinforces the need for the discovery of new AEDs with improved efficacy and tolerance. 

Epileptic-like activity can be induced chemically or electrically in various animal models to 

facilitate the screening of potential new anti-epileptic drug candidates. With this in mind, ex-vivo 

hippocampal slices provide a valuable first line screening tool for new drug candidates allowing 

higher throughput testing of several compounds, while limiting the number of animals used in 

testing. At a more advanced stage, acute in vivo models provide proof of concept in a more 

integrated setting by reproducing generalized tonic-clonic seizures, as is seen with the maximal 

electroshock (MES) test or partial seizure observed in the 6Hz test. While the electrical 

amygdala kindling test remains the gold standard, as it closely mimics various aspects of mTLE 

with the induction of partial seizures with secondary generalization. The aim of our experiment 

was to evaluate the effects of a well-known AED, Retigabine (RET), a Kv7 potassium channel 

opener, in both ex vivo and in vivo animal models. For ex-vivo experiments, epileptiform activity 

was induced by the convulsive agent 4-Aminopyridine (4-AP) – a voltage-dependent potassium 

channel blocker – on mouse hippocampal slices using a multi electrode array (MEA). Bath 

perfusion with RET at 10 µM did not affect 4-AP- induced epileptiform activity, reflected by 

isolated spike discharges and bursts, while it fully abolished epileptic-like activity at 100 µM. 

For in-vivo experiments, RET at 50-100 mg/kg, i.p. decreased the number of mice showing tonic 

convulsions in the MES model but was not effective in the 6 Hz model. In the rat kindling test, 

RET at 5-10 mg/kg decreased the seizure score and reduced after-discharge duration on the 

amygdala and cortical signals, recorded by telemetry. These results demonstrate clear 

anticonvulsant activity of RET in both 4-AP- induced epileptiform activity on mouse 

hippocampal slices, as well as, in two in vivo models. Lower doses of RET can antagonize partial 

seizures with secondary generalization, as compared with the acute MES model of generalized 

seizures, RET was devoid of activity in the 6 Hz test. This data confirms the importance of 

testing a compound across a variety of models to assess anti-convulsant efficacy. 
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Abstract: The human Central Nervous System (CNS) is complex. Synaptic changes occur 

across billions of neurons connected in complex networks and circuits and these neurons can 

each have unique electrophysiological profiles. Due in large part to this complexity, existing 

development methods and information outputs have regularly been proven inadequate to 

successfully inform decision making in CNS drug development. The full realization of next 

generation CNS therapeutics will therefore require input of vast, high quality data sets directly 

linking fundamental human biology with a deeper understanding of phenotypes resulting from 

pathological perturbations at the level of individual neurons and synapses. To address this need, 

we have developed BRITETM (Bioengineered Neuronal Insight-driven Therapeutic Engine), a 

CNS drug discovery engine that integrates human neuronal disease models, multi-omics 

measurements and AI/ML-based analytics to generate deep cellular and synaptic insights into 

CNS disease states for optimizing therapeutic rescue across diverse therapeutic modalities. We 

have applied BRITETM to distinct monogenic epilepsies, including Dup15q syndrome and 

Developmental and Epileptic Encephalopathies (DEE). Using a combination of patient/control 

induced pluripotent stem cell (iPSC)-derived neuronal lines and CRISPR-edited cell lines, we 

have used our system to establish unique neuronal phenotypes spanning intrinsic excitability, 

synaptic transmission, cellular morphology and transcriptomics. Using the identified phenotypes, 

we are leveraging BRITETM to optimize ASO therapeutics to directly address the underlying 

disease pathology. In the case of Dup15q syndrome, we have identified ASOs that knockdown 

UBE3A, a ubiquitin ligase and key pathogenic driver of the disease. For DEE13, resulting from 

gain-of-function mutations in SCN8A, we have identified ASOs that selectively knockdown 

Nav1.6 relative to other Nav channels expressed in the CNS. For DEE4, resulting from 

haploinsufficiency associated with mutations in STXBP1, a syntaxin binding protein critical to 

synaptic vesicle release, BRITETM has identified ASOs that can boost expression of the target 

gene in neurons. In all cases, we are using our established phenotypes to demonstrate therapeutic 

rescue in a human neuronal context. Results indicate that our BRITETM system has generated 

efficacious, de-risked, and well-tolerated ASOs that engage our disease targets that will move 

forward into further therapeutic development. 
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Abstract: Alzheimer’s disease (AD) is the most common aging-associated neurodegenerative 

dementia disorder. AD is defined by the presence of amyloid beta (Aβ) and tau aggregates in the 

brain, but more than 50% of patients also exhibit aggregates of the protein TDP-43 as a 

secondary pathology. Clinically, AD patients with secondary TDP-43 pathology have more rapid 

cognitive decline, more severe cognitive impairment, worse brain atrophy, and a shorter disease 

course. TDP-43 is already implicated in neurodegenerative disease as the major pathological 

protein aggregate in amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration 

(FTLD-TDP), two other devastating neurodegenerative diseases. Mutations in the gene coding 

for TDP-43 cause some cases of familial-inherited ALS, demonstrating that TDP-43 dysfunction 

is sufficient to cause disease. In patients with mixed Aβ, tau and TDP-43 pathology, TDP-43 

dysfunction may synergize with neurodegenerative processes in AD, worsening disease. Using 

C. elegans models of mixed pathology in AD, we have shown that TDP-43 specifically 

synergizes with tau but not Aβ, resulting in enhanced neuronal dysfunction, worsened 

neurodegeneration, and increased accumulation of pathological tau. To identify early cellular 

responses to mixed tau and TDP-43, we have evaluated transcriptomic changes at time-points 

preceding frank neuronal loss. We demonstrate significant expression and splicing changes in 

numerous genes including those implicated in immune function, RNA metabolism, synaptic 

integrity, and lipid catabolism. Characterizing transcriptomic changes resulting from mixed tau 

and TDP-43 pathology and determining their underlying contributions to disease processes is 

critical for understanding mixed pathology AD. 
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Abstract: Alzheimer’s disease (AD) is characterized by progressive transmission of aggregated 

tau and Aβ along neuroanatomically connected brain regions. Our aim is to broadly investigate 

how tau spreading is regulated in AD. We created a series of bigenic models incorporating the 

P301S mutant human tau (Line PS19). First, we rederived PS19 mice to express human APOE3 

or human APOE4 from the murine Apoe locus, followed by hippocampal seeding with K18-tau 

aggregates. This allowed us to generate insights into how APOE4, a major AD risk factor, 

regulates intracerebral propagation of tau. In PS19 mice that were seeded with K18-tau, APOE3 

homozygosity resulted in higher phosphorylated tau burden and microgliosis relative to APOE4 

(E3>E4). Mice that were heterozygous for APOE3 showed similar results, albeit to a lesser 

degree. Second, we investigated how Aβ seeds or mixed proteinaceous seeds from human brains 

would affect tau and Aβ pathology in PS19 mice that co-express human ‘swedish’ mutant APP 

(PS19xMHsi). We examined these bigenic mice at 9 months of age when no Aβ deposits were 

evident while tau pathology was nascently emerging but highly variable. At this age, only 2/7 

bigenic mice showed MC1 pre-tangle pathology. Neonatal injection with cored Aβ-enriched Line 

107 (APPswe/ind) mouse brain homogenates showed robust induction of Aβ deposits and 

reproducible presence of MC1-positive tau in all PS19xMHsi mice (n=6). Similar observations 

were evident in bigenic PS19xMHSi mice injected with secondarily passaged Aβ seeds 

originally derived from human AD brain (n=6). Gallyas staining was also correlated with the 

increased MC1 immunostaining in both these seeded cohorts compared to naïve age-matched 

bigenic mice. In matched siblings that lacked tau transgene (PS19xMHSi), we observed identical 

acceleration of Aβ deposition but no pathological tau inclusions that were MC1 or Gallyas 

positive were observed. In conclusion, we demonstrate that accumulation of phosphorylated tau 

can be accelerated in PS19 mice by the administration of the truncated form of human tau 

containing the 4 microtubule binding repeats (K18-tau). Presence of APOE3 exacerbated the 

burden of K18-tau induced emergence of phosphorylated tau, though this did not reproducibly 

accelerate formation of tau tangles. In the combined presence of tau and APP overexpression, 

injecting Aβ seeds derived from either transgenic mouse or human origins induced both Aβ 

deposits and tau tangles. Overall, this shows that accumulation of phosphorylated tau could be 



triggered by seed-competent tau while maturation of phosphorylated tau into argentophilic 

inclusions could be exacerbated through cooperation with APP/Aβ. 
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Abstract: Mitochondrial dysfunction, oxidative stress and mTOR dysregulation occur in 

neurodegenerative disorders like Alzheimer’s disease (AD); how these processes mechanistically 

promote neurodegeneration is poorly understood. We recently discovered ‘Nutrient-induced 

Mitochondrial Activity’ (NiMA), an inter-organelle signaling pathway whereby nutrient-

mediated stimulation of lysosomal mTORC1 regulates oxidative phosphorylation and DNA 

synthesis in perikaryal-located mitochondria in neurons (Norambuena, et al. 2018. EMBO J 37: 

e100241.) In a later study, we also reported NiMA being regulated by Tau and sensitive to 

extracellular amyloid-β oligomers (xcAβOs) (Norambuena, et al. 2022. Neurobiol Dis. Doi: 

10.1016/j.nbd.2022.105737.) We now report details of a mechanism by which Tau and mTORC1 

function coordinately to regulate mtDNA replication. A lentiviral-mediated shRNA screen 

targeting 96 mTOR substrates was performed to seek for regulators of the NiMA pathway in 

iPSC-derived human neurons. Seventeen mTOR substrates were found to regulate NiMA, 

including SOD1, a major cytosolic redox regulator and key factor in ALS pathogenesis. 

Mechanistically, we found that Tau upregulates insulin-mediated activity of lysosomal 

mTORC1, which in turn inhibits SOD1 by phosphorylating it at T40. Pharmacological inhibition 

of SOD1 in WT mouse neurons inhibited mtDNA synthesis, mimicking the effects of nutrient 

stimulation in such cells, as well as in Tau knockout mouse neurons expressing hTau. In contrast, 

xcAβO-mediated inhibition of lysosomal mTORC1 in WT mouse neurons (Norambuena, et al. 

2017. Alzheimers Dement 13: 152-167) increased SOD1 activity and upregulated mtDNA 

synthesis. Expressing a constitutively active SOD1-T40E construct in mouse neurons blocked 

xcAβO upregulation of mtDNA synthesis. These observations suggest that mTORC1-mediated 



phosphorylation of SOD1 not only regulates its activity but may also affect SOD1 ability to 

interact with cytosolic regulators. Proximity-dependent Biotin Identification (BioID) assays 

followed by mass spectrometry are currently being performed to identify SOD1 phosphoT40-

dependent interacting partners. Thus, we are unveiling a fundamental mechanism connecting 

nutrient sensing, mTORC1 kinase activity and cytosolic redox regulation to perikaryal 

mitochondrial functioning in mammalian neurons. Also, we provide evidence on how this 

mechanism may constitute a seminal step in AD pathogenesis. Perhaps agents other than xcAβOs 

similarly lead to Tau-dependent SOD1 dysregulation in non-Alzheimer’s tauopathies, including 

ALS. 
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Abstract: Microtubule-associated tau (MAPT) mutations can be causative for dementia. 

Incorporating two of these mutations, P301L and S320F, is thought to drive synergistic tau 

pathology resulting in aberrant tau aggregation and cleavage. Here, we sought use this finding to 

create a new rapid neuronal model that mimics mature Alzheimer’s-like pathology, thus 

facilitating mechanistic discoveries of the factors that drive or suppress tau pathology. Prior to 

this, it was challenging to recreate tau pathology, which typically requires long timeframes or 

interventions such as introduction of tau seeds. We can now assess which co-factors are essential 

for tau aggregation with minimal artificial manipulations. In lentiviral transduced mouse cortical 

primary neurons, we found that PL-SF elicited conformational (MC1) and aggregated tau species 

which were not present in neurons transduced with wild-type, PL, or SF tau alone. We also 

observed increased HSP70, HSC70, and HSP90 expression in PL-SF neurons. We can now 

generate aggregate-prone tau constructs and evaluate the role of chaperone (HSP) binding using 

chaperone over-expression and chaperone binding-deficient mutants. Indeed, we overexpressed a 

panel of chaperones including HSP70, HSC70, and HSP90 and found that HSP90, but not 

HSP70 or HSC70, exacerbated tau aggregation, suggesting HSP90 specifically plays an integral 

role in tau aggregation. Lastly, we examined neuronal activity and connectivity by daily multi-



electrode array recordings of spontaneous neuronal activity in lentiviral infected primary 

neurons. Aggregate-bearing PL-SF neurons displayed changes in neuronal activity, network 

bursting, and functional synchrony that was consistent with our observation that aggregated tau 

accumulates at the synapse. Assessing similar parameters of tau species that are chaperone-

binding deficient is expected to restore normal network properties. Overall, our new neuronal 

PL-SF model of progressive tau aggregation and network dysfunction allows us to recapitulate 

many hallmarks of the progression of human AD pathology on a rapid and reliable timescale, 

offering numerous benefits including the identification of mechanisms driving tau pathology and 

therapeutics that alleviate tau pathology. 
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Abstract: In Alzheimer’s disease (AD), hyperphosphorylated tau aggregates in selective brain 

regions such as the cortex and hippocampus. However, the cerebellum remains largely intact 

even at the most advanced stage of AD. Given this observation of regional brain vulnerability, 

we questioned whether the various tau isoforms are differentially expressed in the cerebellum 

and the forebrain. We found that the protein level of the “big tau” isoform is highly elevated in 

the mouse cerebellum compared to other brain regions using both total tau antibody and our 

newly developed big tau-specific antibody. Similarly, the transcript level of big tau was also 

found to be significantly elevated in the mouse cerebellum. Moreover, from the human brain 

RNA sequencing database analysis, we confirmed that the level of big tau transcript is 

significantly higher in the human cerebellum than the cortex. These findings were particularly 

intriguing as previous studies have described big tau mostly in the context of the peripheral 

nervous system. Of note, big tau has an extremely elongated N-terminal region due to inclusion 

of exons 4a and 6 of the MAPT gene. Given its unique structure, we speculated that big tau 

possesses properties distinct from those of other tau isoforms. To assess aggregation propensity 



of big tau, we performed detergent fractionation using cells expressing mutant big tau or tau441 

(the longest one of six major tau isoforms). This cellular experiment revealed that big tau protein 

is significantly less likely to aggregate compared to tau441. To further test this in an animal 

model, we injected neonatal wild-type mice with adeno-associated viruses (AAVs) that express 

either mutant big tau or tau441. After aging these mice for 6 to 9 months, we examined their 

brains to analyze pathological changes associated with either of these two tau isoforms. 

Consistent with results from the cellular model, big tau did not become aggregated or 

phosphorylated unlike tau441 in the brains of AAV-injected mice at 6 months of age. Big tau 

remains to be not pathologically altered even after aging these mice for 9 months. Taken 

together, our data from multiple models suggest that big tau has a significantly lower tendency to 

undergo pathological changes compared to tau441. The higher level of big tau in the cerebellum 

may potentially protect this brain region from developing tau pathology in AD. 
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Abstract: The microtubule-associated protein tau is central to the development of Alzheimer’s 

disease (AD) and to ~50% of frontotemporal dementias (FTD). However, understanding of 

molecular tau functions in physiological conditions is quite limited. We used proximity labelling 

proteomics to gain insight into functional tau interactomes in primary neurons and mouse brain 

in vivo. Identified tau interactors mapped onto pathways of cytoskeletal, synaptic vesicle, and 

post-synaptic receptor regulation and showed significant enrichment in proteins linked to 

Parkinson’s, Alzheimer’s, and prion diseases. Using colocalization analysis, 

immunoprecipitation, and microscale thermophoresis with recombinant protein, we confirmed 

interactions of tau with vesicular proteins and identify a link between tau and α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptor (AMPAR) 

trafficking. Tau dose-dependently regulates enzymatic activity of synaptic N-ethylmaleimide 

sensitive fusion protein (NSF), required for normal AMPAR trafficking. Using chemically 

induced long-term potentiation, tau-deficient (tau-/-) neurons undergoing synaptic plasticity 

showed aberrant localization of this enzyme and of dendritic AMPARs, which was reversed by 

expression of human tau or NSF inhibition. Further, enhanced AMPAR-mediated associative 

learning and object recognition memory in tau-/- mice was suppressed by both hippocampal tau 

and infusion of a TAT-fusion peptide inhibitor of NSF. Lastly, both physiologic and pathologic 

tau - yet not amyloid-β - significantly inhibited the enzymatic activity NSF in AD and FTD 

mouse model environments, suggesting a direct and independent functional effect of tau. Our 

results map processive neuronal tau interactomes and delineate a physiologic- and disease-

related link between tau and plasticity-associated AMPAR shuttling and memory in task-

performing mice. 
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Abstract: The most common form of dementia worldwide is Alzheimer’s disease which is 

characterized by cognitive decline and progressive neurodegeneration with an accumulation of 

pathological amyloid-β and hyperphosphorylated tau (pTau). Efforts focused on reducing 

amyloid-β accumulation have had limited therapeutic benefit, leading to a renewed focus on tau. 

Misfolded pTau spreads throughout the brain in a stereotypical manner and is able to seed the 

misfolding of naïve tau in a “prion-like” manner. Recent evidence has identified extracellular 

vesicles (EVs) as potential carriers of pTau seeds, with several studies demonstrating that genetic 

knockdown or pharmacological inhibition of nSMase2, an enzyme involved in EV biogenesis, 

reduces pathology in murine models of AD. Unfortunately, current nSMase2 inhibitors are 

unsuitable for clinical development given their weak potency and poor physiochemical and 

pharmacokinetic properties. Given this, we performed a high-throughput screening campaign of 

>300K compounds followed by extensive chemistry and identified two new nSMase2 inhibitors. 

The first, PDDC, has nM potency, excellent oral bioavailability and brain penetration. The 

second, DPTIP, has 10-fold enhanced potency vs PDDC, but has poor oral pharmacokinetics and 

modest brain penetration. Using brain-targeting hydroxyl-dendrimers conjugated to DPTIP (D-

DPTIP) we were able to circumvent this latter limitation and demonstrated D-DPTIP target 

engagement in the brain following oral dosing. We then administered PDDC and D-DPTIP 

(100mg/kg oral) to PS19 transgenic mice and our novel rapid tau propagation model where WT 

mice are unilaterally seeded with an AAV-hTau(P301L) vector stereotaxically injected into the 

CA1 hippocampal region. After chronic dosing, we quantified the levels of pTau Thr181 in the 

hippocampus in the PS19 mice and in the contralateral dentate gyrus in the mice with AAV-hTau 

seeding. PS19 mice treated with PDDC had significantly reduced total and single cell pTau 

staining, reduced Iba1+ microglial staining, and increased neuronal counts. We also found that 

PDDC reduced the number and increased the average size of neuron-derived EVs (NEVs) in 

plasma, and reduced NEV pTau levels compared with vehicle-treated PS19 mice. In the AAV-

hTau model, mice treated with either PDDC or D-DPTIP exhibited reduced tau staining intensity 

in the contralateral dentate gyrus. Importantly, neither compound caused toxicity. Our efficacy 

data in two AD models using two distinct nSMase2 inhibitors provides strong preclinical support 

for the use of nSMase2 inhibition as a therapeutic strategy to slow tau propagation and AD 

disease progression. 
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Abstract: Alzheimer’s disease (AD), the most common form of dementia in elderly people, 

affects around 24 million people worldwide. Our understanding of the pathological events 

underlying AD have advanced vastly in recent years but successful translation from rodent 

models into efficient therapies for humans has been extremely limited. We recently described the 

development of a non-human primate model of AD presenting extensive tau pathology, mainly 

affecting the hippocampus and connected areas. Here we report the development of extensive 

neuroinflammatory response in treated monkeys, associated with hippocampal atrophy, detected 

by MRI, Tau PET imaging, and stereological 3D microscopy. Adult rhesus monkeys were 

injected with adeno-associated viruses expressing mutant tau (P301L/S320F) in the left 

entorhinal cortex (ERC) and kept during a 3- or 6-month period to evaluate fluid biomarkers, 

imaging, and brain microscopy. We detected as soon as 3 months after injections, extensive 

prion-like tau propagation with full fibrillary tangles in the hippocampus, as well as pre-tangles 

and phospho-tau in projection areas such as the contralateral ERC and in the retrosplenial and 

visual cortices. Importantly, neuroinflammation is extensive in the affected areas, with a major 

role for TREM2+ microglia to drive synaptic and neuronal loss. Finally, we observed that the 

mutant Tau 4R injected coaptates monkey 3R tau generating more tau aggregation and spre-

ading. These results highlight the first stages of tau pathology and propagation and support the 

importance of a non-human model of AD, with natural full expression of tau protein, that is 

highly translational to humans. 
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Abstract: Excitatory neurons are preferentially vulnerable to neurodegeneration and 

pathological tau accumulation in early Alzheimer’s disease (AD). Previous research has 

identified novel subproteome gene signatures in excitatory neurons, such as ectodermal-neural 

cortex 1 (ENC1), that may serve as master regulators of selective neuronal and regional 

vulnerability to tau pathology in early AD. We hypothesize that the interaction between ENC1 

and pathological tau may aggravate the propagation of tau pathology, possibly by impairing the 

autophagy-lysosome pathway (ALP), thereby contributing to the selective neuronal vulnerability 

to tau pathology in early AD. We aim to further investigate the role of ENC1 in early AD by 

measuring the protein expression level of ENC1, total tau and p-tau in AD-like tau mouse 

models and human AD cases at different Braak stages. We further probe the relationship 

between ENC1 and tau protein by (1) measuring their interaction using the DuoLink proximity 

ligation assay in human AD and control cases; (2) assessing the effect of ENC1 overexpression 

and knockdown on DS9 tau seeding activity in SH-SY5Y cells harboring P301S mutant tau; and 

(3) by using the FUW mCherry-GFP-LC3 lentivirus reporter to visualize free autophagosomes 

and autolyosomes to test the effect of ENC1 overexpression on autophagy flux. We found that 

neurons which accumulate pathological tau species in human entorhinal cortex, have decreased 

nuclear ENC1 levels and increased cytoplasmic ENC1 levels. We identified protein interactions 

between cytoplasmic ENC1 and tau, which also correlate directly with levels of pathological tau. 

We also found that overexpression of ENC1 significantly increased DS9 tau seeding activity, 

while knockdown of ENC1 decreased tau seeding activity in the SH-SY5Y seeding model. 

Interestingly, overexpression of ENC1 increased the number of autophagosomes and reduced the 

number of autolysosomes, indicating ENC1 may function to inhibit autophagic flux, thereby 

disrupting the ALP and promoting the accumulation of tau aggregates. 
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None. G.V.W. Johnson: None. J. Kuret: None. H. Fu: None. 



Nanosymposium 

259. Tau Seeding and Pathology In Vivo Models 

Location: SDCC 1 

Time: Monday, November 14, 2022, 8:00 AM - 11:30 AM 

Presentation Number: 259.10 

Topic: C.02. Alzheimer’s Disease and Other Dementias 

Support: Science and Engineering Research Board CRG/2018/004960 

Title: Charge Neutralizing Post Translational Modifications as a potential trigger of protein 

aggregation in Neurodegenerative Disorders 

Authors: *S. GUPTA1, J. D. GADHAVI1, S. SHAH1, A. JAIN2;  
1Indian Inst. of Technol. Gandhinagar, Gandhinagar, India; 2Birla Inst. of Technol., Ranchi, India 

Abstract: Charge-neutralizing post-translational modifications (PTMs) such as acetylation 

(direct) or phosphorylation (indirect) can significantly alter the physicochemical and structural 

properties as well as the functionality of a given protein. Naturally, they could also modulate the 

aggregation propensities of proteins implicated in Neurodegenerative Disorders (NDs). In 

addition, such proteins (say tau in Alzheimer’s and α-synuclein in Parkinson’s) are heavily 

modified in healthy and disease states. As the number of potential proteoforms is enormous, it is 

challenging to isolate ones responsible for aggregation or simply toxic. Nevertheless, recent 

studies have demonstrated that proteoforms may indeed differ in their aggregation and seeding 

behavior. Carbamylation is one such charge-neutralizing non-enzymatic age-dependent PTM that 

has been demonstrated as a major modifier of aggregation potential. This is due to a very strong 

intermolecular hydrogen bond formation capacity which is further accentuated in the fibrillar 

arrangement. Using a series of short tau-derived model peptides, we have demonstrated that tau 

protein contains at least five hidden aggregation hot-spots far beyond the fibrillar core region, 

which become activated when carbamylated. These model peptides readily formed amyloid 

fibrils when carbamylated. Similarly, in α-synuclein KTKEGV, repeat motifs represent such 

concentration of aggregation hot-spots (4 out of 7) which readily form amyloid fibrils. When 

aggregated, full-length carbamylated α-syn can act as a seed and trigger aggregation in WT α-

syn. Using MD simulation and experiments, we have further demonstrated that carbamylation is 

a much stronger driver of aggregation than acetylation. We have additionally created a series of 

mixed peptides libraries with varying modifications. Using modern mass spectrometric, ThT 

kinetics-based assays, and biophysical characterization, we have further demonstrated that 

several such modified peptides carry the ability to recruit unmodified peptides while forming 

aggregates. However, whether such site-specific aggregation modulation behavior could be 

observed at the scale of full-length protein still needs to be demonstrated. 
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Abstract: Aim: Alzheimer’s disease (AD) progression has been associated with the propagation 

of fibrillar Tau species, but it remains unclear which Tau species are involved. Both soluble Tau 

oligomers and sarkosyl insoluble fibrils have been implicated in Tau seeding yet their respective 

contribution to the pathology’s dynamics is poorly understood. We now directly compare in vivo 

the spatiotemporal bioactivity of soluble Tau oligomers (hereby referred to as high molecular 

weight Tau or HMW) and sarkosyl insoluble Tau fibrils (SARK) derived from the same AD 

brain. Method: HMW Tau, prepared from a soluble fraction and isolated over size exclusion 

column, and SARK Tau were both extracted from the frontal cortex of a Braak VI AD subject. 

We monitored the bioactivity of these Tau species in 3-month-old hTau mice expressing the 6 

human Tau isoforms on a mouse Tau null background and Tau KO littermates which do not 

express any Tau. Mice were bilaterally injected into the dorsal hippocampus and sacrificed 1 

day, 3 days, 1 week or 1 month after injection with one hemisphere kept for histology and the 

other used for FRET-based seeding assay in vitro. Results: Histology shows that AD-derived 

HMW and SARK Tau can both induce AT8-positive Tau pathology starting at 1 month after 

injection in hTau animals only. While AT8 pathology is similarly triggered in the hippocampus, 

HMW Tau-injected animals present AT8-positive cells in brain regions distal to the injection site 

including the somatosensory cortex and the perirhinal cortex. Glial reactivity also differs with the 

appearance of rod-like microglia solely in the HMW group. Preliminary data of seeding assay on 

hippocampal homogenates reveals the presence of seed-competent Tau in both HMW- and 

SARK Tau-injected hTau and Tau KO mice 1 day after injection and its persistence through 3 

days post-injection. Conclusion: HMW and SARK Tau isolated from the same brain have 

similar seeding activities, but different spreading properties and trigger differential microglial 

response in vivo. Our data confirm that both fractions contain analogous conformations to 

promote seeding yet reveal differential cellular response to each of these Tau fractions. Studies 

of these mechanisms could further unravel the respective contribution of these Tau species to AD 

pathology. 
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Abstract: Neuron loss is a key irreversible event in Alzheimer’s disease that drives cognitive 

decline, but why neurons die is still a mystery. Decades of neuropathology and neuroimaging 

studies in human disease implicate the aggregation of tau protein into large “tangles” in neurons 

as an important contributor. Direct evidence that neurons with tangles undergo cell death is 

lacking, however, challenging our underlying assumptions about disease. Recent advances in cell 

culture studies show that smaller tau aggregates are rapidly transported within and between cells 

and that neurons that take up these tau aggregates have a reduced probability of survival. To span 

the knowledge gap between cell culture systems (which lack tangles), and human neuroimaging 

studies (that lack the ability to see individual neurons), we employed longitudinal two photon 

imaging in a mouse model that accumulates progressive tangle pathology and neurodegeneration 

with age (rTg4510 strain). Tangles were labeled using an intravenous injection of a 

luminescence-conjugated oligothiophene dye and neurons were tracked over a month of weekly 

imaging sessions. Neurons without tangles were identified concurrently using an adeno-

associated virus expressing cyan fluorescent protein under the synapsin promoter. In total, we 

identified 820 neurons and 234 tangles in three tau mice at 4-6 months of age. During the period 

of longitudinal imaging, 91 tangles were observed to form and 64 neurons were lost. Nearly all 

the neurons that disappeared did not contain tau tangles (61/64). By comparison, 2 out of 285 

neurons were lost in a wild-type control mouse. Thus, neuronal loss in the cortex was ten times 

greater in rTg4510 mice than in a control mouse over a few weeks of observation, and the vast 

majority of neurons that die (>95%) did not contain a detectable tangle prior to death. 

Interestingly, tangle-bearing neurons were more likely than chance to form near microvessels. To 

test this observation using an alternative imaging strategy, we prepared 500-micron thick 

sections from another group of mice which we cleared and labeled with antibodies to blood 

vessels (Glut1), neurons (NeuN), and tau (AT8). We identified over 80,000 neurons and 30,000 

tau tangles and measured the distances between these features, which confirm that tangle-bearing 



neurons are closer to blood vessels (4.50 microns) than the average distance of neurons to blood 

vessels (5.58 microns). While the cellular mechanisms underlying these observations remain to 

be explored, these data suggest that tangle formation in neurons favors survival compared to 

neurons without tangles 
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Abstract: Title: Depletion of ChromograninA (CgA) Ameliorates Tau Pathology and 

Neurodegeneration in vivoAbstract:Alzheimer’s disease (AD) and Frontotemporal dementia 

(FTD) are the most common neurodegenerative disorders that are primarily characterized by the 

formation of neurofibrillary tangles, and senile plaques composed of hyperphosphorylated Tau 

and Aβ42, respectively. CgA is a prohormone known to primarily regulate the neuroendocrine 

secretion system, vesicle trafficking, insulin sensitivity and inflammation. Although CgA has 

been implicated in pathogenesis of amyloid β, its role in tau-mediated neurodegeneration has 

remained elusive. The coexistence of CgA in the senile neurodegenerative plaques intrigued us 

to undertake both genetic and biochemical approaches to decipher the role of CgA in the 

progression of AD and FTD.We genetically depleted CgA (CgA-/-) in PS19 mice which 

overexpress human Tau with P301S mutation; hTau+/-. We examined the cortexes of 

CgA+/+hTau+/- and CgA-/-hTau+/- mice at 6-and 9-month-old male and female for evaluating the 

change in Tau hyperphosphorylation, neuroinflammation and catecholamine levels. Ex vivo 

organotypic slice culture (OTSC) was used to examine tau fibril (K18/PL) induced seeding and 

spreading in CgA-/- and CgA+/+ hippocampal slices. Ultrastructural evaluation of cholinergic 

vesicles were made in the CA1 sector of the hippocampus. We also performed behavioral tests 

(nesting, rotarod, open field, novel object recognition and Morris water maze,) in blinding 

fashion in a 7-month-old cohort of hTau+/- and non-transgenic (hTau-/-) mice with and without 

CgA deletion.We observed a significant increase of epinephrine both in the plasma and cortex of 

PS19 mice compared to control. Depletion of CgA substantially reduced Tau 

hyperphosphorylation in both in vivo and ex vivo models. Besides, depletion of CgA normalized 



epinephrine levels in PS19 (hTau+/-) mice. In addition, CgA-/-hTau+/- mice showed noticeable 

improvement of the lifespan and cognitive function.Our results suggest that increased CgA 

contributes to tau-mediated neurotoxicity in vivo. Depletion of CgA reduces levels of 

pathological Tau, ameliorate the metabolic phenotype, and improves cognitive function and 

lifespan. Therefore, CgA might be a therapeutic target against AD and FTD. 
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Abstract: Alzheimer’s disease is the most prevalent form of dementia and is characterized by 

extracellular amyloid plaques and intracellular neurofibrillary tangles (NFTs). 

Hyperphosphorylated tau (= substrate containing multiple moieties) is the main constituent of 

NFTs and causes neuronal death. Tau is a substrate for several protein kinases, many of which 

target serine/threonine followed by proline (SP/TP), the most commonly modified phospho-

epitope in pathological tau. Despite an association between phosphorylated tau and disease, 

phosphorylated tau occurs in physiologic states, where site-specific modification can mediate 

functions other than disease progression. Yet a key question in AD remains - Why does the 

neuronal tau protein - a central disease factor get progressively hyperphosphorylated? Here, we 

show that tau phosphorylation at different sites is modulated by complex interdependence - a 

mechanistic link between an initial site-specific event and subsequent hyperphosphorylation. We 

define master sites at the centre of this hierarchy, which are essential in shaping modification 

across the entire tau molecule. These master sites were interrogated for their impact in neurons 

using CRISPR point mutation and Alzheimer’s mice, which revealed site interdependence is an 

intrinsic physiologic mechanism but may also promote hyperphosphorylation and gain of 

pathologic function, respectively. Furthermore, we identified the kinases that have the strongest 

impact at master sites, providing a complex network of phosphorylation events. We show 

combined targeting of master site and master kinase synergistically ablated tau hyper-

phosphorylation. Our work delineates how complex tau phosphorylation arises and provides a 



new concept for synergism in post-translational modifications with specific master sites 

controlling global changes in multi-site substrates. These findings may inform future therapeutic 

intervention to target specific sub-species of tau. 
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Abstract: During many activities of daily living, humans interact with the environment during 

motion (e.g., operating machinery, pushing a lawnmower) or interact with moving objects (e.g., 

recreational sports). The sensorimotor mechanisms of how humans interact with moving objects 

or the environment during self-motion are not well understood. Defining these mechanisms is 

important to better understand how the central nervous system processes dynamic sensory 

information for execution of complex motor skills. Here, we looked at how humans modulate 

limb force in anticipation of interaction with virtual projectiles that were presented on a 

KINARM robot. The purpose of this study was to explore the contribution of smooth pursuit eye 

movements (used to track moving objects) in modulation of limb force prior to impact between 

the projectile and the arm. We used an experimental paradigm where the participants held a 

robotic manipulandum and mechanically stopped a virtual projectile moving in the horizontal 

plane. Participants were asked to apply an impulse that mirrored the projectile momentum to 

bring it to rest and they received explicit feedback on their performance. Limb kinetics, 

kinematics and eye movement data were recorded. We varied the momentum of the projectile by 

either varying the mass or the velocity of the projectile. We measured two gaze variables gaze 

gain (ratio of gaze velocity/target velocity), and percentage of pursuit (percentage of time the eye 

was engaged in smooth pursuit) prior to impact between the projectile and the hand. We also 

measured four limb motor variables - success rate, time of force onset (TOFO), rate of force (RF) 

increase, peak force (PF) prior to impact. Our analyses show that increasing projectile velocity 

increased gaze gain (P<0.001) and rate of limb force (P<0.001) but decreased TOFO (P<0.001). 

In contrast, when the mass of the virtual projectile was increased, we found a higher RF increase 

(P<0.001) and larger PF, but TLFC and gaze gain did not change. These results suggest that 

when humans process visually track moving objects, the smooth pursuit eye movements 

selectively and in a task-specific fashion modulate parameters of limb force control. These 



findings have implications for augmenting our understanding of how slow eye movements 

contribute to limb motor control. 
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Abstract: Background: The frontal eye fields (FEFs) are linked to oculomotor control and 

hypothesized to reside in the prefrontal cortex, where electrical stimulation reportedly evokes 

contraversive eye movements. The exact location and function of the FEFs in humans is 

controversial with studies implicating multiple putative regions, including the posterior middle 

frontal gyrus and the inferior precentral gyrus. Stereo-electroencephalography (SEEG) is a 

minimally invasive technique used to guide epilepsy surgery. It provides a unique opportunity to 

collect human neurophysiological data outside of the operating room and has been used by other 

groups to advance our understanding of specific brain functions.Methods: Four pediatric and 

four adult subjects undergoing non-lesional epilepsy workup were enrolled into this prospective, 

IRB-approved study, and received brain MRI prior to SEEG implantation, followed by post-

operative CT head for electrode localization. Post-operative stimulation testing and SEEG 

recordings were performed along with time-aligned video of the subjects’ eyes while performing 

gaze-related tasks. 

Results: Stimulation testing elicited contraversive head turning with or without eye deviation, 

depending on the site of stimulation. Low-threshold sites eliciting these stereotyped movements 

were located just deep to the inferior precentral gyrus. Stimulation of sites in the posterior middle 

frontal gyrus did not elicit eye deviation movements in our subjects in the post-operative setting. 

Analysis of SEEG from electrodes in the inferior precentral gyrus revealed high correlations to 

eye movements. 

Conclusions: Our findings suggest that the human FEFs are located more posteriorly than widely 

held, involving the motor cortex. Further testing in pediatric and adult subjects is warranted to 

confirm this hypothesis and test for differences in these populations 
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Title: Eye movement and basal ganglia disruption in a mouse model of progressive supranuclear 

palsy 
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Abstract: Progressive Supranuclear Palsy (PSP) is a neurodegenerative disease that affects 

movement, behavior, and cognition. Due to an overlap in symptoms with Parkinson’s Disease, 

PSP is considered an atypical parkinsonian disorder, but PSP patients have distinct clinical and 

pathological features. Clinically, PSP patients have early gait abnormalities, frequent falls, gaze 

palsy (slowed saccadic eye movements), and tend not to respond to dopamine replacement 

therapy. Pathologically, aggregated Tau protein (rather than alpha synuclein) accumulates in the 

brain of PSP patients. As in other neurodegenerative disorders, a combination of cellular 

dysfunction and cell loss is believed to drive disease symptoms. However, a lack of animal 

models for PSP has hindered investigation of the causal links between neuropathology, cellular 

and circuit dysfunction, and symptoms. Here we have utilized the Thy1-hTau.P301S mouse 

model of tauopathy to determine whether Tau pathology (1) is sufficient to recapitulate key PSP 

phenotypes in mice and (2) results in aberrant neural activity in motor control nuclei. We find 

Tau transgenic mice have impaired motor performance in both the open field and accelerating 

rotarod test. We also find that Tau transgenic mice have tau pathology in several basal ganglia 

nuclei. The basal ganglia are a group of subcortical nuclei involved in motor and cognitive 

control, which were recently identified as an initial site of Tau pathology in PSP patients. Lastly, 

using head-fixed measurements of eye movements, we find tau transgenic mice have decreased 

spontaneous and evoked saccade velocity. Overall these findings highlight the utility of tau 

transgenic mice to modelling PSP and provides a platform to investigate the changes in neural 

structure and function that drive the movement abnormalities seen in disease. 
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Abstract: The superior colliculus (SC) is an oculomotor structure in the midbrain known to be 

involved in the integration of sensory information into a goal-directed eye movement. Neurons 

across its dorsoventral axis exhibit transient bursts of activity following the appearance of a 

visual target and/or preceding a rapid eye movement to that target, and many exhibit sustained 

activity during the intermediate delay period. The discriminability of spatial information encoded 

by neurons contained within a laminar column along this dorsoventral axis is thought to be 

limited to a narrow range of directions and amplitudes. We sought to challenge this notion by 

characterizing the time course of target direction information present in the spiking activity of 

SC neural populations and compared the neurons’ encoding properties with a second, often 

overlooked signal modality, the local field potential (LFP). We recorded activity across many 

channels in a laminar column of the SC while rhesus monkeys (Macaca mulatta) performed a 

delayed saccade task to one of eight equidistant targets, a task which temporally separates the 

three main epochs of sensorimotor integration - visual, delay, and motor. To obtain a singular 

measure of the amount of spatial information encoded across all channels, we employed a 

separate offline classification algorithm for each sliding time window and signal modality. For 

both spiking and LFP activity, decoding performance was highest during the visual and motor 

epochs. During the delay period, spiking activity exhibited spatial discrimination properties akin 

to those observed in the visual epoch, while target direction was represented more broadly during 

the motor epoch. For LFP activity, direction encoding properties were similar to spiking activity 

profiles during the visual and motor epochs. Spatial information in the delay period was largely 

absent in LFP signals, often confined to the target in the preferred direction. Overall, this study 

demonstrates that the encoding of direction information across layers of the SC is broad in 

discriminability and dynamic in nature. 
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Abstract: Prediction in the brain plays a vital role in perception, cognition, decisions, and motor 

plans. To predict future events, the brain must integrate past and current information for optimal 

plans. How does the brain plan movements in the presence of unstable cues? To this goal (using 

eye as a model), we recorded neural activity in the monkey frontal cortex in a quasi-predictable 

cue-conflict task. Animals were trained to remember visual targets (T) (and saccade head-

unrestrained in future) relative to a landmark (L) that was subtly shifted (L’) with a fixed 

amplitude but randomly in a circular fashion around original L. These landmark shifts caused a 

shift in the final post-saccadic gaze position. In our previous studies (Bharmauria et al. 2020, 

2021), we fit spatial models along a continuum from target (T)-to-future gaze (G) coding (in eye 

coordinates) to frontal (FEF) and supplementary (SEF) eye field activity and found a reactive 

shift in gaze coding in response to the landmark shift. Here, we analyzed 147/68 spatially tuned 

FEF/SEF neurons during the period before the landmark shift. At the behavioral level, we found 

that the final gaze endpoint relative to the target can be described as a linear combination of a 

target-position specific under/overshoot and a deviation parallel to the landmark shift. Based on 

these statistics, it should be possible to predict some components of the resulting gaze errors. To 

test this, we examined early (pre-landmark shift) activity in this task using the same continuum 

(T-G) approach as above. We found a significant transient predictive shift in frontal cortex 

activity (especially SEF) toward coding the future shifted gaze position. This suggests that the 

monkey brain had learned to estimate variable future gaze errors in this task, and that this is 

manifested as a predictive shift in the SEF neural activity. Such learned error estimators might 

allow the brain to optimize behavior and mitigate spatial uncertainty.References:Bharmauria, V. 

et al. Integration of eye-centered and landmark-centered codes in frontal eye field gaze 

responses. Cerebral Cortex bhaa090, https://doi.org/10.1093/cercor/bhaa090 (2020).Bharmauria, 

V., Sajad, A., Yan, X., Wang, H. & Crawford, J. D. Spatiotemporal Coding in the Macaque 

Supplementary Eye Fields: Landmark Influence in the Target-to-Gaze Transformation. eNeuro 8, 

(2021). 
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Abstract: In primates as in other animals, movement control is critical for successful interaction 

with the environment. However, movement does not occur in complete isolation of sensation, 

and this is particularly true in the case of eye movements and vision. Here, the superior colliculus 

(SC) plays a fundamental role, issuing saccade motor commands in the form of strong peri-

movement bursts that are very widely believed to specify both saccade metrics (direction and 

amplitude) and kinematics (speed). However, a great majority of models of saccade control by 

the SC rely on observations with small light spots as the saccade targets. Instead, we asked 

rhesus macaque monkeys to “look” at different images, akin to natural behavior, and we 

recorded SC saccade-related motor bursts. We tested, as the saccade targets, gratings of different 

contrasts, spatial frequencies, and orientations; images of animate and inanimate objects; and 

black versus white stimuli. Despite matched saccade properties across trials within a given image 

manipulation, the SC motor bursts were strongly different for different images; that is, they were 

sensory-tuned. Such sensory tuning in the SC movement commands was even sharper than that 

in passive visual responses: the difference in movement burst strength between the most and 

least preferred image features (for the same saccade vector) was larger than that in visual bursts 

at stimulus onset, consistent with known pre-saccadic enhancement of perception. Most 

intriguingly, even neurons classified as being more motor than visual exhibited strong sensory 

tuning in their saccade-related bursts, and local field potentials around our recording electrodes 

reflected the different sensory features present at the time of saccade triggering. Since SC motor 

bursts are relayed virtually unchanged to the cortex (Sommer & Wurtz, 2004), one implication of 

our results is that the visual system is primed not only about the sizes and directions of upcoming 

saccades, as is traditionally believed, but also about the movement targets’ visual sensory 

properties. Consistent with this, we additionally found that saccade-target visual features 

significantly modulate two highly classic peri-saccadic perceptual phenomena in humans: 

suppression and mislocalization. Both phenomena are believed to depend, at least in part, on 

corollary discharge associated with saccade-related neuronal movement commands. Our results 

provide novel insights about the functional role of SC motor commands, and they motivate 

extending theoretical accounts of corollary discharge beyond just spatial movement-related 

reference frames. 
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Abstract: The transition from planning to executing a movement involves the reorganization of 

cortical activity, such that information encoded in a movement preparation subspace transitions 

to information encoded in a near-orthogonal motor execution subspace (Kaufman et al. 2014, 

Elsayed et al. 2016, Economo et al. 2018, Inagaki et al. 2022). The near-orthogonality of these 

subspaces allows the preparation of movements without their execution. When movements are 

triggered by a sensory go-cue, a quick non-selective response in motor areas (or condition-

invariant signal) mediates this reorganization of cortical activity (Kaufman et al. 2016, Guo et al. 

2014, Inagaki et al. 2022). To identify an information subspace it is important to determine the 

precise time window in which information is encoded within that space. If the time window is 

too large, there is a risk of conflating different subspaces and different types of information. If 

the window is too small, there is a risk of missing relevant information. Previous studies have 

identified the different activity subspaces using relatively large time windows (>200ms), defined 

a-priori by the researchers conducting the studies. We hypothesized that a data-driven approach 

to determine window sizes may reveal novel activity subspaces, especially in periods with 

quickly-evolving neural dynamics, such as those observed prior to movement execution. 

We analyzed the activity of neurons in area 8a, which includes the frontal eye field (FEF), a 

prefrontal region involved in the control of eye movements. Using the data-driven approach to 

determine window sizes, we found that the “movement execution subspace” was in fact a 

mixture of multiple different subspaces. These include a “movement-onset-invariant subspace” 

that allows the precise prediction of eye movement timing, which was followed by a 

“movement-specific subspace”. We show that these identified subspaces are specific to the FEF, 

since they could not be identified in the more anterior area 9/46. A dynamical system model 

integrates these results into a coherent framework to understand the mechanisms of eye-

movement initiation. 
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Abstract: Previously, Dunkley et al. (2016) showed transsaccadic perception effects in parietal 

cortex (i.e., supramarginal gyrus, SMG) for object orientation, whereas Baltaretu et al. (2021) 

implicated occipital cortex (cuneus) in transsaccadic spatial frequency perception. Based on this, 

we hypothesized a fundamental difference in transsaccadic detection of object orientation vs. 

identity. To test this, we used a double-dissociation fMRI task to examine transsaccadic 

discrimination of object orientation vs. shape change and examined the functional networks 

involved. 21 participants fixated a cross ±15.4° of centre, where an object was subsequently 

presented (rectangle, barrel, or hourglass) oriented at ±45° from vertical. The fixation cross 

remained in the same position (Fixation condition) or shifted (Saccade condition), followed by 

the same object re-presented at the orthogonal orientation (Orientation change) or another object 

at the initial orientation (Shape change). Change in object orientation or shape in each trial was 

indicated via button press. Given the suspected involvement of SMG and cuneus in processing 

these feature changes across saccades, we conducted a region-of-interest analysis on these two 

sites. Consistent with our hypotheses, right SMG showed a significant interaction of eye 

movement and feature change. Moreover, cuneus showed a main effect of eye movement and a 

main effect of feature change. These results implicate posterior parietal cortex and medial 

occipital cortex in the transsaccadic discrimination of multiple object features. 
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Abstract: Introduction: Artificial sensory feedback is crucial for optimal control of brain-

machine interfaces and neuroprosthetic devices. Previously, we demonstrated that epidural 

stimulation of the dorsal columns of the spinal cord, popularly known as spinal cord stimulation 

(SCS), can be used to generate artificial sensory perceptions in rodents and non-human primates. 

We observed that, in animals, sensory perceptual thresholds decreased as the frequency of 

stimulation increased. Although most traditional pulse trains are periodic in nature, naturalistic 

pattern of neuronal activity is often aperiodic. To mimic naturalistic sensations, it is crucial that 

aperiodic patterns of stimulation and their impact on sensory detection and discrimination be 

investigated. Here, we plan to test whether there is any relation between the level of periodicity 

of SCS pulse-train, perceptual thresholds, and stimulation frequency. 

Methods: Rats were implanted with bipolar stimulation electrodes at the T3 spinal level on the 

dorsal surface of the spinal cord. They were trained to choose between two reward ports in a 

two-alternative forced-choice task as part of a SCS-induced sensory detection and discrimination 

training paradigm. Aperiodic stimulation trains were generated based on a gamma distribution 

modulated by the coefficient of variation (CV) of the inter-pulse interval. Rats were initially 

trained to detect sensations induced by a stimulation pulse train of 0.8 CV. Thereafter, the 

aperiodicity of the pulse train was randomly varied between 0 and 1 within a session to 

determine perceptual detection thresholds as a function of CV. Experiments were repeated at 

multiple frequencies (5Hz - 200Hz). 

Results: We observed that sensory perception detection thresholds decreased with increasing CV 

at multiple stimulation frequencies (5Hz - 200Hz). Moreover, detection thresholds decreased 

with increasing frequency at all tested values of CV (0 to 1). Across multiple rats (n=4) and 

across all CV values, the variance of average detection thresholds was lower at higher 

frequencies. 

Conclusions: Our results suggest that as the randomness i.e. aperiodicity of the pulse train 

increases, rats can detect SCS-induced sensations at a lower stimulus amplitude as compared to a 

perfectly periodic pulse train. In addition to that, the impact of aperiodicity on detection 

thresholds is greater at lower frequencies than at higher frequencies. Overall, periodicity of the 

SCS pulse train is an important parameter which can be modulated to generate naturalistic 

stimulation patterns. Further exploration of this crucial parameter is necessary to provide optimal 

artificial sensory feedback. 
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Abstract: Regaining reaching and grasping is the top functional priority for persons with 

tetraplegia. Our team has developed a neuroprosthetic system called Reconnecting the Hand and 

Arm to the Brain (ReHAB), which combines brain computer interfaces (BCI) with functional 

electrical stimulation (FES), to restore movement and sensory function to people with high 

tetraplegia. Restoring touch to users of rehabilitative systems is critical because touch helps 

establish emotional connection in social interactions and plays a key role in dexterous object 

manipulation, which is required for activities of daily living. While prior research has explored 

how intracortical microstimulation (ICMS) can improve the function of BCI-controlled robotic 

limbs, it is unclear how to optimally restore sensation for users of BCI-FES systems, in which 

the participant moves their own paralyzed hand and arm to complete tasks. A participant with C4 

sensory-incomplete spinal cord injury (AIS B) enrolled in the ReHAB clinical trial and was 

implanted with six microelectrode arrays in the sensorimotor cortical network and nine multi-

contact nerve cuff electrodes in the contralateral arm. In this study, we characterized and 

compared several strategies of sensory restoration for BCI-FES users, including ICMS, 

peripheral nerve stimulation (PNS), and residual natural touch. ICMS delivered to electrodes in 

primary somatosensory cortex (S1) elicited the sensation of pressure on the tips of the index, 

middle, and ring fingers. PNS delivered to the median and ulnar nerves evoked sensation on the 

fingers, hand, and forearm, and the perceived intensity was reliably modulated across a broad 

dynamic range. Both PNS- and ICMS-evoked sensations remained stable in location for over 18 

months. Touch applied to the participant’s hand evoked detectable and discriminable percepts, as 

well as cortical responses in S1 and the inferior frontal gyrus (IFG) that modulated to the 

magnitude and rate of onset of the stimulus. Cortical responses in S1 also modulated to the pulse 

width of PNS applied to the nerves. Future work will implement each of these sensory feedback 

strategies into closed-loop task performance with the BCI-FES system to determine functional 

impacts. Additional study is needed to improve the resolution and duration of ICMS-evoked 

percepts and develop approaches to optimally integrate sensory PNS with motor FES. Future 

work will also examine the benefits of spatiotemporal patterns of ICMS and PNS. By restoring 

touch sensation to people with high tetraplegia, we will enhance upper extremity function and 

improve psychosocial experience, leading to higher degrees of independence and quality of life. 
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Abstract: Intracortical microstimulation (ICMS) of somatosensory cortex evokes touch 

sensations described as natural or nearly so. This phenomenon can be exploited to restore the 

sense of touch to individuals who are living with spinal cord or peripheral nerve injuries 

resulting in loss of sensation. For this strategy to be viable, however, the sensations must not 

only be informative, they also need to be stable. To test the stability of ICMS-evoked sensations, 

we carried out a series of psychophysical experiments with three human participants who have 

upper limb paralysis and who have arrays of microelectrodes implanted in somatosensory cortex. 

The participants judged which of two consecutively presented pulse trains evoked the stronger 

sensation. We then investigated the degree to which the participants judgments differed 

depending on the order in which the two stimuli in each pair were presented. To the extent that 

presentation order affected performance, we inferred the evoked sensations might depend on 

recent stimulation history. Consistent with this, we observed a strong and systematic effect of 

presentation order over the majority of electrodes tested: On most (but not all) stimulating 

electrodes, the participants were more likely to judge the second stimulus as more intense. The 

effect was stronger when the first stimulus was more intense and disappeared when the 

interstimulus interval was long (5 sec). These effects were not consistent with a simple response 

bias because (1) they varied across electrodes for each participant and (2) they were observed in 

all three participants. We then tested the hypothesis that perception was altered by having 

participants perform a magnitude estimation task in which they judge the perceived magnitude of 

a test stimulus presented shortly after a conditioning stimulus. We found that perceived 



magnitude was modulated by the conditioning stimulus when both conditioning and test stimuli 

were presented on the same electrode, and not otherwise. The strength and sign of the 

modulation effect on a given electrode was consistent with the participants’ performance on 

amplitude discrimination task on that electrode - eg. electrodes where subjects reported the 

second stimulus as being more intense also reported higher magnitudes. We demonstrated that 

this conditioning effect has behavioral implications by showing that participants judgments of 

force based on ICMS exhibit strong order effects. Finally, we show that biomimetic sensory 

feedback reducing this perceptual instability by minimizing the incidence of long, strong ICMS 

trains, which are necessary to trigger the perceptual instability of ICMS-evoked sensations. 
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Abstract: Tactile feedback is a key element of effortless motor control and seems to be a 

prerequisite for achieving such abilities in people with prosthetic limbs. Intracortical 

microstimulation (ICMS) of the somatosensory cortex is one approach to provide such feedback, 

and an attractive option in individuals with spinal cord injury. Despite progress on understanding 

the relationship between stimulation parameters and perception, the vast number of potential 

parameters limits systematic searches, leaving the experimenter to determine which parameters 

are tested and how to encode the mechanical properties of objects in trains of ICMS pulses. In 

this study, we put the participant in control of their own stimulation parameters and tested (1) 



whether ICMS can convey useful object characteristics (e.g. compliance, microstructure), and (2) 

whether selected ICMS parameters can evoke distinct object-specific sensations. 

Three individuals with tetraplegia had microelectrode arrays implanted in their somatosensory 

cortex, which evoked sensations on their right hand. Participants used their left hand to interact 

with a tablet interface that presented one of five object images and generated multi-electrode 

ICMS trains when touched. Participants could control four stimulation parameters in a blinded 

fashion: amplitude, pulse frequency, stimulus onset/offset transients, and the degree of stimulus 

overlap between consecutive electrodes. We asked participants to select ICMS parameters that 

best represented each object over several sessions. To assess what the created sensations felt like 

and determine how distinguishable they were, ICMS trains were replayed in the absence of 

visual context, and participants were asked to (1) describe their tactile characteristics using a 

survey and (2) select the object that best matched this sensation. 

All participants described vivid object characteristics of compliance, texture, structure, and 

temperature when ICMS was paired with vision. Without visual context, similar object 

characteristics were still reported, but with increased variance within objects. Two participants 

could assign the correct object to a replayed ICMS train with about 34% accuracy (chance: 

20%), and peak performances of 45-65% on individual sessions. Moreover, a linear classifier 

trained on participant specific ICMS parameters selections, could distinguish objects 

significantly above chance (31% accuracy), suggesting that there is at least some consistency in 

parameter selections across sessions. These results suggest that it is possible to convey object 

characteristics via ICMS, which in combination with visual input, can feel quite natural. 
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Abstract: Evoked neural activity can be used to characterize cortical networks. Prior work 

showed evoked responses in the motor cortex as a result of ipsilateral intracortical 

microstimulation (ICMS) to the somatosensory cortex (Osborn et al, 2020). In this study, a 

human participant with a spinal cord injury (C5/C6 ASIA Impairment Scale Grade B) had 

microelectrode arrays implanted in the motor and somatosensory cortices of both hemispheres of 

the brain. We characterized the cortical responses evoked by ICMS delivered to somatosensory 

cortex. When delivering biphasic ICMS pulses at 100 Hz to an electrode in the left 

somatosensory cortex, we elicited a tactile sensation in the right ring fingertip. We systematically 

varied the number of pulses and measured the neural activity. We observed an evoked response 

with a positive peak amplitude ~20 ms after stimulation onset in two electrodes in a separate 

array across the central sulcus in the ipsilateral motor cortex, similar to previous observations. 

The amplitude of the evoked response increased with 4 ICMS pulses compared to 1 pulse. For 8 

and 12 pulses only, though the ICMS noise artifact dominated the first 50 ms of the signal, a 

negative evoked response emerged ~80 ms after stimulation onset. We did not observe evoked 

neural responses in the contralateral hemisphere. The participant could perceive trials with 8 and 

12 pulses, but not trials with 1 and 4 ICMS pulses. We also delivered 12 ICMS pulses to an 

electrode that elicited a tactile sensation in the palm of the hand and systematically increased 

stimulation amplitude from 10 µA to 35 µA. We observed an evoked response, measured by a 

neighboring electrode on the same array in the somatosensory cortex, which increased in 

amplitude with ICMS amplitude. The evoked response occurred ~80 ms after stimulation onset; 

however, after 30 µA the peak shifted to ~120 ms. We did not observe evoked activity in the 

motor cortex or contralateral hemisphere. These results suggest that ICMS of somatosensory 

cortex can modulate evoked neural activity in the ipsilateral motor or somatosensory cortices, 

though there is variability that depends on the location, amplitude, and duration of the 

stimulation. Importantly, these results also offer the potential for better understanding the 

relationship between sensorimotor neural connections and how they are modulated. This research 

was developed with funding from the Defense Advanced Research Projects Agency (DARPA). 

The views, opinions and/or findings expressed are those of the authors and should not be 

interpreted as representing the official views or policies of the Department of Defense or the U.S. 

Government. 
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Abstract: Closed-loop control of a prosthetic limb involves decoding motor intent from motor 

cortex (MC) while conveying somatosensory feedback via ICMS delivered to somatosensory 

cortex (SC). As new decoders are developed to operate within this closed-loop paradigm, it is 

unclear to what extent ICMS-evoked activity in SC might also cause activity in MC. In at least 

one example of a closed-loop brain computer interface, decoders were effective with the 

assumption that ICMS to SC evokes only negligible activity in MC. However, the documented 

anatomical and functional connectivity between the two regions suggests that ICMS-evoked 

activity in SC may be transmitted to MC, and this would, in principle, disrupt decoder 

performance. 

To test this possibility, we delivered ICMS pulse trains to SC while measuring the neuronal 

activity evoked in MC in three human participants with tetraplegia implanted with electrode 

arrays in both SC and MC. First, we found that ICMS applied to SC was liable to activate the 

majority of channels in MC in two participants. Some of this activity was seemingly direct and 

possibly monosynaptic, as evidenced by reliably pulse-locked responses with latencies ranging 

from 2 to 6 ms. Second, in two of the participants, the spatial pattern of activation in MC 

depended on the location of the stimulating electrode in SC in a systematic way. Specifically, 

MC channels that preferably encoded specific digits tended to be activated by SC channels with 

projected fields on the same digits. In other words, the body maps in MC and SC are 

somatotopically linked. Third, we showed that the ICMS-evoked activity was task dependent: 

The same ICMS trains had different impacts on MC activity depending on the behavioral state 

(rest, reach, object grasp, object transport). Finally, we demonstrate that ICMS-evoked MC 

activity can disrupt decoding of motor intent in a way that cannot be easily corrected for given 

the dependence of the effect on behavioral state. This work establishes that MC and SC are 

interconnected in a manner relevant to brain-machine interfaces. 
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Abstract: Providing artificial touch sensation to individuals with somatosensory deficits due to 

injury or neurological disease is increasingly possible using intracortical microstimulation 

(ICMS). Incomplete tetraplegia is more prevalent than complete tetraplegia, and can lead to a 

mix of lost and spared sensation in the upper limb. Partially retained sensation poses unique 

challenges for placing and utilizing stimulating arrays in cortex, and raises unique questions 

about the interaction between ICMS and native cutaneous sensation. 

We had the opportunity to work with an individual affected by incomplete tetraplegia with 

microelectrode arrays implanted bilaterally in motor and somatosensory cortices. Stimulation 

through the somatosensory arrays yielded percepts localized to the fingertips, more proximal 

segments of the fingers, and the palms (Fifer et al., 2022). Our team has characterized the 

perceptual interactions between simultaneous ICMS and vibration, where vibration was applied 

in the projected field of the ICMS. These overlapping central and peripheral stimuli were able to 

be identified above chance levels in a modality discrimination tasks, and were judged as nearly 

simultaneous in a temporal order judgment task (Christie et al., 2022). 

In several exploratory sessions, we provided ICMS associated with 2D objects on an interactive 

tablet—as the user swiped his finger across the screen, entering or exiting one of several circles 

on the screen would trigger a stimulation pulse. The cutaneous sensation generated in his thumb 

fingertip by swiping mixed with the thumb fingertip percept triggered by ICMS, creating a 

somatosensory illusion that the participant felt as a “divot” in the screen. Additionally, the 

subject reported that increasing pulse duration (i.e., 200ms, 350ms, 500ms) increased the 



perceived diameter of the swiped objects while increasing the pulse amplitude (i.e., 35µA, 58µA, 

80µA) increased their perceived depth. Once he identified the effect, he was able to identify the 

longer and more intensely stimulating objects despite their being visually indistinguishable. 

This study highlights that there are nontrivial interactions between residual cutaneous sensation 

and touch evoked by ICMS. Additional work is needed to determine when and to what extent 

ICMS percepts mask or enhance natural cutaneous sensations. 
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Abstract: Intracortical microstimulation (ICMS) in the somatosensory cortex can evoke vivid 

tactile sensations and be used to provide sensory feedback to individuals living with spinal cord 

injury. Work in both monkeys and humans has focused on characterizing how varying 

stimulation parameters affects perception. For example, changing the stimulus electrode changes 

the location on the body where the sensation is experienced (the projected field) as well as the 

quality of the percept itself. Varying stimulation amplitude and frequency also affects other 

factors including intensity and percept quality. Despite these advances in our understanding of 

ICMS-evoked sensations, it remains unclear how salient any of these perceptual differences 

actually are. 

To address this question, we performed psychophysical experiments with human participants that 

had two 32-channel microelectrode arrays implanted in area 1 of the somatosensory cortex. 

Participants judged whether sensations evoked by two consecutively presented ICMS pulse 

trains - matched for perceived magnitude - were the same or different. Half of the time, the two 

stimuli were presented through the same electrode, while other times stimuli were delivered 

though two different electrodes. We reasoned that some electrode pairs would be reliably 



distinguished while others would not, depending on both the location and quality of the percepts 

evoked by each electrode. 

In one participant, we selected 58 pairs of electrodes that spanned the two arrays and recorded 

the perceptual quality and projected field for each electrode during a pre-test survey. Quality was 

described using a set of verbal descriptors from a validated questionnaire. We used a multivariate 

model to test the extent to which differences in spatial and perceptual factors contributed to 

electrode discriminability. The distance between electrodes on the intracortical arrays was a 

major determinant of discriminability (logistic regression, R2 = 0.37, p < 0.001). When the 

electrodes were more than 3 mm apart, the participant could tell whether stimuli were coming 

from the same electrode or different electrodes above chance. Percept quality contributed to 

discrimination only for closely-spaced electrodes and only when the qualities themselves 

differed by at least two descriptors (binomial test, z = 2.15, p = 0.03). Understanding the factors 

contributing to salient perceptual differences will allow us to design stimulation paradigms that 

improve perceptual and functional performance of bidirectional brain-computer interfaces and 

may also inform future electrode designs. 
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Abstract: Somatosensory brain-machine interfaces (BMIs) can create naturalistic sensations by 

modulating activity of neural populations in the brain. By utilizing different spatial or temporal 

patterns of intra-cortical micro-stimulation (ICMS) in primary sensory cortex (S1), human 

patients suffering somatosensory loss can experience both cutaneous and proprioceptive sensory 

feedback. As evidenced by motor deficits in deafferented patients, rapid somatosensory feedback 

is critical for dexterous motor ability, in part because visual feedback is much slower than natural 

occurring somatosensory input. However, somatosensory BMI studies typically report 

significantly longer cognitive processing latencies for sensations evoked via cortical electrical 

stimuli than naturally occurring somatosensory or visual percepts. In this study, a human 

tetraplegic participant was implanted with two 48-channel Utah arrays in primary sensory cortex 

and data was collected 4 years post-implant. Single- and multi-channel electrical stimulation 

patterns were used to elicit naturalistic somatosensory percepts in the arm contralateral to the 

array implants. Reaction times (RTs) to sensations evoked via ICMS were quantitatively 

compared to RTs from naturally occurring visual and tactile stimuli. Single- and multi-channel 

ICMS patterns were chosen to produce a stable, reproducible cutaneous somatosensory percepts. 

A vibrotactor was used to generate naturally occurring tactile sensations in sensate locations near 

locations of evoked ICMS percepts. We found sensations evoked via multi-channel ICMS were 

cognitively processed at comparable latencies to naturally occurring tactile stimuli and 

significantly faster than visual stimuli, as measured via the reaction time task. Further 

investigation of multi-channel sensations across electrodes on both implanted arrays, showed 

several improvements over comparable single-channel stimulation patterns. Novel reported 

somatotopic locations could be evoked via multi-channel stimulation as compared to single-

channel ICMS patterns. “Natural” descriptors (tap, pinch, squeeze, grab, etc) were more 

frequently used than “non-natural” (shock, etc) descriptors from multi-channel ICMS. And 

improvements in the stability and reliably of evoked somatosensations were observed with multi-

channel stimulation. These findings are significant advances toward development of state-of-the-

art sensory BMIs and may improve control accuracy and increase embodiment for human users 

of motor BMI devices. 
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Abstract: Cortical visual prostheses based on intracortical electrical stimulation are a potential 

method to restore vision in blind subjects. An effective prosthesis may include thousands of 

electrodes implanted in the visual cortex, each of which creates a different phosphene. Besides 

providing electrical stimulation, each electrode can be used to record the brain signals from the 

cortex region under the electrode which contains visual processing and brain state information. 

This information can be used to adjust and improve the electrical stimulation (closed-loop 

stimulation approach), increasing the safety and usability of the implant. Here we have 

investigated how features extracted from the local field potential (LFP) collected by intracortical 

electrodes can be used to build a closed-loop stimulation approach in cortical visual prostheses. 

We implanted an intracortical microelectrode array (consisting of 96 electrodes) in the visual 

cortex of a blind participant for 6 months. The subject was able to clearly report visual 

perception after electrical stimulation. We studied resting state data through the 6 months to 

assess the stability of the recorded signals. The results show that synchronization measures 

between electrodes significantly decrease (Wald Test, p<0.01), while variance and power 

spectral density do not show a significant trend. Using the signals acquired during visual 

perception induced by the electrical stimulation, we found that the LFP phase in the instant 

before stimulation indicates a brain state in which it is easier to induce visual perception. Indeed, 

the distribution of LFP phase before stimulation significantly differs in case of perception (most 

responsive LFP phase) compared to no perception (Mann-Whitney test, p<0.01). However, the 

most responsive LFP phase was different for each stimulation electrode, suggesting a 

dependence on the neural population under the electrode. Furthermore, using the signals 

recorded post stimulation we could extract the current threshold to induce perception using the 

power spectral density in the 4-28 Hz bandwidth. The thresholds obtained with this method 

correlate well with those obtained with the subject’s answers (r=0.64). Our results lay the 

foundation for improving cortical visual prostheses through closed-loop stimulation approaches: 

stimulating at the right LFP phase could increase the perception probability without increasing 

the current intensity, and the brain signals’ response to stimulation can be used to adjust the 

perception thresholds. Moreover, the signals acquired by the electrodes provide the long-term 

stability needed for a chronic implant. 
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Abstract: Electrical stimulation of visual cortex via a neuroprosthesis induces the perception of 

dots of light (‘phosphenes’), potentially allowing recognition of simple shapes even after decades 

of blindness. However, restoration of functional vision requires large numbers of electrodes, and 

chronic, clinical implantation of intracortical electrodes in the visual cortex has only been 

achieved using 96-channel devices. We evaluated the efficacy and stability of a 1024-channel 

neuroprosthesis system in non-human primates (NHPs) over >3 years to assess its suitability for 

long-term vision restoration. We implanted 16 microelectrode arrays consisting of 8x8 electrodes 

with iridium oxide tips, in primary visual cortex (V1) and area V4 of two sighted macaques. We 

monitored the animals’ health and measured electrode impedances and neuronal signal quality by 

calculating signal-to-noise ratios (SNR), peak-to-peak signal voltages, and the number of high-

amplitude channels obtained during implantation. We delivered cortical microstimulation and 

performed current thresholding, monitoring the number of channels that successfully yielded 

phosphenes. The monkeys performed a visual stimulus detection task after 2-3 years of 

implantation, allowing assessments of fine visual acuity, and histological analysis was carried 

out at 3-3.5 years post-implantation. The monkeys remained healthy throughout the implantation 

period and the device retained its mechanical integrity and electrical conductivity (assessed in 

one animal). However, we observed decreasing signal quality with time, declining numbers of 

phosphene-evoking electrodes, decreases in impedance on low-impedance channels, and 

impaired visual acuity at visual field locations corresponding to implanted cortical regions. 

Tissue dissections revealed encapsulation of arrays and cortical degeneration. Long-term 

implantation of a high-channel-count device in NHP visual cortex was accompanied by 

deformation of cortical tissue and decreased stimulation efficacy and signal quality over time. 



We conclude that improvements in device biocompatibility and/or refinement of implantation 

techniques are needed before long-term future clinical use is feasible. 
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Abstract: Alcohol use disorder extracts substantial social and economic costs, with recent 

dramatic increases in female problem drinking. Thus, it is critically important to understand 

signaling differences underlying alcohol consumption across the sexes. Orexin-1 receptors 

(Ox1Rs) can strongly promote motivated behavior, and we previously identified Ox1Rs within 

nucleus accumbens shell (shell) as crucial for driving binge intake in higher-drinking male mice. 

Here, shell Ox1R inhibition did not alter female mouse alcohol drinking, unlike in males. Also, 

lower dose systemic Ox1R inhibition did reduce compulsion-like alcohol intake in both sexes, 

indicating that female Ox1Rs can drive some aspects of pathological consumption, and higher 

doses of systemic Ox1R inhibition (which might have more off-target effects) reduced binge 

drinking in both sexes. These findings concur with previous studies where males and females 

exhibit relatively similar reinstatement for cocaine and sucrose, but the role of Ox1Rs is quite 

different, where systemic Ox1R inhibitors reduce cue- and stress-related reinstatement in males 

while affecting only stress reinstatement in females. Together, one possibility is that female 

Ox1Rs are especially important and recruited during more stress-related behaviors, including 

stress-induced reinstatement and compulsion-like intake, with female Ox1Rs having less role in 

more basic-level responding (binging and cued reinstatement, or at least where stress is less 

likely involved). In contrast, male Ox1Rs would contribute to a broader range of motivated 

behaviors. Finally, in contrast to shell Ox1Rs, inhibiting shell calcium-permeable AMPA 

receptors (CP-AMPARs) strongly reduced alcohol drinking in both sexes, which was specific to 



alcohol since this did not reduce saccharin intake in either sex. Our results together suggest that 

the shell critically regulates binge drinking in both sexes, with shell CP-AMPARs supporting 

intake in both sexes, while shell Ox1Rs drove drinking only in males. Our findings provide 

important new information about sex-specific and -general mechanisms that promote binge 

alcohol intake and possible targeted therapeutic interventions. 
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Abstract: The burden of disease associated with methamphetamine addiction is rising globally, 

and existing psychosocial interventions while effective for some, are ineffective for many. 

Unfortunately, there are no approved or effective pharmacotherapies for methamphetamine 

addiction in any jurisdiction. Over a decade of preclinical research has highlighted the potential 

of the neuropeptide oxytocin as a promising pharmacotherapy for methamphetamine addiction. 

This has motivated the current clinical investigations, however there been disappointing 

outcomes from many clinical trials with oxytocin for treating other psychiatric disorders, 

suggesting a breakdown in translation of oxytocin from rodent models to the clinic. Therefore, 

preclinical research is ongoing to understand the translatable therapeutic indications, neural 

mechanisms, and crucially, the pharmacological targeting strategies which will unlock the 

therapeutic potential of targeting the oxytocin system for addictions. Here, we will present our 

most recent preclinical experiments describing key efficacy data for oxytocin in 

methamphetamine self-administration models in rats, as well as the identified peripheral and 

central mechanisms of action for oxytocin, and hypothesised mechanisms which are under 

investigation. We will also address the hurdles for translating the oxytocin peptide to the clinic, 

and will present our solution to this translational problem: the development of novel oxytocin 

stimulating molecules which have superior physiochemical properties to the oxytocin peptide. 

We will describe recent progress with these oxytocin-like molecules in methamphetamine 

models which incorporate rodent behaviour, in vivo neural recordings, and biomarker discovery. 
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Abstract: Fentanyl is a potent synthetic opioid that has been shown to produce sleep 

disturbances, and the deterioration of sleep quality is associated with drug abuse and relapse in 

humans. The hypocretin/orexin neuropeptide system is a plausible pharmacological target, and 

dual-hypocretin antagonists such as lemborexant may mitigate sleep disturbances associated with 

fentanyl dependence. The current study characterizes sleep macroarchitecture (time spent asleep 

or awake) and microarchitecture (the number of bouts, and NREM sleep spindle 

characterization) prior to fentanyl vapor exposure (baseline), following one week of drug 

abstinence, and four weeks of drug abstinence in female and male rats. Females and males 

showed a reduction in the amount of time spent in rapid eye movement (REM) sleep following 

one week of abstinence. The pre-treatment of lemborexant the following day increased the 

amount of time spent in REM, compared to vehicle at both one and four weeks of abstinence. 

While there was no effect of fentanyl abstinence on the amount of time spent in non-rapid eye 

movement (NREM) sleep and wakefulness, lemborexant increased the amount time spent in 

NREM and decreased the amount of time spent awake. Examination of microarchitecture 

demonstrated a decrease in the number of NREM bouts at one week of abstinence, which 

lemborexant subsequently brought back to baseline levels at weeks one and four. Abstinence 

from fentanyl did not impact the number of NREM sleep spindles, but indicated a trend showing 

a decrease in intra-spindle frequency at one week of abstinence. Lemborexant, however, 

increased the number of spindles at weeks one and four of abstinence. Presently, findings 

indicate that fentanyl abstinence produces changes in sleep macroarchitecture, particularly REM 

sleep disruptions, which may be alleviated by lemborexant. This highlights the need for further 

examination of the relationship between sleep disturbances and drug abstinence, and the use of 

dual-hypocretin antagonists as therapeutic intervention. 
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Abstract: Introduction: There is significant interest in the potential utility of orexin-based 

compounds for the clinical management of substance use disorders (SUDs). Several dual orexin 

receptor antagonists (DORAs) are currently approved for the treatment of insomnia, which has 

raised the possibility of repurposing these drugs for SUD indications. However, very few 

preclinical studies have examined whether acute administration of DORAs can reduce drug 

behaviors at doses that are not sleep-promoting. Methods: Male and female Long Evans rats 

(n=24) were tested for cocaine economic demand following both continuous and intermittent 

cocaine self-administration schedules (both 1h/day total cocaine access). Rats were then trained 

on the rodent psychomotor vigilance task (rPVT), which tested their ability to maintain sustained 

attention over 30mins to earn sucrose rewards. All rats were administered suvorexant (0, 3, 10, 

30mg/kg; p.o.) 30mins prior to testing on demand and rPVT tests (within-subjects design). 

Results: Demand for cocaine was higher following the intermittent access schedule of cocaine 

self-administration (paired t-test; p=0.0188). Prior to undergoing intermittent access, a high dose 

of suvorexant (30mg/kg) was required to reduce cocaine demand; a similar outcome was 

achieved with a lower dose (10mg) following intermittent access (main effect of treatment, 

p=0.0277). At low doses (10mg/kg), suvorexant had limited effects on attention and locomotor 

outcomes. At higher doses (30mg/kg), suvorexant tended to impair attention and general activity. 

Conclusions: Suvorexant is effective at reducing several cocaine-related outcomes at doses that 

do not have off-target effects, but only in individuals with a strong addiction-like phenotype. 

These exploratory data are informative when weighing the potential advantages of repurposing 

already approved DORAs vs. the development of novel SORAs, which may have fewer off-

target effects. 
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Abstract: As opioid-related fatalities continue to rise, the need for novel opioid use disorder 

(OUD) treatments could not be more urgent. Two separate hypothalamic neuropeptide systems 

have shown promise in preclinical OUD models. The oxytocin system, originating in the 

paraventricular nucleus (PVN), may protect against OUD severity. By contrast, the orexin 

system, originating in the lateral hypothalamus (LH), may exacerbate OUD severity. Thus, 

activating the oxytocin system or inhibiting the orexin system are potential therapeutic strategies. 

The role of these systems with regard to specific OUD outcomes, however, is not fully 

understood. Here, we probed the therapeutic efficacy of pharmacological interventions targeting 

the orexin or oxytocin system on two distinct metrics of OUD severity in rats - heroin choice 

(versus choice for natural reward, i.e., food) and relapse. Using a preclinical model that generates 

approximately equal choice between heroin and food reward, we examined the impact of 

exogenously administered oxytocin, an oxytocin receptor antagonist (L-368,899), and a dual 

orexin receptor antagonist (DORA-12) on opioid choice. Whereas these agents did not alter 

heroin choice when rewards (heroin and food) were available, both agents significantly reduced 

heroin relapse in the presence of both types of reward cues when no rewards were available. In 

addition, we observed that the number of LH orexin neurons and PVN oxytocin neurons 

correlated with specific behavioral economic variables indicative of heroin versus food 

motivation. These data identify a novel bidirectional role of the oxytocin and orexin systems in 

the ability of opioid-related cues to bias choice during relapse. 
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Abstract: Studies that use Intermittent Social Defeat (ISD) in rats demonstrate that social stress 

increases cocaine-self administration and suggest that a history of social stress makes individuals 

more vulnerable to substance use. However, we still do not understand the neurofunctional 

adaptations that predispose individuals to seek out drugs. The medial prefrontal cortex (mPFC) 

plays a key role encoding rewarding cues and regulating reward-seeking behavior. Here we 

investigate whether ISD disrupts the neuronal encoding of rewarding cues in the mPFC during a 

reward-seeking task. We also determine whether ISD enhances the behavioral effects of 

psychostimulants (i.e., cocaine). Male Long Evans rats (3-4 months old) were trained to 

discriminate between a rewarded (continuous tone) and a non-rewarded (intermittent tone) 

stimulus that was paired to the extension of a lever (right or left, counterbalanced). Pressing the 

rewarded lever delivered a sugar pellet. After stable performance, rats were implanted with 

electrode arrays in the mPFC (prelimbic area) and divided in two groups (Control, n= 7; Stress, 

n= 8). Then, they were exposed to ISD (or handling, Control group) once every three days for ten 

days (four stress episodes in total). mPFC activity was recorded during the task in both stressed 

and control animals two weeks after the last stress episode. Motor activity and conditioned place 

preference were assessed four weeks after the last stress episode to test the behavioral effects of 

cocaine injections. The results show that both stressed and control animals made more responses 

(lever presses) to the rewarded cue compared to the non-rewarded cue across sessions. There 

were not group differences in the number of lever presses in response to both cues. Furthermore, 

both groups decreased equally the number of lever presses during the extinction of the task, 

when responding to both cues produced the same effect (i.e., no pellet delivery). mPFC neurons 

increased/decreased their activity in response to both rewarded and non-rewarded cues. 

However, the number of activated neurons in response to rewarded cues was significantly lower 

in stressed animals compared to controls (Ꭓ2(2)= 10.64, p< 0.01). Moreover, and in contrast to 

controls, stressed animals showed an inhibition of the average population activity in response to 



rewarded cues. In addition, stressed animals showed an enhanced motor response to cocaine 

compared to controls. These results suggest that ISD disrupts the encoding of rewarding cues in 

the mPFC and that this reward deficit may be associated with a higher vulnerability to substance 

use. 
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Abstract: Many drugs of abuse, including cocaine, cause deficits in cognitive flexibility, 

rendering users more likely to relapse and less likely to abstain from their drug use. Recently, 

psychedelic hallucinogens, which are agonists of the serotonin 2A receptor (5HT2AR), have 

attracted attention for their promising therapeutic potential of increasing cognitive flexibility in 

humans to treat psychiatric diseases such as substance use disorders. The claustrum (CLA), a 

subcortical nucleus, has the highest density of the serotonin 2A receptor (5HT2AR) in the brain 

with extensive connections to other brain areas, most prominently the anterior cingulate cortex 

(ACC) that is known to modulate both cognitive flexibility and drug-seeking behavior. We 

propose that the CLA-ACC circuit plays a critical role in regulation of cocaine-induced cognitive 

flexibility deficits via interactions between 5HT2ARs and glutamatergic synapses in the CLA 

that impact long-term plasticity and the likelihood of relapse to cocaine use. We first that 

extended access to self-administered cocaine and microinjections of the hallucinogenic 5HT2AR 

agonist, DOI, into the CLA impaired set-shift performance on a set-shifting task, a measure of 

cognitive flexibility. Next, we used whole cell recordings to characterize effects of 5HT2AR 

signaling on CLA neurons that project to the anterior cingulate cortex (ACC). CLA-ACC 

neurons were recorded in the presence of 5HT and the 5HT2AR antagonist, ketanserin. 5HT 

caused a drastic inhibitory response. Significant decreases in sEPSC frequency and amplitude 

were observed in CLA-ACC neurons after application of 5HT. Blockade of the 5HT2AR with 

ketanserin eliminated synaptic effects of 5HT, indicating a regulatory role of the 5HT2AR in 

claustrocortical signaling. Next, we observed spike-timing dependent plasticity (STDP) in CLA-

ACC neurons, revealing anti-hebbian long-term depression. DOI, a psychedelic 5HT2AR 

agonist, reversed this LTD into a robust long-term potentiation. These findings provide the first 

evidence that the large population of CLA-ACC neurons are under inhibitory control from 5HT 



and the 5HT2ARs and suggest that serotonin regulation of long-term synaptic plasticity in CLA 

may contribute to cognitive flexibility deficits following cocaine exposure. 
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Abstract: Social interactions are essential for the well-being and survival of humans, non-human 

primates, and other animals. Specifically, cooperation is an extremely complex social behavior, 

involving the perception and monitoring of self and others’ actions to determine productive 

responses towards achieving a common goal. Despite such behavioral intricacy, most of our 

knowledge about the role of social attention in cognition originates from studies performed in 

restrained animals viewing synthetic stimuli on a monitor. Consequently, our understanding of 

how the brain processes naturalistic, visual-social cues to facilitate volitional social decision-

making remains limited. Here, we examined the neural correlates of cooperation by wirelessly 

recording eye-tracking and neural activity from a visual-social cortical network - visual area V4 

and dorsolateral prefrontal cortex, dlPFC - while dyads of freely moving and behaving rhesus 

macaques cooperated for a food reward. In this task, the same perceivable but remote reward was 

revealed to each animal, and animals could obtain their reward by, at any time, simultaneously 

pushing and holding buttons which would move trays that delivered reward. Critically, the 

timing of animals’ push responses with respect to each other reveals their actions are 

coordinated, not random, and monkeys across dyads exhibited a high conditional probability to 

cooperate (P(self | partner) > 0.5). Additionally, animals are more likely to fixate on social cues, 

such as the reward or partner monkey, before cooperation than during non-socially relevant 

periods. Importantly, neuronal ensembles in V4 and dlPFC encode these social cues, while 

population encoding of self and partner decision to cooperate was greatest in dlPFC. Finally, 

significantly correlated V4-dlPFC cells contribute more to encoding of social variables within 

each area. Together, these findings reveal a distributed cortical network representation of 

visually driven cooperation in the primate brain. 
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Abstract: Background: The parahippocampal cingulum (PHC) carries afferent and efferent 

projections from structurally and functionally distinct medial temporal lobe structures and 

provides the majority of inputs and outputs to/from the hippocampus. It is unknown if age-

related reductions in hippocampal subfields contribute to structural alterations in PHC, especially 

to its macrostructural properties. The aim of this study was to investigate if age-related decline in 

fibre composition of PHC is related to volume reductions in specific hippocampal subfields and 

how it contributes to episodic memory function. Methods: A total of 129 healthy volunteers (18-

85 years old) were recruited for this study. Images were acquired using a T2-weighted 2D FSE 

and a diffusion tensor imaging (DTI) sequences. The hippocampal subfields (dentate gyrus (DG), 

cornu ammonis (CA1-3), and subiculum (Sub)) were manually traced using reliable volumetric 

protocol. We used DTI-tractography to delineate PHC and to examine its microstructural 

(fractional anisotropy (FA), axial and radial diffusivities) and macrostructural measures (tract 

volume, fiber counts, fiber length, number of fibers per voxel). Participants were administered 

the Wechsler Memory Scale, 4th edition to assess performance in the visuospatial, verbal, and 

logical memory. Results: We found that total hippocampal volume was positively correlated 

with PHC tract volume (r=0.459, p<0.001) and fiber counts (r=0.227, p=0.01). PHC tract volume 

was also associated with hippocampal subfield volumes: CA1-3 (r=0.459, p<0.001), DG 

(r=0.274, p=0.002), and Sub (r=0.459, p<0.001). In addition, total CA1-3 volume correlated with 

the number of fibres (r=0.315, p<0.001), their length (r=0.181, p=0.04), and number of fibers per 

voxel (r=0.178, p=0.044). There were no significant associations between hippocampal subfield 

volumes and microstructural properties of the PHC (all ps>0.05). Fiber count predicted 

performance on verbal (r=0.254, p=0.003), logical (r=0.221, p<0.011), and visuospatial memory 

(r=0.447, p<0.001), while number of fibres per voxel predicted performance on verbal (r=0.182, 

p=0.037) and visuospatial memory (r=0.321, p<0.001). Finally, axial diffusivity (r=0.293, 

p<0.001) and fiber length (r=0.217, p=0.012) also predicted performance on visuospatial 

memory. Conclusions: Our results provide initial in-vivo evidence for association between 



hippocampal subfields structure and microstructural integrity of PHC across adult lifespan. Our 

findings suggest that fiber composition of PHC may not only be more specific to hippocampal 

structure, but also more sensitive than FA to predict memory function. 
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Abstract: Recent work has shown that abstract, non-spatial relationships between task-relevant 

states or entities are organized into map-like neural representations. Here, we investigate how 

these cognitive maps interact with changing task goals in the context of cognitive control, where 

the features most relevant to the current goal benefit from top-down biasing. Classic 

computational neuroscience studies of cognitive control have focused on explicitly presented 

categorical features rather than map-like representations retrieved from memory, and have 

typically found facilitation of task-relevant features and suppression/compression of task-

irrelevant features. Here, we explore the relationship between cognitive control and the geometry 

of map-like representations by combining neural network models and fMRI of the same task. 

Previously, we found that although only one of two task attributes was behaviorally relevant for 

current decisions, hippocampus (HC), entorhinal cortex (EC), and orbitofrontal cortex (OFC) 

spontaneously organized pairwise relationships into 2D map-like representations. Consistent 

with the predictions of the neural-network models, new analyses of the fMRI data show that 

task-irrelevant dimensions were compressed relative to task-relevant dimensions dynamically as 

a function of which dimension is currently relevant, in dorsomedial and dorsolateral frontal 

(DLFC and DMFC) and posterior and medial parietal cortex (PMC). Furthermore, the model’s 

underlying 2D representations were also affected by task demands in a different way: 

representations were warped along the 2D axis that remains unchanged across conditions 

requiring focus on each dimension separately. This finding was confirmed by fMRI analyses 

showing that this same warping phenomenon occurs in the HC, and that the degree of warping 

was correlated with individual differences in cognitive control. Further simulations showed that 



this warped geometry reflects the natural tendency of neural networks to learn context-invariant 

maps, consistent with behavioral and fMRI results. 
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Abstract: It has been proposed that memories continue to be susceptible to modification in the 

moment of reactivation during retrieval even long after consolidation. However, solid behavioral 

evidence to support this hypothesis in humans is still pending because previous interference 

paradigms used to destabilize existing memories have investigated memory modification mostly 

in the early stage when the memory trace is still labile. To investigate the modifiability of well-

consolidated procedural memory, we used an established retroactive interference paradigm in 

combination with a variant of the serial response time task. In this task, two layers of sequential 

information (spatial and temporal) were provided implicitly through visual cues associated with 

1-2 simultaneous keypresses on a standard computer keyboard. Participants (N = 66) practiced 

the task online on seven consecutive days and were instructed to press the indicated keys 

precisely for the cued duration. Before the start of the study, they were randomly assigned to one 

of three interference conditions (spatial, temporal, and no interference), which were applied in 

session six and followed up 24 hours later in session seven. Temporal and spatial precision of 

sequential keypresses improved over the first five days describing an expected asymptotic 

exponential function (estimated with a non-linear least-squares fit) reaching a plateau within five 

days of practice indicating an advanced level of consolidation. Investigating the precision change 

from before to after the interference intervention with a linear mixed-effects model revealed that 

none of the interference conditions induced an acute change in precision in either of the 

sequences immediately after the interference intervention (Type II Wald test SEQUENCE 

CONDITION x INTERFERENCE CONDITION X2(6) = 5.6330, p>.4). At 24 hours follow-up, 

we found a marked decrease in precision, which was specific to the interference intervention 

targeting the respective sequential information. While the spatial interference condition led to 

isolated precision declines in the spatial sequence (ß = -2.74, 95% CI [-5.12, -0.36], p < .05), 

temporal interference affected the precision of the temporal sequence (ß = -4.97, 95% CI [-7.33, 

-2.62], p < .001) after 24 hours. Notably, the effect of interference was evident after repeated 

practice, i.e., across 20 repetitions of each of the sequences. Based on our results, we suggest that 

1) a simple behavioral interference can destabilize motor memory that has previously been well 



consolidated, and 2) the interference effect itself potentially requires sleep-based consolidation 

mechanisms to unfold. 
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Abstract: Social touch is an essential component of communication. Little is known about the 

underlying pathways and mechanisms. The hypothalamus is a major regulatory center of rodent 

social behavior. It is also likely to be involved in the control of instinctive behaviors in humans. 



It is conceivable that ascending sensory pathways carrying information on social touch might 

project directly to the hypothalamus. Here, we discovered a novel neuronal pathway from the 

posterior intralaminar thalamic nucleus (PIL) to the medial preoptic area (MPOA) is involved in 

control of social grooming. First, we determined the effect of chemogenetic stimulation of PIL 

neurons on social interactions between familiar adult female rats. Activity-dependent tagging of 

PIL neurons was performed in rats experiencing physical social contacts. The selective 

chemogenetic stimulation of the preoptic area-projecting PIL neurons was performed using 

double viral injections and also by CNO administration directly into the preoptic area. We found 

that neurons in the PIL and MPOA were naturally activated by physical contact between female 

rats and also by chemogenetic stimulation of PIL neurons. Chemogenetic activation of these 

neurons increased social grooming between familiar rats as did selective activation of the PIL-

MPOA pathway. Neurons projecting from the PIL to the MPOA express the neuropeptide 

parathyroid hormone 2 (PTH2) and central infusion of its receptor antagonist diminished social 

grooming. We showed its increased expression in the PIL in response to social interaction. 

Finally, we showed similarity in the anatomical organization of the PIL-MPOA circuit in the rat 

and human brain. We propose that the discovered PIL-MPOA neuronal pathway facilitates 

physical contacts in both rodents and human. Therefore, the pathway as well as the PTH2 

neuropeptide and its receptor should be investigated in the future in disorders where deficits in 

direct social interactions are found, such as autism spectrum disorder. 
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Abstract: Animals need to generalize defensive behaviors to newly encountered stimuli that are 

likely to threaten their safety on the basis of previously learned fear responses, while at the same 

time distinguishing between threatening and non-threatening stimuli. While adaptive responses 

to fearful social stimuli are necessary for survival, the maladaptive processing of fearful social 



stimuli, such as an overgeneralization of fear responses to safe social stimuli, is a hallmark of a 

wide range of neuropsychiatric disorders. Although the hippocampus has been hypothesized to 

play a role in fear specificity, the exact mechanisms and regions underlying fear specificity, and 

in particular social fear specificity, remain unknown. Here we show that the hippocampal CA2 

region, which has previously been found to be essential for social novelty discrimination of 

familiar from non-familiar conspecifics, serves as a critical locus for social fear specificity - the 

ability to distinguish between safe and threatening conspecifics. To this end we employed a 

social fear conditioning paradigm where a subject mouse was simultaneously introduced to two 

conspecifics but only received footshocks when it interacted with one (CS+) and not the other 

(CS-). Twenty-four hours after the paradigm, the conditioned mouse displayed aversive behavior 

to the CS+ but not CS- mouse. We examined the role of CA2 in this fear specificity by 

chemogenetic or optogenetic silencing of this region during social fear conditioning. CA2 

silencing by either method led to a marked decrease of social fear specificity but not social fear 

itself as the conditioned animal avoided equally the CS+ and CS- animals. This suggests a 

broader role of CA2 for the regulation of social behaviors beyond social novelty detection, 

including the recognition of a potentially threatening conspecific for the initiation of defensive 

behaviors. Such findings are consistent with results implicating oxytocin receptors, which are 

highly enriched in CA2, in social fear acquisition and extinction. Finally, our findings indicate 

that CA2 is important for social memory of distinct individuals with identical degrees of social 

novelty, based on the recollection of detailed episodic memories of prior encounters. 
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Abstract: In animals, ranging from arthropods to mammals, social affinity is recurrently lost in 

adapting to ecological demands. Recent comparative genomic studies involving honeybees and 

the Mexican cavefish revealed that the dysregulated genes in these socially deprived populations 

are significantly enriched in homologs of autism risk-associated genes. Do these genetically 

solitary populations still socialize or had lost such ability? Recently, the ketosis-inducing 

ketogenic diet treatment improved the sociality score of Autism Diagnostic Observation 

Schedule-2 (ADOS-2) in patients with autism. The ketogenic diet induces ketosis instead of 

glycolysis in the whole body, and also makes the liver release ketone bodies including beta-

hydroxybutyrate. This relatively simple treatment is suspected to adjust multiple dysregulated 

autism risk alleles, however, the mechanisms are still largely unknown. We then hypothesized 

that the ketone body (beta-hydroxybutyrate) induces social behaviors by adjusting many 

dysregulated autism-risk genes. Here we used the Mexican tetra fish Astyanax mexicanus as an 

experimental model. A. mexicanus exists in two forms: blind cave-dwelling (cavefish) and 

sighted riverine (surface fish) forms. Cavefish were derived from the surface fish-type ancestor, 

adapted to the food-sparse dark environments, displayed asociality, and exhibit 58.5% of the 

same directional gene expression changes (up- or down-regulations out of ~4,000 dysregulated 

genes) seen in patients with autism. In contrast, surface fish show typical behaviors and genetic 

conditions. One month of the ketone body treatment significantly promoted social affinity in 

cavefish but had no effect on surface fish. These results suggest that the ketone body could be the 

key molecule that activates the social-regulating neural network(s) including the dopaminergic 

network. Indeed, a D2 antagonist, aripiprazole, increased social affinity in asocial cavefish. We 

then share updates on the detailed ketone body influence on brain gene expressions and neural 

activities. 
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Abstract: In many animal species, ranging from crustaceans to mammals, vision induced social 

affinity are well investigated but not so much in non-visual based ones. Visual processing could 

be a confounding factor to mechanistic understanding for the neural networks of social affinity. 

We therefore developed an assay system that quantify non-visual based collective behavior in the 

sighted riverine (surface fish) and non-sighted cave-dwelling populations (cavefish) of the 

Mexican tetra, Astyanax mexicanus. A. mexicanus surface fish show strong affinity each other in 

the lighted condition (schooling and shoaling) but reported as not in the non-visual dark. 

Cavefish were reported as asocial. These reports used the conventional detection methods, inter 

individual distance (IID) and nearest neighbor distance (NND), which could fail to detect many 

detail of nearby interactions. To characterize the detail of the collective behavior without visual 

stimulus, idTracker software-based method was developed. Through tracing each fish’s X-Y 

coordinates within four fish group, we found the social surface fish showed strong affinity to 

each other without visual stimulus. Cavefish also showed much lower level but the significant 

social affinity which were enhanced in a familiar environment, which was the first example that 

evolutionarily asocial population showed plasticity in their social level. We also developed a 

method to quantify repetitive circling which were seen in cavefish but not in surface fish. Among 

cavefish, repetitive circling was in antagonistic relationship with social affinity, which is similar 

to what are seen in mammals. These results will open the path to understand how non-visual 

based social affinity is regulated, and how evolutionarily asocial population reduced social 

affinity. Such knowledge will provide further understanding in the social regulating neural 

network by avoiding vision-based confounding factors. 
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Abstract: The magnetogenetic technique FeRIC (Ferritin iron Redistribution to Ion Channels) 

uses radiofrequency (RF) magnetic fields to activate ion channels coupled with ferritin, named 

FeRIC channels. Specifically, the non-selective cation channel TRPV4 and the chloride channel 

TMEM16A were coupled with endogenous ferritins by fusing their intracellular domain with the 



ferritin binding motif of the kininogen. Using experimental tools such as genetic engineering, 

colorimetric assays, and Ca2+ imaging, we discovered that the mechanism responsible for the 

magnetic activation of FeRIC channels is a biochemical pathway. In cells expressing FeRIC 

channels, RF increases the levels of cytosolic iron triggering the production of reactive oxygen 

species and oxidized lipids that ultimately activate the FeRIC channels. We also found that 

several experimental factors, such as the ferritin iron load or the period of FeRIC channels 

expression, influence the efficacy of RF in activating the FeRIC channels. Remarkably, using 

voltage imaging, we found that FeRIC allows the control of neuronal spike firing. In neurons 

expressing TRPV4FeRIC, RF depolarizes the membrane potential and increases the spike firing 

rate. Conversely, in neurons expressing TMEM16AFeRIC, RF decreases the spike firing rate. In 

conclusion, the discovery of the mechanism responsible for the magnetic activation of FeRIC 

channels may guide future magnetogenetic designs to improve the magnetic control of neuronal 

excitability. 
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Abstract: Theta burst stimulation (TBS) has been adopted as an efficient TMS paradigm in 

major depression treatment (Huang et al., 2005). However, its therapeutic efficacy remains 

similarly modest as conventional 10 Hz repetitive TMS (Blumberger et al., 2018). Inspired by 

classical theta burst paradigm in slice electrophysiological studies, where each burst consists of 

multiple (typically ≥ 4) electrical pulses, here we propose a new TMS paradigm called “high-

density TBS (or hdTBS).” In this paradigm, each burst consists of up to 6 pulses as opposed to 

only 3 in conventional TBS. This paradigm thus effectively increased the “dosages” of TMS 

stimulation while maintaining identical time efficiency as in conventional intermittent TBS (200 

s per session). We have developed a prototype stimulator in-house, which was able to deliver 

hdTBS. We tested this paradigm in the motor cortex of awake rats. A rodent-specific TMS coil 

with a focality of about 2 mm was used in this study (Meng et al. 2018), as well. Motor-evoked 

potential (MEP) signal was longitudinally measured with EMG electrodes implanted in the 

biceps femoris and gastrocnemius muscles of the hindlimb. Peak-to-peak MEP signal was used 



as the metric to compare the acute aftereffects of hdTBS across different TMS conditions (3, 4, 5 

or 6 pulses/burst). Results demonstrated that, in comparison to 3-pulse TBS, hdTBS with 5 and 6 

pulses/burst significantly augmented the acute aftereffects. Importantly, we observed no signs of 

adverse effects in all rats (N=15) that had received multiple sessions of hdTBS, suggesting 

translational potentials of this paradigm. Acknowledgement: This work was supported in part by 

NIDA IRP, NIH. 
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Abstract: The dorsolateral prefrontal cortex (dlPFC) is the primary non-invasive brain 

stimulation target for the treatment of psychiatric conditions. dlPFC is functionally and 

anatomically connected to the parietal cortex and changes in these connections might underlie 

the clinical effects of transcranial magnetic stimulation (TMS) treatment. Thus, a clinic-ready 

readout of fronto-parietal network (FPN) connectivity with high signal to noise is needed. TMS 

paired with electroencephalography (TMS-EEG) provides a noninvasive, causal readout of 

neural activity with millisecond resolution, sufficient to capture effective brain connectivity. 

However, it is unknown if the FPN can be probed with TMS-EEG, and if so, what the optimal 

stimulation parameters are. Thus, optimizing the stimulation parameters (location and coil angle) 

within the dlPFC to effectively activate the FPN, while minimizing non-brain artifacts, would be 

of high value. 



In this study, we systematically examined the effect of modifying the stimulation target within 

the left dlPFC on target engagement of fronto-parietal network (FPN), as measured by amplitude 

of early parietal TMS-evoked potentials (TEPs). Due to inter-individual differences in anatomy, 

we hypothesized that for each individual there would be an optimal angle/location combination 

in the dlPFC that maximally engaged the parietal cortex, but that the optimal angle/location 

would vary across subjects. For each subject, TMS was applied to six different locations within 

the dlPFC with two different coil angles (45 and 90 degrees to mid-sagittal plane). Each 

condition (150 trials) was repeated within session to assess test-retest reliability. 

Preliminary results (three subjects, two TMS-EEG sessions) demonstrated that the peak-to-peak 

magnitude of early (20 to 50 ms) parietal TEPs was affected by the location and angle of the 

stimulation target within the dlPFC. We observed within-subject specificity (i.e. there was an 

optimal angle/location for each subject), but this angle/location and its amplitude varied across 

subjects (range: 0.91 µV to 10.0 µV). These observations were consistent across two sessions 

within each subject. We also showed that stimulation target affected the magnitude of muscle-

related artifacts, with larger amplitude artifacts with more anterior dlPFC targets.  

Preliminary data suggests that: 1. Parietally measured early TEPs may provide a reliable readout 

of FPN connectivity; 2. Maximizing the early parietal TEP and minimizing artifacts needs 

angle/location personalization. This work will help to develop a clinic-ready brain biomarker of 

FPN connectivity for TMS treatment protocols. 
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Abstract: Transcranial focused ultrasound provides noninvasive, reversible approaches for 

precise and personalized manipulations of brain circuits, with the potential to transform our 

understanding of brain function and treatments of brain dysfunction. However, the effectiveness 

and safety of these approaches have been limited by the human skull, which attenuates the 



ultrasound strongly and unpredictably. There is currently no approach that could account for the 

ultrasound attenuation by the skull.To address this lingering barrier, we have developed an 

approach that directly measures and compensates for the attenuation of the skull of a given 

subject. We have implemented the approach in hardware and demonstrated that it accurately 

restores the operator's intended intensities beneath the skull. Moreover, we show that the 

approach is crucial for effective ultrasonic neuromodulation. When applied, there is reliable, 

dose-dependent, and safe stimulation of neural structures inside the skull. This method and 

hardware unlock the potential of ultrasound-based approaches to provide effective, safe, and 

reproducible precision therapies of the brain. 
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Abstract: Our ability to map the functional connectivity of neural circuits is largely hindered by 

the lack of a neuromodulation technique that can noninvasively control specific neural circuits. 

Recently, a promising technique—sonogenetics—has emerged that uses focused ultrasound 

(FUS) to remotely activate selected types of neurons virally transduced to express ultrasound-

sensitive ion channel TRPV1. This technique has demonstrated combined advantages of 

noninvasiveness, high spatiotemporal precision, cell-type selectivity, and accessibility to the 

whole brain region. This study aimed to develop sonogenetics fPET, which integrates 

sonogenetics with functional positron emission tomography (fPET) to probe the functional 

connectivity of neural circuits in the whole brain. As a proof of concept, sonogenetics was used 

to control the basal ganglia circuit. Neurons in the striatum were modified to express ultrasound-

sensitive ion channel, TRPV1, with an intracranially unilaterally injected viral vector (AAV5-

CaMKII-TRPV1 or AAV5-CaMKII-mCherry). At 4-6 weeks after the virus injection, FUS was 

applied to the striatum to activate the TRPV1+ neurons, and 18F-fluorodeoxyglucose (FDG) was 

intravenously administered at the start of the FUS sonication. Simultaneously, fPET imaging was 

performed for the TRPV1+ mice and TRPV1- mice. CT and fPET images were co-registered with 

a 3D mouse brain atlas to evaluate the global functional connectivity. fPET images found 



significantly higher FDG uptake in the sonogenetics-targeted left striatum than in the 

contralateral non-targeted right striatum in TRPV1+ mice. While in the TRPV1- mice, ultrasound 

alone did not induce any detectable changes (Fig. 1A). Brain functional connectivity maps 

revealed that sonogenetics also changed the activity of the global network (Fig. 1B). This study 

developed sonogenetics fPET by integrating TRPV1-mediated sonogenetics and fPET to map the 

mouse brain functional connectivity. Sonogeentic fPET provides a next-generation brain 

mapping tool with the potential to be scaled up to large animals and humans. 
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Abstract: Focused ultrasound has emerged as a non-invasive technique to reversibly disrupt the 

blood-brain barrier, or as a means of neuromodulation. This study aims to investigate the effect 

of focused ultrasound on the pattern of functional connectivity in NHP brains using resting state 

functional MRI. Two conditions of FUS exposures were applied to the caudate nucleus of the 

anesthetized NHPs: 1) FUS exposures only (FUS-neuromodulation: 500kHz, 800kPa peak 

pressure, 2 Hz pulse repletion, 10 ms pulse length, 2% duty cycle, 2 min total duration, 2 NHPs); 

2) Same FUS exposure but combined with microbubbles (4-5μm diameter, 2.5×108 

microbubbles/kg, 2 NHPs). A continuous series of 4 runs (60 min, 15 min/run) resting state 

fMRI for each NHP were performed starting 45 min after ultrasound exposures. As control, 

baseline fMRI scans were performed on all 6 NHPs for a total of 16 runs (2-4 runs for each 

NHP) without FUS exposures. The pre-processing and analysis of fMRI data were performed 

using FSL 6.0.3 and Matlab 2020a. The seed-based correlations among the FUS target and the 

other regions were calculated. The resulting correlation coefficients were transformed using 

Fisher’s Z transform and fed into a 5000-resample non-parametric permutation test (p<0.05 

represents a significance difference) to compare the BOLD activity among baseline, FUS 

neuromodulation and FUS-BBB opening. The average seed-based correlation maps and the 

difference map among these three conditions were also determined. When FUS exposures 

without microbubbles were applied to caudate, an increased mean correlation between FUS 

target and dorsomedial prefrontal (9m and 10mr, p<0.05), superior temporal (RT, RTM, and 

RTp, p<0.001) and insular cortex (Ial and Id, p<0.001) were found, slightly decreased correlation 

were found in some regions in dorsolateral prefrontal cortex (8Bd, 8Bs and 8Ad, no statistical 

significance, p>0.05) and premotor cortex. In contrast, the same FUS exposure combined with 

microbubbles resulted in a significant increased mean correlation between FUS target and most 

regions in dorsomedial and dorsolateral prefrontal cortex (8Bm, 9m, 8Bd, 8Bs, 8Ad and 9d, 

p<0.001), anterior cingulate cortex (24c and 24c’, p<0.001) and ventrolateral prefrontal cortex. 

In conclusion, the same FUS exposure with and without microbubbles showed different patterns 

of functional connectivity, which may indicate different modulating effects on neural activity 

with FUS neuromodulation only and FUS mediated BBB opening. Further studies will be 

focusing on the role of microbubble doses on dramatic changes of functional connectivity. 
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Abstract: Neuromodulation tools are critical for establishing the causal link between neural 

circuits and behavior. We developed sonogenetics by using focused ultrasound (FUS) to 

noninvasively activate genetically defined neuron populations overexpressed with 

thermosensitive TRPV1. While we previously demonstrated successful mouse locomotor 

behavior modulation in a deep brain region (striatum), the application to target superficial brain 

regions was not demonstrated. Targeting superficial brain regions using FUS-induced heating 

requires careful FUS parameter selection to avoid confounding effects associated with skull 

heating and tissue damage. Therefore, we evaluated the feasibility and safety of TRPV1-

mediated sonogenetics to modulate the locomotor behavior of freely moving mice by targeting 

the motor cortex. C57/BL6 mice (female, 8-10 weeks old) were used. AAV was injected to the 

left motor cortex to express TRPV1 (TRPV1+, n=7) in excitatory neurons. After a month, a 

wearable FUS device targeting the motor cortex was attached to the mouse head to control 

neuronal activity by activating TRPV1 through FUS sonication at different acoustic pressures for 

causal control of rotational behavior. Control mice were injected with AAV without TRPV1 

(TRPV1-, n=7). After FUS sonication, the mouse brains were harvested for 

immunohistochemical staining and safety analyses. Upon FUS stimulation at 0.7 MPa, TRPV1+ 

mice displayed rotational behavior in the direction contralateral to the stimulation site, while 

TRPV1- mice did not display rotational preference in either direction (Figure 1). However, 

increasing the acoustic pressure to 1.1 MPa did not achieve successful neuromodulation in 

TRPV1+ mice, which is potentially due to the inhibitory effect related to FUS heating seen in 

TRPV1- mice. Immunohistological analysis of the mouse brain after FUS stimulation at 0.7 MPa 

did not find signs of inflammation or apoptosis (GFAP, Iba1, and Caspase-3). These findings 

demonstrate that TRPV1-mediated sonogenetics can achieve safe and effective neuromodulation 

in superficial brain regions. 
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Abstract: Axonal projection is regulated by both cell-intrinsic competency and extracellular 

cues/environment, although how these elements are coordinated remains elusive. Subcerebral 

projection neurons (SCPN) reside in deep layer V of neocortex, and extend their primary axons 

through the striatum (“internal capsule”) to targets caudal to the cerebrum–the brainstem and 

spinal cord. Investigating conditional Ctip2/Bcl11b mutant mice with gene deletion in cortex 

(Emx1-Cre) and/or striatum (Gsx2-Cre), we identify that Ctip2 functions in multiple independent 

neuron populations to control SCPN axon development. Ctip2 expressed by SCPN is required 

cell-autonomously for axonal outgrowth, pathfinding, and connectivity; Ctip2 expressed by 

striatal (“medium spiny”) projection neurons non-cell-autonomously regulates SCPN axon 

fasciculation within the internal capsule and cerebral peduncle; double conditional Ctip2 mutant 

mice exhibit synergistic and more pronounced SCPN axon projection defects, largely 

recapitulating those observed in Ctip2-null mice. These results indicate that Ctip2 orchestrates 

SCPN axon growth and guidance with distinct functions in two distinct but interacting neuron 

populations, via both cell-autonomous and non-cell-autonomous mechanisms. To directly 

investigate subcellular molecular mechanisms by which Ctip2 cell-intrinsically controls SCPN 

axon projection targeting, we purified SCPN axonal growth cones and somata in vivo during 

development, and investigated their local subcellular transcriptomes. This “subcellular RNA 

mapping” identifies distinct, subcellularly-specific transcriptomic changes in the growth cone 

or/and soma compartments of Ctip2-mutant SCPN. Together, these results demonstrate that 

Ctip2 controls multiple aspects of precise SCPN axon development by coordinated intrinsic and 

extrinsic mechanisms. 
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Abstract: Development of a functioning nervous system requires the establishment of individual 

neurons communicating with multiple targets, achieved by a single axon generating multiple 

branches. These branches differ in lengths and targets, and as such have different metabolic and 

protein needs. Delivery of proteins from the cell body to the correct targets rely on the 

orchestration of microtubule-based transport by several kinesin families of motor proteins, but if 

and how protein or membrane cargos are regulated along the axon, especially at the branch 

junctions, is largely unknown. Here, using cultured primary rodent sensory neurons, we 

demonstrate that cargo delivery is in fact regulated through branch junctions where they can 

target specific branches. We show that anterograde transport of LAMP-1 and synaptic vesicles 

through axonal branch junctions is highly selective, influenced by branch length and more 

strongly by growth cone motility. We further show that not all cargos are responsive to the same 

cues with secretory vesicles such as BDNF being largely unresponsive. To further demonstrate 

this regulation, we employed an optogenetic tool based on the receptor activity for positive 

(TrkA) or negative (PlexinA4) growth signaling to focally activate one specific growth cone. 

Using this method, we found that signaling from the growth cone can rapidly direct transport 

through branch junctions located a distance away from the site of activation. Using shRNA 

knockdown, we further demonstrate that such transport selectivity of LAMP1 vesicles is 

differentially regulated and mediated by the KIF1/kinesin-3 family motors. We propose that this 

transport regulation through branch junctions could broadly impact neuronal development, 

function, and regeneration. 
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Abstract: Clathrin has established role in non-neuronal cells, with clathrin cages enclosing 

membrane infoldings, followed by rapid disassembly and reuse of monomers. However, in 

neurons, clathrin is conveyed in slow axonal transport over days to weeks, and the underlying 

transport/targeting mechanisms, mobile cargo structures, and even its precise presynaptic 

localization and physiologic role are unclear. We found that unlike in dendrites, where clathrin 



cages rapidly assemble and disassemble; in axons, clathrin and related proteins organize into 

stable “transport packets” that are unrelated to endocytosis and move intermittently on 

microtubules, generating an overall slow anterograde flow. At synapses, multiple clathrin 

packets abut - but are not within - synaptic vesicle (SV) clusters, and clathrin packets also 

exchange between synaptic boutons in a microtubule-dependent “superpool.” While clathrin 

packets are stable during axonal transport, surprisingly, those within synaptic boundaries are 

dynamic - continuously exchanging between local clathrin assemblies - and depletion of synaptic 

packets impairs SV recycling. Despite the dogma that slow transport cargoes are not synthesized 

in the ER-->Golgi, our experiments suggest that the axonal clathrin packets are generated by the 

biosynthetic pathway. Collectively, the data provide a conceptual framework for understanding 

clathrin trafficking and presynaptic targeting that has functional implications. 
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Abstract: Redox environment and Semaphorin 3a effects on rat hippocampal 

neuritesassessed by microfluidic chemical isolation with SLIM imagingNorsworthy, Miles1, 

Masa Sakakura2,4, Gabriel Popescu2,4, and Martha U. Gillette1,3,4Dept. of Cell & Developmental 

Biology1, Electrical& Computer Engineering2,Neuroscience Program3, and Beckman Institute 

forAdvancedScience &Technology4,University of Illinois at Urbana-Champaign, Urbana, IL 

61801Brain function emerges when >80 X 109neurons formappropriate connections.Amongthe 

myriad factors that influence the ability of neurons to properly wire connections areredox states 

(Torres & Forman, 2003) & secreted signals, such as semaphorins(Kolodkin et al, 1992). 

However, interactions between these signals at neuronal &sub-neuronal levels are unknown. We 



investigated sub-neuronal differences inglutathione (GSH) redox state & the interaction of redox 

states with semaphorin 3a(Sema3a) signaling within rat hippocampal neurons. We showthat 

hippocampalneurons do not maintain a reduced or oxidized GSH state in axons or dendrites at 2, 

4,& 7 daysin vitro. We also demonstrate that bath applicationof oxidizing reagents orSema3a 

alone diminishes hippocampal axon length, but has no effect on axon lengthwhen applied 

together. Furthermore, we investigate the long-term (days) & short-term(seconds to minutes) 

effects of redox reagents & Sema3a on the dendrites & axons ofhippocampal neurons.This is 

accomplished with microfluidic devices that permitdirectional flows of reagents as well as 

chemical isolation of different portions of theneurons to better simulate the distinct 

microenvironments that neuronal processesexperience within the developing brain. Long-term 

effects are measured by theorientation of axons & dendrites of cultured neurons in relation to the 

flow of reagents &short-term effects are measured via neurite isolation & Spatial Light 

InterferenceMicroscopy (SLIM) within microfluidic devices. SLIM is used to measure changes 

in drymass with accuracy comparable to atomic force microscopy, but at speeds orders 

ofmagnitude greater (Wang et al., 2011). Combining chemical isolation of axons &dendrites 

cultured in microfluidic devices with SLIM allows for accurate, label-free,real-time measuring of 

dry-mass changes in response to a localized signal of redoxreagents &/or Sema3a.This work 

elucidates the effects of redox conditions on thesignaling of Sema3a in ways not possible with 

more conventional techniques & furtherexpands understanding of brain function at neuronal & 

sub-neuronal levels.Support:NSF DGE 17-35252Beckman Institute Vision & SpiritAward 

NIH R21 MH117377NIH RO1GM129709 
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Abstract: The growth cone is an important structure that is involved in both processes, and 

GAP-43 (growth associated protein-43 kDa) is believed to be the classical molecular marker. 



Previously, we used growth cone phosphoproteomics to demonstrate that S96 GAP-43 in rodents 

is a highly phosphorylated site that is phosphorylated by c-jun N-terminal protein kinase (JNK) 

[1]. We also revealed that phosphorylated pS96 antibody recognize growing axons in the 

developing brain and regenerating axons in adult peripheral nerves. In rodents, T172 and S142 

are the additional putative JNK-dependent phosphorylation site that is modified at a lower 

frequency than S96. Here, we characterized this site using pT172- and pS142-specific antibodies. 

We confirmed that these two sites were detected by co-expressing mouse GAP-43 and JNK1. 

These antibodies labeled growth cones and growing axons in developing mouse neurons. 

Comparison of amino acid sequences indicated that rodent S142 and T172 correspond to human 

S151 and T181, we confirmed that these antibodies recognized human phospho-GAP-43 using 

activated JNK1, and also that its immunostaining patterns in neurons differentiated from human 

induced pluripotent cells (hiPSCs) were similar to those observed in mice. These results indicate 

that S142 and T172 residue is phosphorylated by JNK1 and that pS142 and pT172 antibodies are 

new potential molecular markers for axonal growth in both rodents and human [2, 3].Ref.: 1) 

iScience 4: 190 [‘18]; 2) Mol Brain 14: 66 [‘21]; 3) Neurochem Res (in press) 
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Abstract: Midbrain dopaminergic (mDA) neurons play important roles in controlling a variety 

of brain functions. An abnormal development of the dopaminergic circuits can lead to different 

brain disorders. In addition, degeneration of mDA neurons is the leading cause of Parkinson’s 

disease. Dopamine neurons in the midbrain form a heterogeneous set of neurons that innervate 

different regions of the brain. However, the developmental mechanisms regulating the precise 

organization of these neuronal circuits remain poorly understood. Recent discoveries have 

revealed that a proportion of the proteins used for the navigation of developing axons are 

produced locally in axons. This project aims to reveal the cellular and molecular mechanisms 

regulating the precise development of dopaminergic sub-circuits. To identify mRNAs locally 



translated in mDA axons, we used transgenic mice in which ribosomes in mDA neurons are 

specifically tagged (RiboTag mice). Using these mice, we isolated mRNAs associated with the 

ribosomes in mDA axons innervating different brain regions and at different developmental time 

points. Analysis of axonal mRNA content was performed by RNA-sequencing. Our results 

indicate that specific set of mRNAs are present in axons innervating the striatum, the nucleus 

accumbens or the prefrontal cortical areas. We are now validating and study the role of axon 

guidance molecules present in mDA axons. In addition to uncover the axonal translatome of the 

dopaminergic system, this project help to better understand the development of the dopaminergic 

circuits. 
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Abstract: Neurodevelopment is the first stage of life in which the brain undergoes vast 

anatomical and physiological changes often impacting life in its final stages. The amyloid 

precursor protein (APP), a protein central to the pathogenesis of Alzheimer’s disease, also 

contributes to many crucial processes in the brain throughout neurodevelopment, including 

neurogenesis, neuronal migration and neurite growth. Recently, we discovered that sAPPα 

functions as a GABABR1a‐isoform specific ligand to modulate synaptic transmission in neurons. 

The GABAB receptor has been implicated in a number of parallel neurodevelopmental processes 

including neurite outgrowth. Both APP and GABAB have yet to be investigated as part of the 

same developmental pathway and their novel interaction provides the impetus for such an 

inquiry. Utilizing a combination of immunohistochemistry (IHC), primary neuronal cultures of 

C57/Bl6 mice, and confocal microscopy we investigated the influence soluble APP protein, 

sAPPα, had on the longest neurite of E18 primary neurons at 72 hours post treatment with 



500nM sAPPα. Neurites were identified by immunostaining with Beta III Tubulin a neurite 

marker, MAP2 a dendritic marker, and SMI-312 an axon marker. We found that treatment with 

either: Baclofen a GABAB agonist, sAPPα, or a 17 amino acid peptide corresponding to the 

specific binding region of sAPPα to the sushi domain of the GABAB receptor significantly 

reduced the outgrowth of the longest neurite of primary neurons (N (3 Trials) = 196-214,226-

262,195-365 neurons/trial | Median = 81.00, 65.65, 84.04, IQR = 47.61-118.7, 43.90-101.1, 

53.05-132.3) compared to untreated controls (N (3 Trials) = 67-178 neurons/trial | Median = 

106.8, IQR 69.55-146.1) (Kruskal Wallis Test (One-Way ANOVA) P= <0.0001). In addition to 

this, we found that sAPPα required the specific binding region to elicit this impact on neurite 

outgrowth by treating with a form of sAPPα lacking the crucial extension domain responsible for 

the interaction. These results reveal a potential mechanism by which sAPPα and the GABAB 

receptor influence neurodevelopment. In addition, GABAB and APP function are known to be 

disturbed in a number of neurodevelopmental disorders including Autism Spectrum Disorder, 

Fragile X Syndrome, and Angelman Syndrome. We are concurrently investigating this 

mechanism as a novel inroad into therapeutic targets regarding Fragile X Syndrome and its 

known disturbances to neurodevelopment namely involving both the GABAB receptor and APP. 
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Abstract: The α9α10 nicotinic acetylcholine receptor (nAChR) is expressed in cochlear hair 

cells. This nAChR mediates the inhibitory synapse between efferent fibers and outer hair cells. 

The inhibition results from calcium entry through the nAChR, in the presence of acetylcholine 

(ACh), followed by the activation of a Ca2+ dependent potassium current. The α9α10 nAChR 



plays a key role in auditory neural circuits at the post-hearing onset. Hence, a deep understanding 

of the modulatory effects of this cholinergic receptor in auditory circuits would be extremely 

useful for the development strategies towards hearing loss. The α9α10 nAChR is a pentameric 

cation-permeable ion channel that is composed of α9 and α10 subunits. Each nAChR subunit 

comprises a large extracellular amino-terminal domain, four transmembrane domains (TM1-

TM4), a long cytoplasmic loop between TM3 and TM4 and a C-terminal domain. Expression of 

rat α9 and α10 nAChR subunits in Xenopus laevis oocytes yields functional α9 and α9α10 

receptors, but not α10 homomeric nAChRs. One of the functional differences between α9 and 

α9α10 nAChRs is the modulation of their ACh-evoked responses by extracellular Ca2+. While α9 

nAChRs responses are blocked by Ca2+, ACh-evoked currents through α9α10 nAChRs are 

potentiated by Ca2+ in the micromolar range and blocked at millimolar concentrations. In order 

to identify the structural determinants responsible for Ca2+ potentiation, we generated several 

chimeric and mutant α10 subunits, expressed them in Xenopus oocytes and performed 

electrophysiological recordings under two electrode voltage clamp. Our results suggest that the 

TM2-TM3 loop of the α10 subunit contains structural determinants responsible for the 

potentiation of the α9α10 nAChR by Ca2+. Furthermore, we identified α10 E71 and E 202 as 

possible key residues of two potential Ca2+ binding sites involved in this potentiation. Moreover, 

to elucidate the mechanism of this potentiation by extracellular Ca2+ we performed molecular 

dynamics simulations of the interaction of Ca2+ with different nAChRs models (α9 and α10 

homomeric receptors, and α9α10 heteromeric receptor in both grouped and alternated 

configurations). The result of this study shows that both heteromeric α9α10 and homomeric α9 

nAChRs exhibit similar calcium binding in the environment of their TM2-TM3 loops. Therefore, 

our hypothesis is that the TM2-TM3 loop of the α10 subunit contributes with structural 

determinants that are key for the gating of the α9α10 nAChR, once ACh binding has occurred in 

the presence of extracellular Ca2+. 
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Abstract: Regulation of the number of AMPA-type glutamate receptors (GluRs) in the 

postsynaptic membrane controls synaptic strength and is a major mechanism underlying synaptic 

plasticity. It is becoming increasingly apparent that extracellular signals can modulate synaptic 

plasticity by controlling GluR surface levels. However, we are only beginning to understand the 

mechanisms by which secreted factors influence glutamatergic synapses and circuit function, 

especially those mediated by signals that act at a distance between different tissues or cell-types. 

In C. elegans, there are many extrasynaptic secreted signaling molecules, including 

neuromodulators and over 200 neuropeptides (many with unknown function), that could 

potentially regulate synaptic and circuit function. Here, we identify an inter-tissue signal in C. 

elegans that couples changes in muscle activity with GLR-1/GluR surface abundance in distal 

upstream interneurons that control locomotion. Mutants lacking the neuromuscular junction 

(NMJ) acetylcholine receptor (AChR) subunits unc-29 or unc-38, exhibit a compensatory 

increase in surface levels of GLR-1 in the backward locomotion command interneuron AVA. 

This increase in surface GLR-1 could be rescued by expressing wild type cDNAs of unc-29 or 

unc-38 specifically in the body wall muscle of the respective mutant, revealing a feedback 

pathway that appears to couple NMJ signaling with GLR-1 trafficking in AVA. Chronic loss of 

muscle contraction in unc-54/muscle myosin mutants also results in increased surface GLR-1 

levels in AVA, suggesting that lack of muscle contraction is sufficient to trigger the feedback 

pathway. Acute loss of muscle activity induced with temperature-sensitive alleles of unc-

54/myosin or twk-18/potassium channels, was sufficient to trigger the feedback pathway in larval 

L4 animals, suggesting that the change in surface GLR-1 levels can be engaged on a relatively 

short timescale and cannot be attributed to a developmental defect. Finally, loss of function 

mutations in unc-31/CAPS, which mediates the release of neuropeptide-containing dense-core 

vesicles, blocks the feedback pathway triggered by either unc-29/AChR or unc-54/myosin 

mutants. Together, our results identify a novel inter-tissue signal dependent on unc-31/CAPS that 

couples muscle activity with surface levels of GluRs in distal upstream interneurons. We propose 

that this compensatory feedback signal adjusts the strength of motor circuit excitability in 

response to changes in muscle contraction and may be engaged under conditions of declining 

muscle function. 
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Abstract: GRIN1 neurodevelopmental disorder is a rare disease caused by mutations in the 

obligate GluN1 subunit of the NMDA receptor (NMDAR). Y647S+/- mutation in the 

transmembrane region of GluN1 causes intellectual disability and seizures in a patient, with 

unknown effects on NMDAR function and synaptic integration. To determine appropriate 

treatment strategies, we sought to identify the nature of NMDAR deficits using transgenic mice 

of both sexes heterozygous for the Y647S mutation compared to littermate controls. Patch-clamp 

electrophysiology in prefrontal layer 5 pyramidal neurons revealed seemingly paradoxical 

results. Some aspects of NMDAR signaling are diminished, but others are amplified/prolonged. 

Electrically evoked synaptic NMDAR EPSCs are significantly smaller in Y647S mice, yet 

whole-cell currents evoked by bath-applied NMDA are significantly larger. This contradictory 

pattern is also observed on examining dendritic plateau potentials that require NMDARs for 

synaptic integration. The amplitude of plateau potentials is smaller in Y647S mice, but their 

duration is significantly and unexpectedly prolonged. We hypothesize that this pattern in Y647S 

mice arises from a combination of deficient synaptic NMDARs along with an impairment in 

typical NMDAR recruitment of calcium-activated potassium channels to act as brakes on 

postsynaptic activity. Consistent with this hypothesis, a drug potentiating calcium-activated 

potassium channels (NS309) is successful in reducing whole-cell currents evoked 

pharmacologically with NMDA. NS309 also restores appropriate timing to dendritic plateau 

potentials in Y647S mice. These findings give insight into dynamic interactions between 

NMDARs and proximal ion channels and identifies a new research direction for GRIN disorder 

treatment. 
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Abstract: Light control of glutamate receptor ion channel activities, including using small 

molecule photoswitch for manipulating N-methyl-d-aspartate glutamate receptor (NMDAR) 

functions, is an important method for studying brain function. Our previous virtual drug 

screening has identified several NMDAR positive allosteric modulators (PAMs), some of which 

contain an arylhydrazone backbone that can undergo E/Z isomerization under appropriate 

conditions. In this study, combining analytical chemistry approaches and electrophysiology 

recordings of the HEK293 cells transiently expressing rat NMDARs containing GluN1/GluN2A 

or GluN1/GluN2B subunits, we optimized the photochemical and pharmacological properties of 

these NMDAR PAMs. We found that one arylhydrazone compound named 217 readily 

underwent E-to-Z isomerization under blue light, resulting in over 100-fold less potency in 

modulating the currents gated through two prominent NMDAR subtypes; moreover, another 

compound named HILKOD underwent reversible E-to-Z and Z-to-E isomerization using blue 

light (450nm) and UV light (310nm), respectively. The two photoisomers also had substantially 

different bioactivities on NMDARs. To demonstrate the usefulness of these novel photoswitches, 

we showed that optical control of NMDAR activities during electrophysiology experiments was 

possible with compound HILKOD. We concluded that arylhydrazone compounds could be 

useful photoswitches for NMDARs, and further optimizing these compounds might result in 

highly effective research tools for precise manipulation of NMDAR activities. 
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Abstract: The AMPA subtype of ionotropic glutamate receptors (AMPARs) plays an essential 

role in excitatory synaptic transmission, learning, and memory. The majority of AMPA receptors 

are made in the cell body and are transported by molecular motors to synapses. Maintaining a 

proper number of synaptic receptors requires a coordinated regulation of production of receptors, 

export from the soma and delivery at synapses.This is a major logistical process for neurons and 

essential for circuit function and behavior. Although recent studies have shown that long-

distance synaptic transport is regulated by neuronal activity, little is known about mechanisms 

that would coordinate somatic export and synaptic delivery and removal. Here we show that loss 

of the PTP-3A isoform of the receptor tyrosine phosphatase PTP-3 (the C. elegans homologue of 

vertebrate LAR-RPTP) leads to a ~60% decrease in AMPAR transport; this affects synaptic 

delivery of AMPARs and synaptic functions necessary for long-term associative olfactory 

memory in C. elegans. We reveal that the PTP-3A isoform is necessary postsynaptically in adult 

neurons for the regulation of AMPAR transport, delivery, and removal. Interestingly, while 

complete loss of PTP-3A leads to defects in transport and local synaptic trafficking of AMPARs, 

loss of PTP-3 phosphatase function only affects local synaptic cycling and retention. Finally, we 

show that the N- terminal of PTP-3A regulates transport, whereas the C-terminal regulates 

synaptic retention of AMPARs. Altogether, our results suggest a model in which the two 

domains of PTP-3/LAR RPTPs have specific complementary roles in coordinating somatic 

export and local retention of AMPARs essential for long-term associative memory. 
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Abstract: Gephyrin is the key postsynaptic scaffolding protein at glycinergic and a subset of 

gamma aminobutyric acid (GABA)-ergic inhibitory synapses. Neurons express different 

gephyrin splice variants; however, it is unknown whether all isoform act to the same extent as 

synaptic organizers. To characterize the scaffolding properties of neuronal gephyrin splice 

variants, specifically those differing in the incorporation of C4 cassettes, we studied the 



biophysical properties of recombinantly produced isoforms and assessed synaptic scaffolding of 

fluorophore-tagged variants in dissociated neurons. Recombinantly produced isoforms, namely 

gephyrin P1 (without additional splice cassette), - C4a, - C4c, or - C4d, displayed similar binding 

affinities with a soluble pentameric model of the glycine receptor intracellular loops, as 

measured by isothermal titration calorimetry. Biomolecular condensate formation is a process 

that has been implicated in inhibitory postsynaptic density sheet formation. Interestingly, 

purified isoforms containing either C4a or C4d cassettes displayed more rapid phase separation 

with the model interaction partner than the other variants, as determined by time-resolved 

microscopy and turbidity kinetic assays. For the synaptic scaffolding analysis, the formation of 

cytosolic aggregates that are commonly observed upon exogenous gephyrin expression in 

neuronal and non-neuronal cells was circumvented by using adeno-associated virus-mediated 

expression of C4 isoforms in individual dissociated hippocampal CamKII-expressing neurons. 

An automated and quantitative analysis revealed that while P1 did not show any localization 

preference, C4a was enriched in the neuron’s soma and distal localizations, while C4c and C4d 

localized mainly to distal inhibitory synapses. Our results suggest that inhibitory synapse 

heterogeneity may be influenced - at least in part - by mechanisms relating to C4 cassette 

splicing. Taken together, the alternative splicing of gephyrin could be one of the factors 

influencing the organization of molecules at diverse synapse populations. 
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Abstract: GABAA receptors (GABAARs) in oligodendrocyte progenitor cells (OPCs) are 

thought to be an important target for the treatment of demyelinating diseases. In general, 

GABAARs are pentameric complexes built from 3 different subunits encoded from a pool of 19 

genes (α1-6, β1-3, γ1-3, δ, ε, π, θ, ρ1-3), still, the subunit combination/s of the receptors in 

human OPCs remains unknown, delaying their study as potential therapeutic targets. Our aims in 

the present study were to identify the subunits expressed in GABAARs in human OPCs and to 

predict their stoichiometry. For the expression analysis, we used 8 available transcriptomic 



datasets from human cerebral cortex of adults without known neurological disorders. We 

identified OPCs in the sequencing data by selecting cells positive to PDGFRα, an OPC cell 

surface marker. We normalized the expression units (UMIs) of each dataset by obtaining the 

fractional contribution (FC) of subunits to the total pool of mRNA available, where FC is the 

percentage of the sum of the expression levels of each subunit gene in each cell over the sum of 

all 19 gene subunits. We then evaluated the most likely stoichiometry of the GABAAR in human 

OPCs by performing a multiple correlation analysis of the FC data using JMP software. We 

found mRNA expression of most GABAAR subunit genes among all analyzed OPCs. The most 

abundant subunits were α1-3, β1-3 and γ1-3, while all others were barely detected. In our 

multivariate analysis, knowing that most GABAARs in other cells are heteropentameric 

complexes formed by 2αs, 2βs, and 1γ subunit, we looked at the correlations formed by those 

subunits, finding α1β2γ2, α2β1/2γ2/3, and α3β3γ1 as the best combinations in the indicated 

order. To the best of our knowledge, this is the first report to identify GABAAR subunits in 

human OPCs, as well as their likely stoichiometry. Our next goal is to characterize functionally 

and pharmacologically these receptor subunit combinations in native GABAARs isolated from 

human OPCs. 
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Abstract: With the rapid development of artificial intelligence recent years, deep learning neural 

networks have started to be used in behavior analysis of model animals in scientific research. 

Many proof of principle studies show that deep learning neural networks have the ability to 

recognize and quantify the complex behaviors. In itch field, scratching behavior is quantified to 

indicate the itch intensity, as itch is defined as an unpleasant sensation that provokes the desire to 

scratch. Mice is the most widely used model animals for studying the mechanisms of itch in the 

physiological and pathological conditions. However, till now, this quantification process is 

mainly conducted by watching videos and manually counting mouse scratching bouts or time, 

which is tedious, time consuming, and limits the large scale genetic or drug screenings. In this 

study, we developed a method and achieved a high-precision automatic quantification of mice 

scratching behavior using deep learning. First, we designed a video recording box to achieve 



high-quality recording of freely-moving mice in a stable environment. Then we intradermally 

injected chloroquine, an itch-inducing compound, into the nape of 10 mice and recorded 40 

videos containing scratching behavior. We manually annotated the scratching behavior in these 

videos, and trained the deep learning neural networks with 32 videos. The best model is 

evaluated on the 8 testing videos. The recall and precision are also above 95%. We also tested 

the generalization of the prediction model on other itch models with recall and precision above 

85%. The In summary, we developed a ready-to-use system for high-precision automatic 

quantification of mice scratching behavior. This strategy can also be extended for automatic 

analysis and quantification of other behaviors in model animals. 
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Abstract: Itch triggers scratching, a behavioral defense mechanism that aids in the removal of 

harmful irritants and parasites. Chemical itch is triggered by many endogenous and exogenous 

cues, such as pro-inflammatory histamine that is released during an allergic reaction. Mechanical 

itch can be triggered by light sensations such as wool fibers or a crawling insect. In contrast to 

extensively studied chemical itch pathways, the mechanisms underlying mechanical itch 

transduction are largely unknown. Here we show that the mechanically activated ion channel 

PIEZO1, which was not previously implicated in somatosensation, is selectively expressed by 

itch-specific sensory neurons co-expressing somatostatin and natriuretic polypeptide precursor b 



and is required for their mechanically activated currents. Loss of PIEZO1 function in peripheral 

neurons and in somatostatin-expressing neurons greatly reduces mechanically evoked scratching 

behaviors in mice. We also show that neuronal PIEZO1 is essential for both acute and chronic 

itch-evoked sensitization. Finally, mice carrying a gain-of-function Piezo1 allele display 

enhanced mechanical itch behaviors. Our studies unveil the polymodal nature of itch sensory 

neurons and highlight a novel and unexpected role for PIEZO1 in the sensation of itch. 
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Abstract: Previous studies have shown that ligand- and voltage-gated receptors localize to 

cholesterol-enriched membrane lipid rafts. In several cell types, including nociceptive dorsal root 

ganglion (DRG) neurons, these lipid rafts express toll-like receptor 4 (TLR4) and the capsaicin 

receptor TRPV1. Activation of TLR4, as with lipopolysaccharide, leads to lipid raft clustering 

and enlargement, providing optimal conditions for TLR4 homo- and hetero- dimerization. 

ApoA-I binding protein (AIBP), a protein regulating membrane cholesterol, binds to activated 

TLR4, resulting in cholesterol depletion from TLR4-rafts, disrupting lipid raft function, blocking 

TLR4 dimerization and subsequent signaling. Prior work suggests that blocking TLR4 

diminishes pain associated with chemotherapy-induced peripheral neuropathy (CIPN), as 

produced by cisplatin or paclitaxel. In murine paclitaxel-induced neuropathy, we examined 

TLR4 expression and dimerization, lipid raft content, and TRPV1 proximity to lipid rafts in 

DRG neurons by flow cytometry. We further assessed the association of TPRV1 to TLR4 by 

proximity ligation assays in whole-mount DRGs. We evaluated the functional implications of 

these interactions by the in vivo response to capsaicin in the hind paw and evaluation ex vivo of 

TRPV1 activation by capsaicin in isolated DRG neurons. We found that paclitaxel: i) induced 

persistent mechanical allodynia, ii) increased the size of neuronal lipid rafts, iii) increased 

TLR4expression, iv) increased phosphorylation of TRPV1, and v) increased proximity of 



TRPV1 to TLR4 in the lipid rafts. These events were uniformly reversed by intrathecal AIBP. 

Furthermore, the nociceptive response to capsaicin in the paclitaxel mouse is increased, and 

intrathecal AIBP restores it to normal (naïve) levels. This AIBP effect is accompanied by 

reduced phosphorylation of DRG TRPV1 and reduced capsaicin-evoked calcium influx. 

Together, these results suggest that nociceptive signaling is regulated by the assembly of 

nociceptive receptor and ion channel complexes with TLR4 in the environment of lipid rafts in 

DRG neurons. These findings support our hypothesis that persistent pain phenotypes mediated 

by TLR4 signaling may initiate a coordinated activation of a neuraxial signaling complex 

organized by the TLR4-bearing membrane lipid rafts on DRG neurons. 
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Abstract: Type 2 inflammation is a key driver of the pathophysiology of multiple atopic or 

allergic diseases characterized by neuronal hyperinnervation and direct apposition of nerve 

terminals with immune cells. Although the role of neuroinflammatory axis in type 2 

inflammation is ill-explored, recent studies suggest a potential role of type 2 cytokines 

interleukin (IL)-4, IL-13, and IL-31 in multiple type 2 inflammatory disease sensory symptoms, 

including itch in atopic dermatitis, pain and dysphagia in eosinophilic esophagitis, and loss of 

smell and taste in chronic rhinosinusitis with nasal polyposis. Targeting to these type 2 cytokines 

and the neuroimmune axis with biologics can be a promising strategy to attenuate these sensory 

symptoms of type 2 inflammatory diseases. A recent study demonstrates a significant role of IL-

31 in sensory nerve elongation and branching. However, the impact of IL-4 and IL-13 on sensory 

neuron architecture during type 2 inflammatory responses is completely unknown. To investigate 

whether IL-4 and IL-13 modulate neurite outgrowth and branching in sensory neurons, we 



performed immunocytochemical staining to visualize neurons using antibody against PGP9.5 

and/or colocalize with the antibody against IL-4 receptor alpha (IL-4 Rα), a common receptor for 

both IL-4 and IL-13 cytokines. We found that IL-4 Rα is widely expressed in mouse dorsal root 

ganglia (DRG) neurons, which relay sensory neural messages from the periphery to the central 

nervous system. Interestingly, DRG neurons exposed to IL-4 and/or IL-13 cytokines had 

significantly increased neurite outgrowth and branching. Excitingly, the impact of IL-4 and/or 

IL-13 on neurite outgrowth and branching of the sensory neurons was fully comparable with that 

of IL-31, suggesting that IL-4, IL-13, and IL-31 are equally competent in modulating sensory 

axon architecture. Taken together, this study suggests that IL-4 and IL-13 signaling may play a 

key role in neuronal hyperinnervation in type 2 inflammatory diseases and the therapeutic benefit 

of targeting these cytokines in the management of sensory symptoms of these diseases may be a 

result of restoration of sensory neuron architecture. 
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Abstract: Partial denervation, as a result of partial sciatic nerve transection, in skin results in 

collateral sprouting of spared sensory nerves into neighboring denervated territory. Collateral 

sprouting provides a potential means of restoring sensory function without surgery, but it occurs 

concomitantly with unwanted events such as neuropathic pain. A better understanding of 



collateral sprouting mechanisms and consequences is therefore needed. In this study, we 

performed whole-mount immunofluorescence staining of hind paw skin in the mouse spared 

nerve injury (SNI) model, in which the tibial and peroneal branches of the sciatic nerves are 

ligated and transected, leaving the sural nerve intact. Seven days after SNI, we observed a large 

reduction in immunoreactivity (IR) for peptidergic (CGRP) and myelinated (NF-H) nerve fibers 

in the middle of the ipsilateral hind paw skin formerly supplied by the tibial nerve. However, at 

28 and 56 days after injury, progressive reinnervation by CGRP+ and NF-H+ nerve fibers into 

denervated, apparently from saphenous and sural territories, was observed. We next asked 

whether low-threshold mechanoreceptors (LTMRs) participate in collateral sprouting after nerve 

injury, by performing SNI surgery on labeled LTMR mouse lines. Seven days after injury, we 

observed an obvious reduction in nerve terminal structures for Aβ RA-LTMRs, Aδ RA-LTMRs, 

Aβ SAI-LTMRs, Aβ Field-LTMRs, and C-LTMRs in the ipsilateral hind paw. Even 56 days 

after SNI, no collateral sprouting of any LTMR populations into the denervated region was 

evident. However, sympathetic nerve fibers had begun to sprout into the denervated skin by day 

28 and increased until day 56, and these sympathetic neurons formed LTMR-like nerve 

circumferential endings on hair follicles. To define the functional recovery of collateral sprouts 

in denervated skin after nerve injury, we performed optogenetic experiments in 

PirtCre;Rosa26LSL-ChR2-EYFP and CalcaCre;Rosa26LSL-ChR2-EYFP mice, which express the light-gated 

ion channel channelrhodopsin-2 in all sensory neurons and in peptidergic nociceptors, 

respectively. Light-induced paw withdrawal frequency on the ipsilateral hind paw of both mouse 

lines dropped dramatically by 3 days after SNI, but returned gradually to near basal level over 28 

days. Mechanical sensitivity, assayed utilizing von Frey monofilaments and an Austerlitz pin 

applied to the midline of the hind paw, also showed a marked decrease 3 days after SNI, but 

returned gradually to basal level by 28 days, without evidence of hyperalgesic overshoot. These 

results suggest that collateral sprouting contributes to functional recovery of sensory nerves in 

denervated skin. 
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Abstract: Chronic pain affects approximately 1 in 5 individuals, yet safe and effective 

treatments are lacking, likely due to the diversity of cellular mechanisms underlying pain. 

Autophagy is a lysosome-mediated degradation pathway and autophagy dysfunction is 

implicated in many neuropathologies. Yet, whether autophagy regulates pain sensitivity is 

unclear. Here, we addressed this by targeting a critical protein involved in autophagy initiation, 

beclin 1 (Becn1). As a model of inflammatory pain, complete Freund’s adjuvant (CFA) was 

administered subcutaneously to the hind paw of mice. CFA induces hypersensitivity to 

mechanical stimuli, as assessed by von Frey assay. Mice with monoallelic deletion of Becn1 

(Becn1+/-) have greater CFA-induced mechanical hypersensitivity compared to wild type, but 

only in males (M), not in females (F) (14 day time course area over the curve, Becn1+/- vs 

Becn1+/+; M: p<0.01, n=8; F: p>0.05, n=8). Conversely, intrathecal administration of a beclin 1-

activating peptide reverses CFA-induced mechanical hypersensitivity in wild type male mice, but 

had a limited effect in females (2h time course area under the curve (AUC), beclin 1-activating 

peptide vs control scrambled peptide; M: p<0.05, n=7-8; F: p>0.05, n=7-8). We have previously 

demonstrated that the male-specific pain pathway is dependent on brain-derived neurotrophic 

factor (BDNF) upregulation of NMDA receptor activity. Here, we found that intrathecal 

administration of Y1036, a BDNF inhibitor, reverses CFA-induced mechanical hypersensitivity 

in wild type males, but not in Becn1+/- mice (1h time course AUC, Becn1+/- vs Becn1+/+; p<0.05, 

n=7-9). Co-administering beclin 1-activating peptide with BDNF prevents BDNF-induced 

mechanical hypersensitivity (30 min post-injection, BDNF+peptide vs BDNF; p<0.01, n=6-7). 

Furthermore, Becn1+/- male mice express higher levels of the GluN2B subunit of the NMDA 

receptor in the spinal dorsal horn compared to wild type (p<0.05, n=7-10). Taken together, we 

conclude that loss of beclin 1 contributes to mechanical hypersensitivity in a male-specific 

manner, where loss of beclin 1 activity drives the BDNF-NMDA receptor pain pathway. 
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Abstract: One of the main drivers of chronic pain is inflammation following tissue injury or 

nerve injury caused by increased levels of cytokines such as tumor necrosis factor α (TNF). TNF 



has been shown to bind TNFR1 receptor located on the terminals of primary afferent nociceptors 

to directly increase their activity as well as stimulate immune cell activation leading to pro-

inflammatory cytokine production. Our preclinical work has identified TGFβ-activated kinase 1 

(TAK1) as a key signaling element in the TNF mediated pro-survival/inflammatory response 

pathway. TAK1 plays a crucial role in facilitating activation of protein kinase-mediated signaling 

pathways implicated in the pathogenesis of chronic pain processes, and as a result has emerged 

as a novel target for regulating inflammatory and neuropathic pain. To evaluate the potential 

therapeutic role of TAK1, our group recently developed the first orally bioavailable and selective 

TAK1 inhibitor. EYD-001 is a low nM TAK1 inhibitor, that shows μM serum surveillance up to 

8 hours post oral gavage. Based on our pre-clinical work, we hypothesize that TAK1 inhibition 

with EYD-001 will alleviate inflammatory and neuropathic pain by reducing immune responses 

and nociceptor activity. To test this hypothesis, separate groups of mice (N=12, 6M+6F/group) 

received EYD-001 (QD,PO), gabapentin (QD, PO) or vehicle (QD,PO) following MSU intra-

articular knee injections. Mechanical allodynia (Von Frey), knee edema (caliper) and cytokines 

(serum and synovial fluid) were evaluated over the course of the study. Results demonstrate that 

EYD-001 reduced knee edema, mechanical allodynia, and key pain-relevant inflammatory 

cytokines. Furthermore, histological analysis of the knee’s showed EYD-001 treatment reduced 

inflammation and cartilage damage in female mice but not male mice. Our findings suggest that 

TAK1 plays an integral role in inflammatory pain signaling through non-neuronal immune cell 

mechanisms as well as endogenous neuronal mechanisms. 
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Abstract: Development of safe and effective pharmacological interventions to treat chronic pain 

is an ongoing clinical need. Development of new drugs requires careful consideration of target 

cell population, fine-tuning of efficacy, and prevention of unwanted signaling. One strategy 

toward such specificity is to establish cell state-driven delivery of therapeutics at appropriate 

quantities. Here we report the invention of a novel synthetic sense-and-actuate system that 

translates chronic pain-implicated signaling into potentially analgesic cellular responses. 

Specifically, this system utilizes active tropomyosin-related kinase A (TrkA) to couple a signal-

activated regulator to a signal-activated effector that downregulates mitogen-activated protein 

kinase (MAPK) pathway via relocation of a modified c-Raf Ras binding domain (RBD) to 

subcellular sites enriched with TrkA-activated Ras. We also demonstrated this system to be 

highly modular by showing its ability to receive triggers other than TrkA and to generate outputs 

from effectors other than RBD. Our results highlight the potential of this synthetic system for 

attenuating signaling pathways related to pathological pain, as a platform for development and 

testing of novel pain therapeutics, and as a new general approach to interrogate receptor tyrosine 

kinase activity in real-time. 
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Abstract: BACKGROUND: Nerve growth factor (NGF) provides robust trophic support to 

peripheral sensory neurons. As such, NGF has been extensively tested as a therapeutic measure 

for treating various conditions. However, many past clinical trials failed due to painful side 

effects such as site injection hyperalgesia or myalgia. Recent studies of a mutant NGF 

(NGFR100W) associated with hereditary sensory autonomic neuropathy V (HSAN V) have 

demonstrated that NGFR100W no longer induced pain while still retaining its trophic support 

bioactivity. Therefore, NGFR100W may serve as an effective therapy for treating small sensory 

fiber degeneration in peripheral sensory neuropathy. OBLECTIVE: To define the preclinical 



efficacy and effectiveness of NGFR100W in rescuing/preventing small sensory small sensory fiber 

degeneration in vivo. METHODS: NGF and NGFR100W was injected into the hindpaw of two 

mouse models of sensory fiber neuropathy: Charcot Marie Tooth Type 2B mice and cisplatin-

induced neuropathy. We measured the pain response in mice treated with NGF or NGFR100W. 

The density of small sensory fibers (intra-epidermal sensory fibers, IENFs) in the hindpaw skin 

was measured and quantitated. RESULTS: When injected into wildtype mice, NGF at 0.5 μg 

induced strong acute pain response, while mice receiving NGFR100W even at 10 μg still did not 

show apparent hyperalgesia to thermal stimuli. When injected into CMT2B and cisplatin-treated 

mice, the effect of NGFR100W in rescuing pain response and IENF density was similar to that by 

wild type NGF. Our immunohistochemistry data further indicated NGFR100W prompted neuronal 

recovery comparable to that observed in wild-type NGF. CONCLUSION: Our study has 

demonstrated that NGFR100W even at high doses did not induce strong pain causing effect in vivo; 

More importantly, NGFR100W was effective in rescuing degenerative small sensory fibers both 

structurally and functionally. These results provide strong support for further investigating the 

clinical applications of NGFR100W. 

Disclosures:  C. Wu: None. K. Sung: None. S. Woo: None. S. Barber: None. 

Nanosymposium 

345. Itch and Pain Mechanisms in Rodents and Humans 

Location: SDCC 33 

Time: Monday, November 14, 2022, 1:00 PM - 4:30 PM 

Presentation Number: 345.10 

Topic: D.02. Somatosensation – Pain 

Title: Low-intensity 10kHz spinal cord stimulation reduces behavioral and neural 

hypersensitivity in a rat model of painful diabetic neuropathy 

Authors: *D. WANG, K. LEE, Z. KAGAN, D. LEE, K. BRADLEY;  

Nevro Corp., Redwood City, CA 

Abstract: Painful diabetic neuropathy (PDN) is a serious complication of diabetes and occurs in 

approximately 20% of patients with diabetes mellitus. In a recent randomized controlled clinical 

trial, 10kHz spinal cord stimulation (10kHz SCS) was shown to be a promising therapy for PDN, 

in both pain reduction and possible neurological improvements (Petersen et al 2021). In this 

study, we aimed to observe the behavioral and neural effects of 10kHz SCS on PDN using 

streptozotocin (STZ)-induced diabetic rats. 

We established four testing groups: naïve controls, STZ controls (STZ injection only), 

STZ+Sham (STZ injection with implanted-but-unstimulated epidural spinal electrode), and 

STZ+10kHz SCS (STZ injection with implanted-and-stimulated epidural spinal electrode). A 

single effective dose (60 mg/kg) of the cytotoxic agent STZ caused the rats to become 

hyperglycemic (>270 mg/dl) within 72 hours and lasted for several weeks. These STZ-injected 

rats also showed a significant and continuous reduction in body weight in comparing to naïve 

control rats. In behavioral assessments, we observed that 7 days of continuous (24h/day) low-



intensity (30% of motor threshold) 10kHz SCS appeared to restore von Frey paw withdrawal 

thresholds to approximately 96% of naïve controls, showing statistically significant improvement 

from the Pre-SCS baseline after 7 days of 10kHz SCS, and versus STZ control or STZ+Sham 

animals. 

We also performed electrophysiologic testing just prior to termination in all groups. We found 

normalization of the receptive field area of wide dynamic range dorsal horn neurons was 

significantly greater for the STZ+Sham group than the areas of both the STZ+10kHz SCS and 

Naïve group. In addition, we observed that the firing rates of dorsal horn neurons induced by 

mechanical stimulation were significantly different between groups. 10kHz SCS demonstrated a 

significantly reduced firing rate in response to paw brush, pinch, or Von Frey filaments 

stimulation in comparing to STZ+Sham animals. 

Our results demonstrate that low intensity 10 kHz SCS resulted in behavioral and 

electrophysiological outcomes reflective of pain reduction in a commonly used rodent model of 

painful diabetic neuropathy. This work underscores the clinical findings of significant and robust 

pain relief in PDN patients using paresthesia-free 10 kHz SCS, and lays the groundwork for 

further exploration of newer mechanisms not dependent upon dorsal column activation. 
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Abstract: Mast cell activation of the dura mater mediates alcohol withdrawal-induced headache 

behavior 

Hyeonwi Son1, Yan Zhang1, John Shannonhouse1, Hirotake Ishida1, Ruben Gomez1,and Yu Shin 

Kim1,2,* 
1Department of Oral & Maxillofacial Surgery, School of Dentistry; 2Programs inIntegrated 



Biomedical Sciences, Translational Sciences, Biomedical Engineering,Radiological Sciences, 

University of Texas Health Science Center at San Antonio 

Headache is a severe alcohol withdrawal symptom affecting daily life. There is an unmet need 

for appropriate therapeutic options. Here, we show that mast cell (MC) activation mediates 

development of alcohol withdrawal-induced headache. Withdrawing alcohol from alcohol-

acclimated mice induces headache behaviors often observed in humans suffering from 

headaches, including facial allodynia, facial pain expressions, and reduced walking movement. 

Observed pain behaviors were abolished in MC-dysfunctional mice. We observed in vivo 

spontaneous activation and hypersensitization of trigeminal ganglia neurons in alcohol 

withdrawal mice but not in MC-dysfunctional mice. Moreover, MC degranulation was increased 

in dura mater of alcohol withdrawal mice, which was prevented by MC dysfunction. Injection of 

MC activator into dura mater resulted in activation of trigeminal ganglia neurons and 

vasodilation, which was accompanied by headache behavior. These results indicate that alcohol 

withdrawal causes headache via MC degranulation in dura mater. MCs of dura mater are a 

potential target for treating alcohol withdrawal-related headache. 
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Abstract: Migraine is the most common neurological disorder in the world. It is a multisystemic, 

multicausal condition characterized by increased neuronal activity in various brain regions 

including the hypothalamus and trigeminal nerve complex. Reactive hypoglycemia has not been 

previously characterized as a diagnostically or therapeutically relevant ancillary to chronified 

migraine. Previous reports have indicated an association between migraine and reduced insulin 

sensitivity leading to increased average blood glucose levels. In this study twenty-five patients 

with previously diagnosed chronic migraine were given three-hour glucose tolerance testing of 

100 g glucose load after 12-hours of fasting. The average glucose blood levels were as follows: 

post fasting baseline (82 mg/dL +/- 12 mg/dL), 1-hour post glucose ingestion (110 mg/dL +/- 14 

mg/dL), 2-hour post glucose ingestion (80.25 mg/dL +/- 14 mg/dL), and 3-hour post glucose 



ingestion (53 mg/dL +/- 6 mg/dL). The flagged reference glucose range at 3-hours was 65-139 

mg/dL. The mechanistic pathophysiological causes of altered glucose regulation in migraine are 

poorly understood. There could be various aspects of the glucose profile that should be taken into 

consideration by the clinician until greater understanding of the extent to which this issue 

contributes to migraine is further elucidated. 
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Abstract: The parabrachial nuclear complex (PB) is a nexus for aversion, and for the 

nociceptive and affective components of pain perception. We have previously shown that, during 

chronic pain, PB neurons have increased activity and respond to noxious stimuli with prolonged 

after-discharges – responses that far outlast the stimulus. This phenomenon—like most of what 

we know about the electrophysiology of pain—has only been observed in anesthetized animals. 

Anesthesia profoundly alters neuronal responses to nociception and masks their responses to the 

affective component of pain. We have developed a method to investigate PB in awake, behaving 

animals by recording single units in vivo from head restrained mice. This offered opportunities to 

study the time course of changes in PB activity by recording repeatedly from the same animals. 

It also allows us to correlate PB activity with the animal's behavioral state, by using pupil 

changes as a proxy for internal states. We report that, in PB neurons from both male and female 

mice, anesthesia leads to decreased activity, specifically a decrease in spontaneous activity and 

reduced magnitude of the responses to noxious stimuli. We also demonstrate that, in awake mice, 

evoked response both before and after chronic pain results in a lasting amplification of PB 

activity. Finally, we show that changes in PB activity are related to changes in arousal, which 

was captured by increases in pupil diameter states in response to noxious and aversive stimuli. 
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Abstract: Human pain is a salient stimulus composed of two main components: a 

sensory\somatic component, carrying peripheral nociceptive sensation via the spino-thalamic 

tract and brainstem nuclei to the thalamus and then to sensory cortical regions, and an affective 

(suffering) component, where information from central thalamic nuclei is carried to the anterior 

insula, dorsal anterior cingulate cortex and other regions. In the current study, we examined how 

lesions to nodes of the affective and somatic pain pathways affect resting-state network topology 

in cancer patients suffering from severe intractable pain. Two procedures have been employed: 

percutaneous cervical cordotomy (n=20), hypothesized to disrupt the transmission of the sensory 

component of pain along the spino-thalamic tract, or stereotactic cingulotomy (n=12), which 

refers to bilateral intra-cranial ablation of an area in the dACC and is known to ameliorate the 

affective component of pain. Both procedures led to immediate significant alleviation of 

experienced pain and decreased functional connectivity within the salience network. However, 

only the somatic procedure (cordotomy) led to decreased connectivity within the sensorimotor 

network. Thus, our results support the existence of two converging systems relaying experienced 

pain, showing that pain-related suffering can be either directly influenced by interfering with the 

affective pathway, or indirectly influenced by interfering with the ascending spino-thalamic tract. 
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Abstract: Humans and other primates make 2-4 saccadic eye movements each second to direct 

the central retina towards objects of interest. We isolate the neural and perceptual effects of 

saccades in macaques by comparing behavioral trials with saccades and trials that involve a 

simulated saccade and the same visual stimulation, but no actual eye movement. We previously 

showed that, compared to simulated saccades, true saccades suppress contrast sensitivity to low 

spatial frequency stimuli that appear at the start of fixation and enhance sensitivity to higher 

frequencies. Changes in V1 firing rates correlated with these changes in perception that resulted 

from extra-retinal input (i.e. corollary discharge). Here, we trained decoders on the latency of the 

first spike after fixation onset and found that spike latency readily distinguishes trials with 

saccades from simulated-saccades. Neural decoders were then trained on spike rates and this 

revealed two distinct temporal components of extraretinal modulation. The immediate effect of a 

stimulus that appeared at fixation onset was response suppression (compared to the simulated-

saccade condition), and this suppression occurred at all spatial frequencies. The timing of 

suppression could be used to accurately predict the time of fixation onset and thus parse the 

visual response into epochs coinciding to different fixation periods. The temporal precision of 

suppression presumably explains why first-spike latency accurately distinguishes saccade and 

simulated-saccade trials. After about 50 ms, firing rates were modulated in a stimulus-dependent 

manner – low spatial frequency responses were suppressed and higher frequencies enhanced. In 

this later time epoch, average pairwise noise correlations were reduced and the principal mode of 

the noise became orthogonal to the incoming visual signal. Finally, spike count decoding was 

used to determine the time after fixation onset at which neural activity reached 70% correct 

distinguishing the presence of a stimulus at one of two locations. Consistent with a coarse-to-fine 

trend, threshold was reached faster at low spatial frequencies. However, saccades had the effect 

of significantly reducing the time needed to reach threshold at high spatial frequencies. Taken 

together, the results show the significant extent to which an extraretinal signal modulates the 

timing and specificity of the V1 response to visual input. Saccade-based changes in noise 

correlations and coarse-to-fine processing may optimize V1 activity to speed object recognition. 
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Abstract: Neurons’ dynamic range is limited compared to the wide range of sensory inputs 

encountered in everyday life. The visual system solves this problem by dynamically adjusting 

neural response functions by a computation called gain control. However, this optimization for 

the current input poses a problem in the context of the repeated saccades that primates make to 

explore visual scenes. Specifically, optimal gain settings based on pre-saccadic input are unlikely 

to be optimal for the post-saccadic input. We tested the hypothesis that the visual system deals 

with this problem by preemptively adjusting gain settings with each saccade. We recorded neural 

activity in the primary visual cortex (V1) of two male macaques using permanently implanted 

electrodes (N=96). The animals received liquid reward for making a sequence of back-and-forth 

saccades interspersed with steady fixation. The contrast of the visual input (sinusoidal gratings) 

changed pseudo-randomly every 330 ms. We used a general linear model to extract, from the 

multi-unit activity, the response corresponding to each stimulus, the preceding stimulus (i.e., 

gain control), and the saccade, all separately for each stimulus contrast. Stimulus responses 

showed the expected transient/sustained responses that increased monotonically with contrast. 

Gain control was evident as a suppression (low gain) of the response following high contrast 

stimuli and an enhancement (high gain) of the response following low contrast stimuli. Saccades 

reset these gain settings; saccades following a high contrast (low gain) stimulus reset the gain to 

a high value, while saccades following a low contrast (high gain) stimulus reset the gain to a low 

value. These findings suggest that V1 neurons optimize gain not only to handle current input, but 

also to prepare for impending changes in visual input. We coin the term preemptive gain control 

to describe the latter process. In the past, we and others have interpreted firing rate changes at the 

time of saccades in terms of saccadic omission - the phenomenon that intra-saccadic retinal input 

is omitted from awareness. Although these interpretations may not necessarily be mutually 

exclusive, the novel concept of preemptive gain control links peri-saccadic firing rate changes 

directly to the optimization of post-saccadic vision. This optimization is important because the 

goal of each saccade is to inspect a new area of interest with the high-resolution fovea; 

suboptimal gain settings would be contrary to this core goal of active vision. Given that primates 

make about three saccades each second, preemptive gain control can contribute substantially to 

the optimization of visual processing. 
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Abstract: Animals actively sample their sensory environment. In vision, this often means that 

movement of the body, head and/or eyes directs gaze to scene locations of interest. As a result, 

under naturalistic viewing conditions, the image on the retina is subject to continuous self-

generated motion. This presents a challenge for the visual system, as visual neurons are tasked 

with encoding specific features of the external visual world in a rapidly changing context where 

the dominant sources of visual changes on the retina may be self generated. How do visual 

neurons reliably encode features of interest under these dynamic conditions? We explore this 

question using visual projection neurons (VPNs) in Drosophila. VPNs are situated at a critical 

bottleneck in the fly visual system, carrying highly processed visual information from the optic 

lobes to the central brain to guide behavior. To explore the relationship between self motion cues 

and representation of external object motion by populations of VPNs, we developed a new 

calcium imaging and alignment method to measure responses across many VPN classes 

simultaneously in a behaving animal. We find that small-object detecting VPNs modulate their 

gain according to two distinct cues associated with self motion: motor-related cues when the 

animal walks, and visual scene statistics characteristic of retinal input during self-generated 

motion. Fig. 1: A. Fly on ball under imaging microscope. B. VPN calcium responses to a 

repeated small moving spot are measured while fly walking behavior is monitored. Responses 

are suppressed during walking (gray shaded trials). C. A small spot probes response gain while a 

widefield image is shifted to mimic Drosophila walking body saccades. D. Timing of saccade is 

varied. E. Probe responses of a small object detecting glomerulus with different visual saccade 

timings indicated by the vertical yellow line. Response gain is suppressed when the visual 

saccade occurs near the probe response onset time. 
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Abstract: Image analysis in the visual system is performed by neurons having individual 

receptive fields (RF’s) sampling confined regions of the retinal image. Extrafoveally, and 

particularly in higher visual areas, RF’s can be large; this is also the case in sensory-motor 

structures like the superior colliculus (SC). Integration of relatively large image regions into 

individual RF’s raises questions about how detailed visual pattern analysis can occur when the 

local features inside an RF are much smaller than RF size. Among these questions is what nature 

of visual processing takes place in the SC when compared to other visual areas that are more 

distant from the motor control apparatuses. For example, does the SC’s classically-attributed role 

in orienting responses mean that SC neurons are incapable of detailed visual pattern analysis? 

We investigated this question by exploring whether SC neurons are sensitive to the visual pattern 

consequences of minute image displacements over their RF’s. With the head fixed, a lower limit 

on natural self-induced retinal image motion is that caused by slow ocular position drifts. With 

stable external stimuli, such drifts introduce image pattern displacements over individual RF’s 

that are much smaller than the RF’s themselves. Thus, the local pattern features of the stimuli 

never really leave the RF’s. Yet, theoretical and perceptual works suggest that small 

displacements associated with ocular position drifts reformat images in meaningful ways for 

perception. We asked whether SC neurons are sensitive to such reformatting. We employed 

gaze-contingent retinal image stabilization, combined with gratings of different properties, to 

identify a direct SC neural correlate of perceptual effects associated with drifts. We presented 

gratings to SC neuron RF’s in two macaque monkeys, either stably on the display (and thus 

moving on the retina) or using gaze-contingent display updates. Across trials, gaze-contingence 

was programmed to minimize either the full drift-induced retinal motions of the gratings or the 

retinal motions’ horizontal or vertical components; with horizontal or vertical gratings, the latter 

meant minimizing retinal luminance variations either orthogonal or parallel to the image 

patterns. SC neurons robustly reflected the minute spatiotemporal luminance changes caused by 

ocular position drifts, even extrafoveally with RF’s much bigger than the image shifts. These 

results complement studies in the retina highlighting the impact of visual reformatting by drifts 

on the retinal output, and they demonstrate that SC neurons can contribute to visual scene 

analysis with high fidelity despite their relatively large RF’s. 
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Abstract: Neurons in the mouse primary visual cortex (V1) are traditionally described using 

classical response properties, such as direction/orientation selectivity. These properties are 

measured by showing moving gratings to a head-fixed animal while recording the ensuing neural 

responses. This approach is in stark contrast to what mice see and do in nature, where they 

experience much more complex visual scenes while engaging in behaviors such as foraging and 

hunting. It is unclear how V1 cells respond during such behaviors. Here, using hunting as a 

naturalistic behavior, we show that V1 neurons encode a number of hunting-related variables, 

such as distance and angle to prey. To acquire such data, we combined video tracking of mice 

hunting live crickets in an open arena and calcium imaging using miniature microscopes. This 

allowed us to characterize the tuning of hundreds of V1 cells to several behaviorally-relevant 

variables. We observed that many neurons showed selective tuning to at least one of such 

variables. At the population level, however, decoding analyses showed that only a subset of these 

variables can be decoded. These included previously reported quantities, like mouse speed, but 

also hunting-relevant variables, such as prey distance. Our results therefore show that, despite the 

“early” positioning of V1 in the visual pathway, its cells can show complex response patterns to 

scenes that differ greatly from moving gratings. This highlights the importance of recording 

neuronal responses in freely-moving animals performing ethologically relevant behaviors, as 

these responses are a step towards understanding how the brain controls complex behaviors. 
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Abstract: Distinctions in neural dynamics of different cortical layers are apparent in both 

neuronal and local field potential (LFP) patterns. Yet, the associations between spiking activity 

and LFPs in the context of laminar processing have only been sparingly analyzed. While spike-

field connectivity analyses can help decipher the link between the multilevel brain dynamics and 

behavior, they present a challenging computational problem due to disparities in the signal 

structure and corresponding signal processing methodologies developed for each modality. Here, 

we study the laminar organization of spike-field causal flow patterns using a novel multiscale 

framework that quantifies LFPs as a point process of frequency-specific transient bursts. The 

framework provides a shared metric space for computations on the signal modalities while 

limiting time resolution only to the slowest sampled signal. To quantify directional asymmetries 

between spikes and LFPs in the point process space, we evaluate directed information, an 

information-theoretic measure of causal influence, using techniques from kernel spike-train 

representations. In monkeys performing a visual task with modified sample predictability, spike-

field causal flow within and across individual columns of visual-area 4 (V4) and prefrontal 

cortex (PFC) revealed behavior and frequency specificity in their laminar organization. During 

stimulus processing, gamma bursts (40-80 Hz) in the superficial layers of V4 largely drove 

intralaminar spiking. These gamma influences also fed forward up the cortical hierarchy, where 

they modulated laminar spiking in PFC. Connections originating in V4 were generally more 

pronounced during novel stimulus presentations than during repeated presentations. In the same 

interval, we observed a reverse phenomenon in the PFC where the direction of intralaminar 

information flow was from spikes to fields. Here, superficial-layer neurons were the primary 

drivers of gamma activity, while deep layers neurons modulated beta (8-30 Hz) activity in the 

column. Moreover, these influences dually controlled top-down and bottom-up processing, with 

superficial-layer influences being higher to gamma during novel stimuli and deep-layer 

influences to beta during repeated stimulus presentations. Prestimulus spiking activity in V4 and 

PFC was primarily driven by deep-layer beta in PFC, where the pathways showed enhanced 

information transfer during repetitive blocks. While these results corroborate existing theories on 

the functional roles assumed by individual cortical layers, they further emphasize the 

complexities of causal interactions between LFPs and spiking activity. 
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Abstract: The activity of interneurons in the visual cortex is critical for visual processing and 

perceptual behaviors. Among the interneurons, somatostatin-expressing interneurons (SST+ INs) 

are important for sensory gating via inhibition of the pyramidal neurons or other interneurons. 

Moreover, a recent study showed that the exogenous application of somatostatin (SST), a 

neuropeptide potentially released from the SST+ INs, enhanced the visual gain of primary visual 

cortex (V1) neurons and the visual discriminability of mice. However, it is still unclear when the 

SST+ INs release the SST peptides and modulate V1 processing in animals performing visual 

tasks. Here, we present an experimental setup that enables in vivo calcium imaging of V1 

neurons in mice discriminating visual stimuli in the T-maze. In this setup, mice learn to 

discriminate the two different static grating orientation stimuli for left or right choices. In the 

well-trained mice, we measured the activity of SST+ INs in the V1 using a miniaturized 1-photon 

fluorescence microscope. Interestingly, we found that their activity increased after the stimulus 

onset but decreased when mice entered the reward zones. This opposite responsiveness was not 

observed in the excitatory neurons during the task. We next measured the SST release via 

GRABSST sensor imaging in the V1 of task-performing mice using fiber photometry. We found 

that the SST release increased after the stimulus onset, in correlation with the activity increase of 

SST+ INs during the task. Our data suggest that the activity of SST+ INs increases and the SST is 

released in the V1 when animals process visual information for their behavioral choices. 
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Abstract: Substance use disorder (SUD) is characterized by compulsive and chronic use and 

seeking of psychoactive drugs. Drug seeking behavior is believed to usurp reward-signaling 

pathways that otherwise control seeking of non-drug natural rewards such as food acquisition or 

reproductive efforts. To target maladaptive drug seeking, it is critical to understand the 

neurobiological components driving drug reward seeking that are exclusive to only drug reward 

seeking. Neuronal projections between the prefrontal cortex (PFC) and the nucleus accumbens 

core (NAcore) regions within the brain reward pathway have shown genetic changes related to 

drug-seeking behavior. Additionally, reward-specific ensembles, i.e., a small population of 

neurons co-activated during reward seeking, have been identified in the PFC and NAcore. 

However, the reward signaling transcriptome of the PFC and NAcore regions that solely drive 

drug seeking have not yet been defined. Thus, our research aims to determine transcription 

factors related exclusively to drug seeking behavior within the PFC and NAcore. Using targeted 

recombination of activated populations (TRAP) in FOSCreERT2/+/Ai14 transgenic mice, we 

conditioned mice using a drug (cocaine) and non-drug (sucrose) dual-reward self-administration 

model to fluorescently sort (FACS) and characterize (RNAseq) the transcriptomes of reward 

signaling neurons involved specifically within each reward-seeking ensemble. Identifying drug-

specific alterations in gene expression, separate from seeking other non-drug rewards, ultimately 

advances the understanding and improves intervention of relapse in those struggling with SUD. 
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Abstract: Human genetic association studies have linked single nucleotide polymorphisms 

(SNPs) of the CHRNA5 gene, encoding the α5 nicotinic acetylcholine receptor subunit (α5-

nAChR), to an increased risk of alcohol use disorders (AUDs).To understand how α5-nAChR 

subunit mutations may influence alcohol-drinking behavior and preconsummatory traits relevant 

to AUDs (anxiety, sensation-seeking, impulsivity), we tested male and female transgenic mice 

expressing either the most common SNP (D398N_α5KI) or a deletion of the CHRNA5 gene 

(α5KO) in the elevated-plus maze, novelty-place preference and step-down tasks. Their alcohol 

consumption was then assessed through an intermittent two-bottle choice self-administration 

protocol. As this is where α5-nAChR is most densely expressed, we investigated the implication 

of the α5*nAChR-expressing IPN-GABAergic neurons in these changes using neurospecific 

reexpression of the subunit in α5KOxGAD-Cre mice.α5KI and α5KO mice both showed alcohol 

over-consumption for highly concentrated solutions but displayed opposite anxiety-related 

behaviour (hyper vs hypo-anxious) and behavioural control (impulsive-like vs not impulsive, 

respectively). These opposite phenotypes strongly evoke characteristics of Cloninger’s avoidant 

(Type-I) and sensation-seeking (Type-II) AUDs. Moreover, viral reexpression of α5-nAChR in 

IPN-GABAergic neurons decreased alcohol consumption and improved the impulsive-like 

phenotype observed in α5KO. These results support that mutations of the α5-nAChR subunit 

resulting in loss of α5*nAChRs function shift the alcohol consumption toward high doses, and in 

contrast, that α5*nAChR-expressing IPN-GABAergic neurons contribute to its control. 

Furthermore, we hypothesize that α5-nicotinic mutants may provide a preclinical model of 

Cloninger’s AUD subtypes, which could represent a major step toward the development of 

personalized and more effective therapeutic strategies. 
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Abstract: Human genetic association studies have linked different single nucleotide 

polymorphisms (SNPs) of the alpha5-subunit of nicotinic acetylcholine receptors to an increased 

risk of alcohol use disorders (AUDs). Transgenic mice expressing either a common SNP 

(D398N, α5KI) or a deletion of the CHRNA5 gene altogether (α5KO) are both prone to alcohol 

over-consumption but display opposite anxiety-related behaviour (hyper vs hypo-anxious) and 

behavioural control (impulsive-like vs not impulsive, respectively). These opposite phenotypes 

strongly evoke characteristics of Cloninger’s avoidant (Type-I) and sensation-seeking (Type-II) 

AUDs. To further explore the possibility that α5-nicotinic mutants may provide a preclinical 

model of Cloninger’s AUD subtypes, we investigated their social-emotional profiles as well as 

the activity of the amygdalo-hippocampal pathway, involved in social-emotional processes. 

Emotion recognition abilities were assessed using the Affective State Discrimination Task, and 

rescuing behaviour using the Restrainer Tube Test. Male α5KO mice were impaired in 

recognition of a stressed affective state and did not display rescuing behaviour towards trapped 

peers, or were doing so in an inappropriate manner by assaulting them. In contrast, female α5KI 

mice exhibited normal emotion recognition and improved rescuing behaviour. Moreover, in vivo 

electrophysiological recordings revealed opposite changes in amygdalo-hippocampal activity in 

relation with these social-emotional profiles, such as a higher potentiation versus a loss of 

potentiation of the BLA-vCA1 neurotransmission in α5KI and α5KO respectively following high 

frequency stimulation. These results further support the parallel between social-emotional 

profiles of AUD type-I and female α5KI mice, and between AUD type-II and male α5KO mice 

and the implication of the amygdalo-hippocampal pathway in these differences. 
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Abstract: Post-traumatic stress disorder (PTSD) increases vulnerability to develop AUD co-

morbidity. Alcohol produces interoceptive (subjective) stimulus effects that likely influence drug 

intake by driving drinking or signaling satiety. Therefore, understanding the role of a stressor on 

alcohol interoceptive sensitivity is clinically relevant. The present studies used exposure to the 

predator odor 2,5‐dihydro‐2,4,5‐trimethylthiazoline (TMT) to model a traumatic stress event. 

Not all individuals that experience trauma develop PTSD, and as such our model captures 

individual differences in stress reactivity. We use digging and immobility measures during the 

TMT exposure to create 2 TMT sub-groups (digging/immobility ratio; TMT-1 < 5 and TMT-2 > 

5). Prior experiments show TMT-2 rats display increased alcohol self-administration compared 

to TMT-1 and controls. These experiments follow-up to determine if TMT exposure and these 

sub-groups affect alcohol interoceptive sensitivity. Male and female, Long-Evans rats were 

trained to discriminate the interoceptive effects of alcohol (2.0 g/kg, i.g.) from water using a 

Pavlovian drug discrimination procedure, which serves as an index of interoceptive sensitivity to 

alcohol. Upon stable discrimination, rats underwent TMT exposure and then remained 

undisturbed in their home cage for 2 weeks prior to interoceptive sensitivity testing. In males, 

TMT exposure potentiated the interoceptive effects of 1 g/kg alcohol, and this effect was driven 

by the TMT-2 sub-group. A pentobarbital substitution test showed potentiated alcohol-like 

stimulus effects in the TMT-2 group compared to controls, suggesting a GABAergic adaptation. 

In females, TMT exposure increased the interoceptive effects of 2 g/kg alcohol, and this effect 

was driven by the TMT-1 sub-group. Next, gene expression analyses were conducted 2 weeks 

after TMT exposure in male and female rats in the insular cortex (IC), a brain region implicated 

in alcohol interoceptive sensitivity. Several NMDA receptor transcripts and GAD1 (inhibitory 

cell marker) were elevated in the TMT group compared to controls. Parvalbumin gene 

expression was increased in the TMT-2 group compared to controls, but somatostatin expression 

was unchanged. Together, these data demonstrate potentiated sensitivity to alcohol in both sexes, 

and sex differences in the stress-reactive sub-groups driving this effect. Finally, GABAergic, 

parvalbumin interneurons in the IC may underlie the potentiated sensitivity to alcohol in males. 
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Abstract: Drug-associated memories can drive relapse long after the last instance of drug use. 

Associative memories, including cue-drug memories, are thought to be encoded within specific 

patterns of strongly activated neurons (neuronal ensembles) that can be identified using 

immediate early genes such as Fos. Our lab and others showed that Fos-expressing neuronal 

ensembles play a causal role in drug-seeking behaviors and identified ensemble-specific 

transcriptional alterations. However, these studies used pooled samples of Fos-positive and Fos-

negative neurons, which contained multiple cell types, and used a targeted analysis of relatively 

few candidate genes. These results cannot inform which cell types are participating in the drug 

memory ensemble and cannot distinguish differential transcriptional responses within individual 

cell types. To address this issue, we combined ensemble-based transgenic tools with recent 

advances in multiplexed single nuclei RNA sequencing to conduct an unbiased screen of 

ensemble-specific cell types and transcriptional changes underlying cocaine relapse. 

We used male and female Fos-based transgenic rats to label cocaine relapse ensemble neurons in 

the medial prefrontal cortex (mPFC) following cocaine self-administration training. We trained 

rats to self-administer cocaine (FR1 reinforcement schedule, 0.75 mg/kg/inf. cocaine paired with 

a 3.5-s light cue) during twice daily 3 h sessions . Following training and 21 days of abstinence, 

we tested rats for cocaine seeking (30 min, extinction conditions) and collected brains 3 h after 

test (peak Fos-driven mRFP expression). We observed reliable cocaine self-administration 

during training and robust cue-induced cocaine seeking following abstinence. We established a 

pipeline to isolate nuclei from mPFC following behavioral testing, sort mRFP positive 

(ensemble) and negative (non-ensemble) neuronal nuclei using fluorescence-activated nuclei 

sorting, and identify transcriptional signatures using single nuclei RNA sequencing. Our analysis 

revealed distinct clusters corresponding to known cell types in the mPFC (glutamatergic and 

gabaergic neurons) that further subcluster into expected layer and interneuron sub-types within 

mPFC. Using this unbiased approach, ongoing analysis is aimed at characterizing cell-type and 

ensemble-specific transcriptional signatures that contribute to drug-seeking behaviors. We will 

employ transcriptional modulators in future experiments to assess causal roles for these cocaine 

memory-specific genes in relapse. 
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Abstract: Learned associations between discrete cues (or contexts) and drug effects are thought 

to be encoded by sparsely distributed patterns of neurons called neuronal ensembles and cue-

specific synaptic inputs on these ensemble neurons are altered during learning to mediate long-

lasting memories. Here we assessed morphological alterations of dendritic spines on medium 

spiny neurons in nucleus accumbens (NAc) following cue-induced cocaine craving. We trained 

all rats to lever press for cocaine infusions paired with a 3.5-s light cue. After training, all rats 

were injected in NAc with a cocktail of AAVs encoding Cre recombinase and Cre-dependent 

GFP for sparse neuronal labeling. After 3 weeks in their home cages, rats were exposed for 30 

min to either the cocaine-paired light cue (relapse test group) or a non-drug-related novel context 

(ensemble-specific control) or kept in their home cages. Rats were sacrificed 60 min after cue 

exposure and their brains processed for Fos immunohistochemistry and cleared prior to confocal 

imaging. Morphological analysis of GFP-labeled spines of Fos-positive and Fos-negative 

neurons were performed using 3D reconstruction using Neurolucida and CellProfiler.In proximal 

dendritic segments (<50 mm from soma), Fos-positive neurons had significantly larger spine 

head diameter than Fos-negative neurons for both relapse and novel context groups. The 

increases in overall spine head diameters can be explained by an increased proportion of 

mushroom-like spines with no increase in their spine head diameter. In distal dendritic segments 

(>70 mm from soma), Fos-positive neurons had larger spine head diameters compared to Fos-

negative neurons after novel context exposure. In contrast, after cue-induced cocaine, Fos-

negative neurons had larger spine heads relative to Fos-positive neurons. This increase in the 

relapse group can be explained by larger spine head diameters in mushroom spines in the Fos-

negative neurons as well as a change in proportion of mushroom and filopodia/long thin spines. 

In a previous study, we found ribosomal S6 protein is a more specific marker of cue-activated 



synapses. So we are now examining morphological alterations in S6-positive dendritic spines in 

the above brains to identify synaptic engrams in cue-induced cocaine craving. 

Disclosures:  D.E. Olivares: None. F.J. Rubio: None. E.M. Hilaire: None. A. Henry: 

None. L. Kane: None. R. Madangopal: None. C. Mejias-Aponte: None. B.T. Hope: None. 

Nanosymposium 

347. Cellular, Molecular, and Genetic Mechanisms of Drug and Alcohol Abuse 

Location: SDCC 23 

Time: Monday, November 14, 2022, 1:00 PM - 4:30 PM 

Presentation Number: 347.07 

Topic: G.09. Drugs of Abuse and Addiction 

Support: NIH Grant DA000467-17 

HHMI Visiting Scientist Program Award 

NIH Center for Compulsive Behaviors Fellowship 

NIDA IRP Scientific Director’s Fellowship for Diversity in Research 

Title: In vivo labeling and molecular characterization of cocaine memory-specific active neurons 

using the photo-convertible calcium integrator CaMPARI2 

Authors: R. MADANGOPAL1, K. E. SAVELL1, O. R. DRAKE1, M. B. BRENNER1, V. A. 

LENNON1, D. Q. PHAM1, S. J. WEBER1, L. E. KOMER1, L. WANG2, K. SCHAEFER2, F. J. 

RUBIO1, A. LEMIRE2, V. MENON3, E. R. SCHREITER2, *B. T. HOPE1;  
1NIDA IRP, NIH, Baltimore, MD; 2HHMI Janelia Res. Campus, Ashburn, VA; 3Ctr. for 

Translational and Computat. Neuroimmunology, Dept. of Neurol., Columbia Univ., New York, 

NY 

Abstract: In abstinent drug users, cues previously associated with drug-taking can provoke drug 

craving and promote relapse long after the last instance of drug use. These maladaptive drug-cue 

associations are thought to be encoded by sparse patterns of strongly activated neurons (neuronal 

ensembles) that can be identified by the expression of immediate early genes (IEGs) such as Fos. 

However, IEG-based labels lack the temporal precision needed to label active neurons during 

short-lasting behavioral events (e.g, lever press or drug infusion) or characterize them 

immediately after the event when important learning mechanisms are being activated. We 

employed a photo-convertible calcium integrator, CaMPARI2, to label active neurons in the 

infralimbic cortex (IL) of rats with sub-second temporal specificity. We applied ultraviolet 

photoconversion (PC) light during cocaine seeking to rapidly convert CaMPARI2 protein in 

active neurons from green to red fluorescent state and thus permanently labeled these cocaine-

memory specific neurons. 

We used male and female Sprague-Dawley rats in all experiments. We delivered AAVs into IL 

for CaMPARI2 expression, implanted an optical fiber for PC light delivery and inserted a jugular 

catheter for cocaine self-administration. We trained rats to self-administer cocaine (FR1 

reinforcement schedule, 0.75 mg/kg/infusion cocaine paired with a 3.5 s light cue) during twice 



daily 3 h sessions before switching to trial-based cocaine self-administration (30 trials/ 3 h 

session, 1 min lever access/trial). Following training and 21 abstinence days, we tested rats for 

cocaine-seeking (1 min lever access, extinction conditions) and delivered PC light (1 min, 10 

mW, 375 nm) to permanently label cocaine-memory specific active neurons in IL. We observed 

reliable cocaine self-administration during training and robust cue-induced cocaine seeking 

following abstinence. We collected brains either immediately after the 1 min test (0-min group) 

or waited 10 minutes to allow for experience-induced gene expression (10-min group). We used 

fluorescence activated nuclei sorting to isolate red (active) and green (inactive) CaMPARI2 

labeled neuronal nuclei and performed single-nucleus RNA sequencing. We will identify unique 

molecular alterations (differentially expressed genes, DEGs) induced specifically within cocaine 

memory ensemble neurons following relapse and investigate whether DEGs are restricted to 

specific cell type clusters within IL. Understanding the molecular and cell-type basis of drug 

memories are maintained could help prevent relapse by selectively weakening persistent drug 

memories, without influencing other memories. 
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Abstract: Learned associations between the rewarding effects of drugs and the context in which 

they are experienced are decisive for precipitated drug-seeking and relapse in abstinent 

individuals. As learned associative memories have been proposed to be stored in sparse and 

highly discriminative populations of concomitantly activated neurons, emerging evidence 

supports the idea that drug-recruited neuronal ensembles could similarly encode addiction-

related pathological memories. However, little is known regarding the dynamics and molecular 

mechanisms of both their recruitment upon initial drug exposure and their later contribution to 

relapse. In this study we explore the contribution of the subsequent reactivation of an initially-



activated ensemble in supporting the encoding, the strengthening, and ultimately the expression 

of drug-associated memories. A related goal is to explore the intrinsic or acquired cellular 

properties that would favor the allocation of specific cells to these functional ensembles and 

predict their further reactivation. Capitalizing on the activity-dependent labeling of neuronal 

ensembles in Arc-CreERT2 mice (Denny et al., 2014), we were able to capture cocaine-activated 

cells in the nucleus accumbens and permanently tag them with fluorophores or channel-

rhodopsin for further characterization, optogenetics, and single-nuclei sorting. We identified a 

subset of neurons activated at both early and late stages of drug exposure and show that the level 

of reactivation of the initial ensemble correlates with the amplitude of behavioral sensitization. 

Similarly, re-exposure to a cocaine-paired context in a conditioned place preference (CPP) 

paradigm was associated with an increased reactivation of cocaine-recruited ensembles. The 

behavioral consequences of such reactivation was further assessed using optogenetics-mediated 

artificial reactivation. We found that the reactivation of ensembles recruited at early- versus late-

stages of drug exposure had opposite effects on CPP expression. We then isolated tagged nuclei 

with FACS and performed single nucleus RNA sequencing to analyze their transcriptional 

signature. Using activity-dependent transcriptional programs as a marker of recent activation, we 

successfully isolated a cluster of reactivated cells within the initially activated ensemble. 

Together, such multiscale and ensemble-specific approaches represent a pivotal step towards a 

better understanding of the cellular and molecular processes involved in the encoding of 

pathological memories associated with drug addiction. 
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Abstract: Social isolation causes detrimental effects to human health and has been implicated in 

alcohol use disorder. Prior studies in humans and other animal species have shown that social 

isolation correlates with increased alcohol consumption. However, the underlying mechanisms 

are poorly understood. Our lab has developed the crayfish as a suitable model system to elucidate 

the neurocellular mechanisms regulating the interplay between social isolation and acute alcohol 

(EtOH) intoxication. Prior work in our lab has demonstrated that acute EtOH exposure elicits a 

sequence of discrete and biphasic behavioral modifications in both juvenile and adult crayfish 

(elevated stance and spontaneous tail-flipping is followed by loss of postural control). 

Intriguingly, we found that crayfish isolated for 7 days displayed lower behavioral sensitivity to 

acute EtOH exposure compared to group-housed conspecifics, and this socially-dependent 

difference was paralleled on the level of single, identified neurons. This includes the lateral giant 

(LG) interneuron - the command neuron that drives one of the tail-flip escape behaviors in 

crayfish. Our current work aims to uncover the role of serotonergic modulation in this process. A 

total of 164 crayfish, Procambarus clarkii, of both sexes (80 males and 84 females), all freely 

behaving, were used in this study. First, we found that chronic depletion of serotonin (5-HT) in 

the nervous system, through systemic injection of a 5-HT neurotoxin, eliminated the difference 

in EtOH sensitivity between socially isolated and communally housed crayfish. This suggests the 

difference is, at least in part, mediated by the serotonergic system. Second, pre-treatment via bath 

application with fluoxetine, a selective serotonin reuptake inhibitor, facilitated the socially-

mediated difference in EtOH sensitivity, further affirming interactions between the 5-HT system, 

social history, and EtOH sensitivity. Lastly, systemic injections of methiothepin maleate, an 

antagonist for 5-HT2b receptors in our species, reduced the behavioral sensitivity to EtOH in 

animals of both social conditions, but the effects were less pronounced in socially isolated 

crayfish. Taken together, our results suggest that one week of social isolation causes changes in 

the expression of specific 5-HT receptors and most likely a downregulation of the crayfish 5-

HT2b receptor subtype. One promising target for investigation of receptor changes is the LG 

circuit. Our ongoing work focuses on intracellular electrophysiology and neuropharmacology as 

well as molecular analyses such as western blotting and single-cell RNAseq of the LG neurons to 

confirm this hypothesis. 
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Abstract: Alcohol abuse is an extremely prevalent problem. Chronic ethanol (EtOH) intake 

increases tonic extracellular dopamine (DA) concentrations throughout the limbic system, 

contributing to addiction. Tracking these tonic DA changes in real-time with high spatiotemporal 

resolution will enable investigations into the effects of EtOH administration, and the potential of 

neuromodulation to reverse these tonic DA increases. Our lab has developed the multifunctional 

apparatus for voltammetry, electrophysiology, and neuromodulation (MAVEN) recording device 

that measures tonic neurotransmitter concentrations with multiple-cyclic square wave 

voltammetry (M-CSWV) simultaneously with local field potentials and electrical stimulation 

across 4 channels. This allows the ability to track tonic DA concentrations changes in several 

brain regions in response to acute EtOH administration and neuromodulation. The ventral 

tegmental area (VTA) projects DA to the nucleus accumbens (NAc), contributing to addiction. 

However, continuous activation of the VTA may activate VTA D2 autoreceptors, thereby 

inhibiting DA release into the NAc and mitigating the addictive potential of drugs of abuse. To 

probe this hypothesis in vivo, a carbon fiber microelectrode was lowered into the NAc of 

urethane-anesthetized Sprague-Dawley rats. One hour of baseline electrochemical recording was 

performed, and then EtOH was administered (2.5 g/kg, i.p.). To capture the entire time course of 

the EtOH, 3 hours of tonic DA measurements were performed. 30 minutes after EtOH was 

administered, electrical stimulation (90 Hz, biphasic 200 us pulse width, 0.2 mA) was delivered 

continuously to the VTA for 30 minutes, and the resulting effects on tonic DA levels were 

tracked voltammetrically. Tonic extracellular DA concentrations increased in the rat NAc to 

200% ± 15% of baseline after acute EtOH administration (n = 5; Fig 1A). 90 Hz electrical 

stimulation of the VTA reversed this increase, such that DA levels during VTA stimulation were 

not significantly different from pre-EtOH treatment (p > 0.1; n = 4; Fig 1A-B). After electrical 

stimulation was discontinued, the tonic DA levels continued to rise, and returned to 200% ± 12% 

of baseline (n = 4; Fig 1A-B). Overall, electrical stimulation of the VTA reversed the acute DA 

increase caused by EtOH exposure, suggesting that tonic VTA stimulation may activate D2 

autoreceptors and lower DA release to the NAc. These results suggest the exciting possibility 

that DBS of this area can modulate the addictive potential of drugs of abuse and may perhaps be 

a treatment for alcoholism. We are now working to assess this possibility in chronic addiction rat 

models. 
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Abstract: Persons at risk for developing alcohol use disorder (AUD) differ in their sensitivity to 

acute alcohol intoxication. Alcohol effects are complex and thought to depend on multiple 

mechanisms. Here, we explored whether acid-sensing ion channels (ASICs) might play a role. 

We tested ASIC function in transfected CHO cells and amygdala principal neurons, and found 

alcohol potentiated currents mediated by ASIC1A homomeric channels, but not ASIC1A/2A 

heteromeric channels. Supporting a role for ASIC1A in the intoxicating effects of alcohol in 

vivo, we observed marked alcohol-induced changes on local field potentials in basolateral 

amygdala, which differed significantly in Asic1a-/- mice, particularly in the gamma, delta, and 

theta frequency ranges. Altered electrophysiological responses to alcohol in mice lacking 

ASIC1A, were accompanied by changes in multiple behavioral measures. Alcohol administration 

during amygdala-dependent fear conditioning dramatically diminished context and cue-evoked 

memory on subsequent days after the alcohol had cleared. There was a significant alcohol by 

genotype interaction. Context- and cue-evoked memory were notably worse in Asic1a-/- mice. 

We further examined acute stimulating and sedating effects of alcohol on locomotor activity, loss 

of righting reflex, and in an acute intoxication severity scale. We found loss of ASIC1A 

increased the stimulating effects of alcohol and reduced the sedating effects compared to wild-

type mice, despite similar blood alcohol levels. Together these observations suggest a novel role 

for ASIC1A in the acute intoxicating effects of alcohol in mice. They further suggest that ASICs 

might contribute to intoxicating effects of alcohol and AUD in humans. 
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Abstract: Within the last 20 years, there has been an increase in women have been diagnosed 

with alcohol use disorder (AUD). Females also have been shown to transition from recreational 

alcohol use to a state of dependence more rapidly than males and begin drinking at a later age 

compared to men. This suggests a sex difference in alcohol use patterns and highlights a need to 

examine both sexes in preclinical studies. A major DSM-5 criterion for AUD is compulsive 

alcohol consumption, which is the continuation of alcohol use despite negative consequences 

such as an adverse impact on health, loss in workplace productivity, and strained relationships 

with family and friends. This has been modeled in mice using adulteration of alcohol solution 

with the bitter tastant quinine. Mice that continue to consume ethanol despite this adulteration 

are considered to be aversion resistant. Our aim was to characterize aversion-resistant ethanol 

intake in female mice compared to males during continuous access two-bottle choice and 

identify potential sex differences in neuronal activation.In our study, male and female C57BL6/J 

mice voluntarily consumed ethanol for 10 days before adulterating with increasing 

concentrations of quinine-hydrocholoride. Baseline ethanol consumption was greater in females 

compared to males, consistent with the findings of many other groups. We found that female 

mice were more resistant to quinine adulteration than males. Two-way ANOVA analysis 

revealed a significant effect of quinine concentration (F(2,87) = 8.233, p=0.0005) and an effect of 

sex (F(1,87) = 10.82, p=0.0014). We followed this by examining neuronal activation using Fos 

immunohistochemistry after a quinine-ethanol drinking session, focusing on brain regions with 

roles in reward, aversion, decision-making, and salience. Three regions exhibited an interaction 

between sex and quinine adulteration: ventromedial prefrontal cortex (vmPFC), posterior insular 

cortex (PIC), and ventral tegmental area (VTA). The vmPFC and the PIC displayed the highest 

level of Fos positive cells in males that consumed quinine-adulterated ethanol, while the VTA 

exhibited an increase in neuronal activation in females that consumed quinine-adulterated 

ethanol. Our next step of this study is to identify cellular phenotype of neurons activated during 

aversion-resistant ethanol intake in male and female mice by using RNAscope procedures in the 

vmPFC, PIC, and VTA. We believe that this will further dissect the circuitry of aversion-

resistant drinking behaviors between males and females. 

Disclosures:  M.E. Arnold: None. A.N. Butts: None. K.N. Amico: None. J.R. Schank: None. 

Nanosymposium 

347. Cellular, Molecular, and Genetic Mechanisms of Drug and Alcohol Abuse 

Location: SDCC 23 

Time: Monday, November 14, 2022, 1:00 PM - 4:30 PM 

Presentation Number: 347.13 



Topic: G.09. Drugs of Abuse and Addiction 

Support: P60AA006420 (NIAAA) 

R01AA026081 (NIAAA) 

Title: Activation of the CRF-CRF1 system is responsible for the decrease in whole-brain 

modularity during alcohol withdrawal 

Authors: *L. L. G. CARRETTE1, A. SANTOS1, M. BRENNAN1, D. OTHMAN1, A. 

COLLAZO2, O. GEORGE1;  
1Psychiatry, UC San Diego, La Jolla, CA; 2Beckman Inst., Caltech, Pasadena, CA 

Abstract: Using single-cell whole brain imaging of immediate early genes, our group recently 

showed that alcohol-dependent mice in withdrawal exhibit a widespread increase in coordinated 

brain activity, associated with a decrease in modularity of the whole-brain functional network, 

compared to naive mice. This decreased modularity and hyperconnectivity has been 

hypothesized to represent a novel biomarker of alcohol dependence that can be used to evaluate 

the potential efficacy of novel treatments for alcohol use disorder. However, there is no evidence 

that current FDA-approved and experimental treatments that reduce alcohol drinking normalize 

the changes in whole-brain functional connectivity. Here, we examine the effect of an FDA 

approved treatment for alcohol use disorder, naltrexone (opioid antagonist), and an experimental 

treatment, R121919 (CRF antagonist), on the functional connectome modularity of naive and 

alcohol dependent mice in withdrawal. Alcohol dependence was induced in mice by ethanol 

injections (2 g/kg or saline; i.p., 9 days) with 4-fomepizole (9 mg/kg). On day 10, 24 h in 

withdrawal, mice were treated with naltrexone (3 mg/kg), R121919 (2 mg/ml) or saline (N = 4F 

+ 4M). Behavior was examined 30 min following treatment by digging and marble burying tests. 

Then, 90 min later, mice were sacrificed, the brains immunolabeled for FOS, cleared using the 

iDISCO+ protocol, imaged using light-sheet microscopy, and processed using the ClearMap 

pipeline to map the functional connectome. Alcohol dependent animals dug significantly more 

than naive animals, but there was no difference between treatments. The modularity of the 

alcohol dependent withdrawal network was normalized by R121919 treatment, that mainly acted 

in the CRFR1 receptors in the cortical plate, causing functional disconnection between the 

prefrontal cortex and extended amygdala. Naltrexone on the other hand caused a further 

reduction of the modularity, through broad brain-wide co-repression in reactivity. While 

naltrexone reduced alcohol intake and withdrawal-induced hyperalgesia in dependent rats in 

withdrawal, it was also found to cause increased anhedonia-like behaviors, which could be 

explained by increased reactivity of the lateral habenula and decreased network modularity. 

These results demonstrate that whole-brain functional connectivity based on immediate early 

genes can be used to identify the neuronal network mechanisms underlying the behavioral effects 

of potential medications, identify brainprints of specific compounds, and demonstrate that 

activation of the CRF-CRF1 system is responsible for the decrease in whole-brain modularity 

during alcohol withdrawal. 
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Abstract: Background Psilocybin is a serotonin 2A receptor agonist with rapid-onset 

antidepressant effects. It produces neurotrophic effects in animal models, but its persisting 

effects on human brain networks remain unknown. Resting state functional MRI (rsfMRI) is a 

promising method for visualizing these effects. The precision functional mapping (PFM) strategy 

increases sensitivity of rsfMRI by controlling for individual variability, and improving data 

quality; PFM may increase the ability to resolve circuit-level effects of plasticity-inducing drugs. 

In the present study, we piloted a PFM approach to evaluate acute and persisting effects of 

psilocybin in healthy adults. Methods We conducted a cross-over study to characterize the 

impact of psilocybin (25mg) versus methylphenidate (active control, 40mg) on the brain using 

resting state, task, and diffusion MRI. Healthy volunteers ages 18-45 years with previous 

psychedelic experience were eligible to participate. Subjects underwent 1) baseline imaging, 2) 

two drug exposure scans, 60-90 minutes after psilocybin or methylphenidate ingestion, and 3) 

longitudinal imaging for up to two weeks after first drug and second drug exposure. Altogether, 

up to 40 15 minute rsfMRI scans were obtained. Image quality was determined using head 

motion (<0.2 mm movement per 15-minute scan). Subjective experience was measured via the 

Mystical Experiences Questionnaire (MEQ) after each drug exposure session. Results Six adults 

(mean age 32.7 years, SD=9.9; 50%[n=3] female, 83%[n=5] Caucasian) completed the study. 

We obtained a mean of 34 (SD = 6.7) 15-minute rsfMRI scans per participant. Unique to our 

dataset, 5 out of 6 individuals had at least one 15-minute high-quality resting state scan on 

psilocybin with <0.2mm average framewise head motion. All 6 individuals reported significantly 

higher MEQ scores on psilocybin across all four factors compared to during the control condition 



(t-test, p<0.05). Both acute and chronic spatial and organizational variability in brain networks 

were revealed, as well as network features and topologies that corresponded with structural and 

task-derived brain features. Conclusions This data resource is presented as a resource for 

neuroscientists, and we propose precision individual connectomics to access the effects of 

psilocybin on neural networks. This type of data is critical for developing precision dosing and 

administration protocols for psilocybin and other psychedelic compounds and serves as a model 

for future mechanistic study of therapeutic effects in the human brain. 
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Abstract: Episodic memory formation has long been hypothesized to occur at specific phases of 

hippocampal theta oscillations (3-10 Hz; Hasselmo et al., 2002), but we are only beginning to 

understand whether humans indeed rhythmically sample experiences into memory (Ter Wal et 

al., 2021). Here, we apply the behavioral oscillation paradigm to episodic memory for the first 

time to determine if its formation is rhythmic. This approach leverages the finding that a salient 

cue resets ongoing neural oscillations, making the timing of oscillation cycles predictable 

relative to cue onset. Consequently, if memory formation is rhythmic, the successful encoding of 

the subsequently presented item should exhibit oscillatory fluctuations as a function of the 

stimulus-onset asynchrony (SOA) between cue and item. Thus, in the current preregistered 

(https://osf.io/d582f) study, we cued participants (n=120) to perform one of two perceptual 

judgments (blue flash: indoor/outdoor task; orange flash: size task) on a subsequently presented 

object. Importantly, the cue-to-object SOAs were varied systematically (200-1100 ms). When 

subsequent memory for the object-task association was examined as a function of the SOAs, 

spectral analysis revealed that associative encoding oscillated at the theta frequency, as measured 

in both accuracy (p<.005) and reaction time (p<.05, uncorrected). Furthermore, the time-

frequency analysis showed that theta rhythmic sampling was transient, occurring for 250-350 ms. 

Remarkably, the phase of theta oscillations in memory formation was synchronized across 

individuals (p<.001), suggesting common moments optimal for the formation of episodic 

memories. Furthermore, no behavioral oscillations in classification performance during encoding 

were observed, supporting the notion that rhythmicity in memory formation is not simply a 

function of rhythmic attentional sampling. Strikingly, these findings align with the timing of 

post-stimulus human hippocampal theta oscillations and their relationship to associative memory 

formation (Herweg et al., 2020). Taken together, the current data provide the first evidence – to 

our knowledge – that humans do encode episodic memories rhythmically, possibly reflecting 

fluctuations in neuronal excitability and circuit dynamics in the hippocampus. 
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Abstract: Real-world reasoning often depends on generalizing knowledge from previous 

exemplars to new stimuli; for example, one may determine the music genre of a new album by 

comparing it to previously encountered albums. Recent work suggests that learning of real-world 

stimulus categories may benefit from interleaving exemplars across different categories, 

compared to blocking presentation of exemplars by category (Kornell & Bjork, 2008, Birnbaum, 

Kornell, Bjork, & Bjork, 2013). Interleaved learning may emphasize discriminative contrast 

between different categories, leading to improved generalization (Kang & Pashler, 2012); 

however, the neural implications of this hypothesis have not yet been tested. Prior work suggests 

that learning of discriminative contrast may be facilitated by medial prefrontal cortex (mPFC), 

which is thought to form reduced-dimensionality representations of category-relevant stimulus 

features (Mack, Preston, & Love, 2020), and hippocampus, which is thought to group exemplars 

based on their relevant features (Mack, Love, & Preston, 2018). To test these hypotheses, we had 

participants learn to categorize naturalistic painting stimuli based on the artist of each painting. 

Consistent with prior work (Kornell & Bjork, 2008), we found that categorization of new 

exemplars was more accurate for categories learned with an interleaved schedule compared to 

categories learned with a blocked schedule. To measure learning-related changes in neural 

representations of individual exemplar paintings, participants were scanned during presentation 

of each painting before and after learning of the category labels. We found that the similarity of 

exemplar representations in both hippocampus and mPFC was modulated by learning schedule, 

with greater separation between categories for paintings learned with the interleaved schedule 

compared to the blocked schedule. Furthermore, we found that exemplars presented within the 

same block during interleaved learning formed representations in mPFC that differentiated 

between same-category and different-category exemplar pairs. Consistent with the discriminative 

contrast hypothesis, individual differences in the strength of this category differentiation in 

mPFC correlated with the degree to which interleaved categories were better generalized than 

blocked categories. Our results suggest that an interleaved schedule focuses attention on category 

differences, promoting formation of discriminative representations in hippocampus and mPFC 

that may support successful categorization of new stimuli. 
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Abstract: Successful memory relies on the ability to record specific details of individual events 

and generalize acquired information to new experiences. Hippocampus (HPC) is involved in 

both processes, forming organized concepts from individual episodes to adaptively represent 

shared and distinct elements. However, the role of HPC in concept formation is largely based on 

behavioural evidence and neural coding measured at the end of learning after episodic and 

conceptual memories are formed. Thus, it remains unclear what neural mechanisms are at play 

early in learning and how initial HPC information processing supports the formation of flexible 

category knowledge. We combined functional MRI with a computational model of learning, 

SUSTAIN, to investigate how early learning processes are reflected in neural activity. 

Participants (N = 37) learned to categorize complex visual objects with multiple features during 

fMRI scanning. Categories were defined according to a rule-plus-exception structure such that 

each category included a prototype along with two similar and one exception items that differed 

from the prototype by one and two features, respectively. Exception items were visually more 

similar to the prototypes of the opposite category than to their own, thus acting as a behavioural 

index of flexible learning. Participants were separated into 3 learner groups according to their 

end categorization accuracy for exceptions: low (< 50%), medium (at 50%), and high (> 50%). 

Although early learning behaviour was similar across learners, model-based estimates of latent 

category representations indicated high learners rapidly encoded distinct representations for 

exceptions. Medium and low learners were characterized by less precise representations that 

favoured generalization for rule consistent items. Neural signatures of these behavioural 

differences revealed better exception learning was associated with deactivation of distinct HPC 

subfields, including dentate gyrus and CA2,3, during initial learning. This link between early 

learning HPC engagement and learning outcome was stronger in anterior portions of HPC. 

Deactivation within the HPC may indicate the neural underpinning of pattern separation to allow 

for sparse representations of exceptions. These findings suggest that HPC differentiates initial 

information in learning to support formation of flexible category knowledge. 
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Abstract: This study aims to uncover the neural mechanisms that support memory-based 

decision-making in younger vs. older adults, specifically in the social domain. When people 

decide whether to re-engage with others, various sources of information compete to shape their 

choice. One source of information people may use is their episodic memory for their previous 

interactions with someone. Conversely, they may extrapolate across experiences to form 

semantic expectations about characteristics that are likely to connote positive attributes in a 

person. For instance, it is known that people infer traits like trustworthiness or generosity from 

certain facial features (Todorov et al., 2008), even when these are unrelated to actual generosity. 

Aging has been shown to modulate the weight given to episodic vs. semantic information: older 

adults exhibit a decline in associative memory, which hinders their ability to make memory-

based decisions. However, they demonstrate an increased reliance on semantic features of facial 

appearance during choice (Lempert et al., 2022). Here, we ask whether age-related differences in 

neural activity while participants are learning about others’ behavior underlie these behavioral 

effects. We collected fMRI data from 45 younger (ages 21-40) and 39 older (ages 65-85) adults 

while they performed a memory-based decision-making task. Participants first learned 

associations between images of faces and reward outcomes. They then decided whether to 

interact with each of the faces again, or rather with an unknown face chosen at random. 

Behaviorally, older adults made fewer adaptive decisions than younger adults (p = 0.013), 

meaning that they were less likely to re-engage with a high-reward face or avoid a low-reward 

face. During the reward learning phase, we found a parametric effect of the face’s perceived 

generosity in the amygdala and the striatum (whole brain analysis: p < 0.001 voxel threshold 

with parametric cluster correction to p < 0.05). Furthermore, the magnitude of this effect in the 

striatum was inversely correlated with the proportion of adaptive choices in the decision task for 

older but not younger adults (Fisher Z difference in correlation coefficients: p = 0.043). In 

conclusion, we find that echoing the striatum’s role in responding to rewards, both younger and 

older adults show striatal activation in response to facial features that connote generosity. 

However, the magnitude of this effect is only negatively correlated with performance in older 

adults. This suggests that the ability to make decisions based on episodic memory is impaired in 

older adults, possibly in favor of an increased reliance on over-generalized inferences. 
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Abstract: A mature memory system flexibly supports memory for discrete events as well as the 

ability to infer connections between events, the latter of which allows individuals to extend 

knowledge beyond direct experience. The extraction of knowledge through memory-based 

inference improves across childhood; however, little is known about the neurocognitive 

mechanisms that contribute to this increase. Here, we examine the mechanisms that support 

successful inference decisions in children and adults. Prior work indicates that adults may infer 

connections between related events as they are learned, forming integrated representations in 

memory that support faster and more accurate inference decisions. Frontoparietal representations 

may allow adults to navigate inferred trajectories through integrated memory representations, 

speeding inference decisions. Frontoparietal cortex has a prolonged developmental trajectory, 

raising the possibility that children may perform inference differently from adults. One 

hypothesis is that children must iteratively retrieve and recombine multiple, individual memories 

during inference. Such an iterative retrieval strategy would rely on associative retrieval processes 

supported by the hippocampus, rather than frontoparietal mechanisms that exploit integrated 

representations formed during learning. To test these ideas, children (7-12 years) and adults 

(total N=74) studied and were tested on direct associations that overlapped due to a shared item 

(AB, BC pairs). In a surprise inference test, they were then asked to infer an indirect association 

between elements from overlapping pairs (AC inference). While both memory for direct 

associations and inference (controlling for memory of component pairs) improved with age, 

inference improvements were more protracted. Computational modeling of response times 

further suggested that adults can flexibly perform inference using either integrated 

representations or an iterative retrieval strategy. We found that all age groups recruited 

hippocampus more for inference than direct memory, which may reflect the proposed iterative 

retrieval mechanisms. In contrast, adults uniquely recruited lateral prefrontal cortex (LPFC) and 

posterior parietal cortex (PPC) during inference decisions, with the degree of engagement 

predicting faster inference only in adults. Collectively, these results indicate that while children 

can perform inference successfully, they may not do so as efficiently as adults, who leverage 

mature frontoparietal function to navigate inferred trajectories through learned memory 

representations. 

Disclosures:  C. Coughlin: None. M.L. Schlichting: None. N.W. Morton: None. K.R. 

Sherrill: None. M.M. Moreau: None. A.R. Preston: None. 



Nanosymposium 

348. Human LTM: Encoding and Retrieval 

Location: SDCC 24 

Time: Monday, November 14, 2022, 1:00 PM - 3:00 PM 

Presentation Number: 348.06 

Topic: H.07. Long-Term Memory 

Support: NSF Grant 2004148 

Title: How adolescents and adults use category knowledge to learn and infer value 

Authors: *C. INSEL, N. BIDERMAN, Z. SHEHZAD, S. BAMBARDEKAR, L. CONNER, D. 

SHOHAMY;  

Zuckerman Inst., Columbia Univ., New York, NY 

Abstract: Adolescence provides a window of opportunity for learning. Prior research has 

investigated the mechanisms by which adolescents learn habits from repeated experiences with 

reward. Yet, a key feature of adolescence is the rapid expansion of knowledge about the world. 

This growing knowledge provides a scaffold for generalizing any one particular experience to 

other similar experiences and allows individuals to integrate multiple separate memories to build 

an internal predictive model. However, while this process of learning and generalization has 

been extensively studied in adults, it remains unclear how generalization supports value-based 

inference during adolescence. From childhood to adulthood, connectivity between the striatum 

and distributed cortical regions strengthens, which may support the developmental emergence of 

flexible generalization of value. To test this, we designed a reward-based learning task that 

leveraged object categories as a form of general knowledge. Participants chose between pairs of 

objects for the chance to receive a monetary reward. Objects were sampled from 33 distinct 

categories which were, on average, worth different amounts of reward (e.g., balloons = ~80¢, 

masks = ~20¢), allowing participants to learn the object category value. We tested whether 

individuals generalized category value to guide decisions when they were presented with novel 

objects from previously learned categories. To index explicit awareness of the category value 

structure, participants self-reported category values after learning. We examined age-related 

differences in 102 participants aged 10 to 25 years-old. Because retrieving and updating category 

knowledge relies on cortical systems that continue to mature during adolescence, we 

hypothesized that flexible category generalization would emerge with age. We found that 10-12 

year-olds did not use category value to guide decision making. However, generalization 

increased with age, and older adolescents and adults were more likely to generalize category 

value. Surprisingly, although younger adolescents did apply category value to guide decision 

making, they still reported explicit awareness of the category values following the task. This 

reveals that younger participants learned category value but did not generalize this learning to 

guide decisions about novel choices. Together, these findings demonstrate that younger 

adolescents experience a knowledge-behavior gap: they can explicitly express value knowledge 

but don’t apply it to guide value-based decision making. Future work will identify how ongoing 

brain development supports the emergence of flexible generalization. 
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Abstract: Information varies in how reliably it appears across experiences. Some information 

links our experiences together (birds can fly) while other information sets them apart (flamingos 

have long legs). How do we learn and represent both kinds of information? These forms of 

knowledge are best supported by opposing forms of representation: Learning shared features 

benefits from integrating information across instances in support of generalization, whereas 

learning unique features benefits from keeping instances separate in memory to reduce 

interference. While a growing body of work suggests that the brain uses both integrated and 

separated representations to represent whole experiences, items, and events, less is understood 

about how individual features, which themselves vary in generalizability (most birds can fly but 

few have long legs), are represented. Across two behavioral experiments, we leverage distortions 

in color memory (Chanales et al., 2021, Psychol. Sci) to evaluate representational shifts in the 

learning of shared and unique features in a novel semantic domain. Participants learned two 

categories of novel “satellite” objects: Each satellite had parts shared with members of the same 

category as well as a part unique to that exemplar. Each part had a color drawn from a 2D color 

space, with the parts for each category clustered in this space. As participants learned the 

features, we tested their color memory to track representational change for each feature. Relative 

to unique features, we found that shared features were misremembered as being more similar to 

the category’s average color. This effect was particularly evident for shared features of novel 

satellites. This suggests that the representation of shared features in memory may be more 

integrated with category information relative to unique features. To examine what 

representations might have given rise to these systematic distortions in feature memory, we 

trained a neural network model of the hippocampus on these categories. We found that in 

subregion CA1 of the model, shared features are represented similarly to same-category features, 

whereas unique features are represented more distinctly. Together, these results demonstrate that 

features that are more generalizable vs. idiosyncratic are represented in memory according to 

their different computational needs, with shared features benefitting from integration and unique 

features benefitting from relative separation. We are currently collecting neuroimaging data that 

examines how shared and unique features are represented in the brain. 
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Abstract: It is well substantiated that visual memory is affected by semantic and conceptual 

information. However this is often investigated during task-based instructed encoding and while 

physical image properties are not parametrically manipulated at critical visibility ranges (as low 

contrast or small size). We have recently shown that during spontaneous viewing (naturalistic 

encoding) visual image size significantly influences visual memory and image memorability 

such that bigger images are better remembered and have higher memorability. Here we reasoned 

that without task-related modulations, higher contrast images preferentially activate multiple 

visual stages and would thus be better remembered. Naïve participants (n=39) were asked to 

freely view presented images (160 images of 7.5 to 60 RMS contrast, memorability scores 

(LaMem dataset) and mean luminance controlled across contrast levels) without any instructed 

encoding task or knowledge about the memory aspect of the study. The images in each contrast 

level were of faces, people, indoor and outdoor scenes. Afterwards, participants were given a 

surprise recognition test (320 mid-contrast images, 50% already seen). We found that image 

contrast that critically contributes to image visibility influenced memory and image 

memorability during naturalistic encoding with higher contrast images remembered significantly 

better than lower contrast images (∼16% higher accuracy, ∼1.35 times better). As in our 

previous study we also found here that face images were best remembered and outdoors the least. 

These results further substantiate the contribution of bottom up physical image dimensions to 

visual memory during naturalistic non-instructed visual behavior. 
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Abstract: Many neurons send axonal projections across great distances in mammalian brains, to 

connect and transmit information between brain areas that aren’t located in proximity. When 

these long-range projection axons leave one brain area and travel to the next, they cable together 

and form dense white matter tracts such as the corpus callosum, which connect multiple areas 

across whole brains. The organization and structural complexity of individual axons within white 

matter tracts is well documented in rodents (eg. Peng et al, 2021), but largely unexplored in the 

bigger brains of nonhuman primates and humans. Most reports of long-range neuronal 

connectivity in these species are limited to high resolution descriptions of a few projection 

neurons (eg. histological reconstructions from tracer injections) or low resolution descriptions of 

bulk white matter tracts (eg. dMRI). To overcome these technical limitations and bridge the gap 

between whole-brain and single-neuron imaging modalities, we built a pipeline to reconstruct 

individual axons traveling through dense white matter tracts in nonhuman primate and human 

brains. 

Whole brains from each species are fixed, blocked into 1cm slabs, and serially sectioned at 100-

250um. Each section is antibody labeled to visualize projection axons and fiducial markers such 

as cell bodies and vasculature, hydrogel embedded and expanded to segregate single axons 

within cabled white matter tracts and imaged with a custom light sheet microscope enabling fast 

acquisition of large tissue volumes. Image data from each section is reconstructed into a 3D 

volume and labeled axons are automatically segmented with machine learning. Identified axons 

are manually proofread to correct misaligned or disconnected segments, yielding accurate 

reconstructions of individual axons within each imaged volume. Pilot data from this pipeline 

explores axon trajectories between V1 and V2 in macaque monkeys and humans. Future studies 

will combine fMRI, dMRI and multiphoton imaging with axonal connectomics in individual 

brain areas, and scale to multimodal atlases of whole brains in nonhuman primates and humans. 
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Abstract: The past few years have seen huge advances in the field of connectomics and in 

particular the production and analysis of several large-scale electron microscopy datasets from 

Drosophila melanogaster. These have yielded enormous amounts of data and numerous novel 

biological insights but are limited either in the proportion of neurons and synapses so far 

reconstructed (e.g., the Full Adult Fly Brain/FAFB) or in the completeness of the volume (e.g., 

the hemibrain, which recovers roughly 25% of neurons in the central brain). Now, improved 

imaging and automated segmentation protocols combined with human proofreading and expert 

annotation have been leveraged to produce a complete connectome of the ventral nerve cord 

(equivalent to the vertebrate spinal cord) of a male adult fly. Thus far we have reconstructed and 

annotated 6693 sensory neurons, 1328 descending neurons, 1863 ascending neurons, 753 motor 

neurons, and 13,065 intrinsic neurons in this volume. Here we focus on developmental origin as 

an organising factor. Each neuron arises from stereotyped, repeating arrays of neuroblasts in the 

developing nerve cord, forming clonally related groups termed hemilineages. We find that the 

neurons of each hemilineage generally express a single fast-acting neurotransmitter, as expected 

from published light-level data, but that the earliest born neurons do not necessarily conform. We 

describe diverse morphological and connectivity subtypes within hemilineages that we validate 

across hemispheres. We also discover homologous cell types across segments that reveal serially 

repeating neural circuits. Finally, we validate and refine specific hemilineage-based sensorimotor 

circuit motifs first proposed in studies of the late larval CNS and later supported by functional 

studies in the adult. 
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Abstract: Organoids are human stem cell-derived three-dimensional cultures offering a new 

avenue to model human brain development and disease processes. Brain organoids display 

complex structures that recapitulate several aspects of early neurogenesis, including the 

formation of an apical and basal surface, polarized neuroepithelium, neurogenic ventricular and 

outer radial glia (oRG), the formation of layered, cortex-like architectures, and maturation to the 

level of synapse formation (Qian, Song & Ming 2019). Thus, these allow us to study various 

aspects of human brain development in fine details in vitro in a tissue-like context. 

However, spatial relationships of subcellular structures such as synaptic contacts between distant 

neurons are hardly accessible by conventional light microscopy because the critical details of 

neuronal connectivity occur on length scales of about 100 nm. This limitation can be overcome 

by systems that quickly image the entire organoid in three dimensions and super-resolution. 

To that end, we have developed a setup combining tissue expansion and light-sheet fluorescence 

microscopy for imaging and quantifying diverse spatial parameters during organoid 

development. Light sheet fluorescence expansion microscopy (LSFEM) technique enables 

zooming from a mesoscopic perspective into super-resolution within a single imaging session, 

thus revealing cellular and subcellular structural details in three spatial dimensions (Bürgers et al. 

2019; Rodriguez-Gatica et al. 2021). 

Here we present a novel brain-organoid analysis pipeline, which employs LSFEM to image 

entire brain organoids during different developmental stages in 3D. We demonstrate the 

detection of oRG within extended organoids, the unequivocal delineation of mitotic cleavage 

planes, dendritic spine formation and the spatial colocalization of pre- and postsynaptic proteins. 



We expect LSFEM to facilitate qualitative and quantitative assessment of organoids in 

developmental and disease-related studies. 

BÜRGERS, J. et al., 2019. Light-sheet fluorescence expansion microscopy: fast mapping of 

neural circuits at super resolution. Neurophotonics, 6(1). 

QIAN, X., SONG, H., and MING, G.-L., 2019. Brain organoids: advances, applications and 

challenges. Development (Cambridge, England), 146(8). 

RODRIGUEZ-GATICA, J. E. et al., 2021. Imaging Three-Dimensional Brain Organoid 

Architecture from Meso- to Nanoscale across Development. BioRxiv. 
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Abstract: Thanks to critical technological and methodological advances, several large-scale 

connectomes of whole or partial nervous systems have been reconstructed recently. For example, 

the milestone Hemibrain dataset traces 20 million synapses and around 26,000 neurons. To allow 

systematic analysis and comparison, the neurons need to be grouped into morphological, 

neurodevelopmental and functional subpopulations. However, defining a single typing scheme 

for an entire connectome requires balance between competing dimensions, e.g., synaptic and 

functional factors, each suited to a particular research goal. 

In this study, we use the Male Adult Ventral Nerve Cord (VNC) electron microscopy volume 

produced and imaged at Janelia Research Campus. Segmentation with the flood-filling neural 

network's algorithm and human proofreading resulted in 23,921 reconstructed neuron meshes, 

with synaptic contacts estimated using a 3D U-Net model. These predictions allowed us to infer 

local circuit connectivity graphs with high accuracy. 

Here, we present a hierarchical cell typing procedure for the VNC, incorporating neuroanatomy, 

connectivity, inferred developmental origin, and ultrastructure-predicted neurotransmitter 

expression as criteria. We first identified broader neuronal classes, depending on their axonal 



processes: ascending or descending (through the neck), sensory or motor (from or to peripheral 

nerves), or local interneurons (restricted to VNC). Next, using the topological NBLAST 

algorithm, we assigned developmental origin to VNC neurons, based on their morphology and 

location. Then, we used a linear support vector machine classifier to discriminate between early-

born primary and later-born secondary neurons. To identify serially homologous neurons within 

the repeated segmental organisation of the VNC, we employed an iterative procedure based on a 

“seeded” version of the Fast Approximate Quadratic Assignment algorithm, which aims to 

minimise the number of edge disagreements between the two graphs. Finally, we fit a series of 

hierarchical clustering models to find the optimal grouping between the types of neurons. Such a 

procedure preserves symmetries including lateral and serial homology while providing tools for 

researchers to dynamically correct the type clusters in response to analysis. 

In total, we annotated over 17,000 VNC neurons. Our pipeline, tool suite, and resulting cell 

typing furthers the usefulness of connectome as a common index to integrate multi-modal 

information on neural circuit composition and function, particularly as multiple other VNC and 

central nervous system datasets are generated. 
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Abstract: Large-volume ultrastructural mapping approaches offer high-resolution data on 

structural connectivity in neural circuits, but lack an integrated synaptic activity readout which is 

essential for the functional interpretation of the connectome. To resolve this limitation we 

developed a FIBSEM-based method for measuring presynaptic activity and release probability 

along with circuit connectivity at nanoscale resolution in awake behaving animals. To investigate 



ultrastructure-function relationships in synapses activated by sensory input in primary visual 

cortex in awake head-fixed mice we used FM 1-43FX labelling and dye photoconversion as a 

marker of functionally recycled vesicles in vivo. This permits active terminals to be visualized 

using electron microscopy-based connectomics approaches. Synapses were labelled by 

intracranial infusion of the FM dye in layer 2/3 visual cortex circuitry via an access port 

embedded in a cranial window while the animal was presented with a visual stimulus. After 

transcardial perfusion fixation, the brain was postfixed overnight. Vibratome sections containing 

the dye-loaded presynaptic boutons were photoconverted and processed for electron microscopy. 

A Zeiss NVision 40 FIBSEM was used to acquire high-resolution 3D data at near-isotropic voxel 

size (6.2 x 6.2 x 9.3 nm3 voxels), allowing each synaptic vesicle to appear on 5-6 consecutive 

images. Two distinct vesicle populations were found in presynaptic terminals: dye-loaded, 

photoconverted (PC+) active vesicles with a dark lumen, and unloaded (PC-) vesicles with a 

clear lumen. For visualization and analysis, we used convolutional neural networks to 

automatically segment neurons, active zones, mitochondria and vesicles. For the vesicles, we 

used a 3D U-Net to predict, for each voxel, whether it was part of a vesicle, and if so, whether it 

was photoconverted or not. Those predictions were postprocessed to find the most likely 

positions of PC+ and PC- vesicles, which we then counted within the segmented axon volumes 

and assigned to individual boutons. We find that the number of PC+ vesicles scales with the total 

number of vesicles on average, yet the fraction of PC+ vesicles in the total vesicle pool varies 

greatly between individual synapses. The numbers of PC+ and PC- vesicles both approximate to 

lognormal distributions across a large number of synapses. Finally, we demonstrate that 

neighbouring boutons of the same axon, which share the same spiking activity, can differ greatly 

in their presynaptic release probability in vivo. In summary, this approach adds key functional 

information - the activity and strength of synapses - to the connectome. 
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Abstract: Recent advances in high-throughput electron microscopy (EM) have enabled 

connectomic datasets of uprecedented scale, including complete insect nervous systems and 

microcircuits in the mouse brain. However, scaling connectomic imaging to whole mouse brain 



volumes (~500 mm3) faces critical sample preparation and scaling challenges. In particular, 

sectioning an entire mouse brain into thin-sections (< 50 nm thick) is very difficult, and imaging 

such a large sample in a reasonable amount of time (< 10 years) is not yet possible. Here, we 

present a large-scale TEM tomography approach that circumvents the need for ultra-thin 

sectioning and can increase effective imaging rates. Using intermediate voltage EM tomography, 

we show that semi-thick brain sections (0.5-2.0 μm) can be reconstructed at synapse resolution 

from a moderate number of projections (~15-30), and that successive sections can be stitched 

together to form contiguous volumes. Furthermore, we show that the same samples can be 

imaged again at higher resolution to confirm fine structures such as gap junctions. We examine 

the tradeoffs between imaging speed and quality, showing that TEM tomography provides a 

powerful and flexible imaging approach that is competitive with current state-of-the-art high-

throughput EM approaches. We propose that optimizing this approach for high-throughput 

imaging by integrating electron tomography with tape-based sample handling can provide an 

end-to-end imaging solution for whole-brain mouse connectomics. 

Disclosures:  A.T. Kuan: None. S. Phan: None. M. Kim: None. M.H. Ellisman: None. W.A. 

Lee: None. 

Nanosymposium 

349. On Neural Connectomics 

Location: SDCC 25 

Time: Monday, November 14, 2022, 1:00 PM - 3:15 PM 

Presentation Number: 349.07 

Topic: I.03. Anatomical Methods 

Support: NIH Grant ZIA NS003041 

CURE grant SAP4100083102 

NSTI 2021ZD0203900 

Title: An integrated resource for marmoset brain functional and structural connectivity 

Authors: *X. TIAN1, G. DECO3, M. ROSA4, C. LIU5, A. C. SILVA2;  
1Dept. of Neurobiology, Univ. of Pittsburgh Brain Institute, Ctr. for the Neural Basis of Cogn, 
2Univ. of Pittsburgh, Univ. of Pittsburgh, Pittsburgh, PA; 3Univ. Pompeu Fabra, Barcelona, 

Spain; 4Monash Univ., Victoria, Australia; 5Institue Of Neuroscience, Chinese Acad. of Sci., 

Shanghai, China 

Abstract: Mapping non-human primates (NHP) brain architecture by integrating structural and 

functional connectivity in both invasive and non-invasive ways is necessary and timely for 

advancing our understanding of our human brain organization. Here, we developed a 

standardized awake imaging protocol for marmosets to acquire the largest awake NHP resting-

state functional MRI dataset to date across two research institutions with different scanners (7T 

and 9.4T), National Institutes of Health, USA, and the Institute of Neuroscience, China (26 and 

13 monkeys in the same age group; 12117 mins in total). We scanned test-retest runs for each 



animal, resulting in a similar data quantity of two institutes (364 and 346 runs) and included two 

"flagship" with many runs (64 and 40 runs). Besides the same data quantity, the data quality is 

also highly harmonized. Then, we registered the extensive collection of marmoset neuronal 

tracing data (52 marmosets; 143 injections) onto the same MRI space at the voxel or vertex level, 

and we also included extra high-resolution ex-vivo diffusion MRI (dMRI, 80 µm isotropic) and 

in-vivo dMRI data (250 µm isotropic) to enhance the capacity of our resource. Ultimately, an 

extensive resource combining structural and functional connectivity was created. Based on the 

awake NHP resting-state functional MRI dataset, we first created useful maps of resting-state 

brain networks, including 15 cortical networks. Then we developed a fine-grained cortical 

parcellation containing 96 functional parcels per hemisphere. To reflect individual 

characteristics, we also developed a deep-learning-based method to map such functional 

parcellation map onto every individual brain and demonstrated their good reliability in the test-

retest unique dataset and the successful applications of task-fMRI activation. Thus, our 

functional parcellation not only preserves the topographical organization of functional 

connectivity but also reflects individual variabilities. Lastly, based on the structural connectivity 

from diffusion tractography and neuronal tracing, we adopted whole-brain computational 

modeling to link the structural and functional connectivity to investigate the structural basis 

behind our functional parcellation. The dataset and associated supporting tools (interactive online 

viewer for functional and structural connectivity comparison, computational modeling, etc.) are 

publicly available via the Marmoset Brain Mapping Project (https://marmosetbrainmapping.org). 

This resource will enable modeling structure-function relationships and facilitate future 

comparative and translational studies of primate brains. 
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Abstract: Drosophila is the only model organism with complex adaptive behaviours for which 

we also have a powerful genetic toolkit and extensive connectomic and transcriptomic coverage 

of the nervous system. This offers unparalleled opportunities to reveal the mechanisms by which 

brains control complex behaviour. Virtual Fly Brain (VFB) virtualflybrain.org provides a 

uniquely integrated, queryable view of Drosophila neuroscience data. Established pipelines with 

all major data providers enable rapid integration of new bulk data. VFB provides an essential 

system ensuring key data is released openly and rapidly following FAIR data standards. Through 

close collaboration with international data providers and our own curation efforts we provide a 

single integrative platform to query across the most extensive set of Drosophila neuroscience 

data available. We currently maintain information directly curated from over 1000 primary 

publications describing over 13,000 neuro-anatomical references and a comprehensive 

neuroanatomical ontology for the Drosophila nervous system. Linked through the ontology 

annotation, as well as through alignment to reference brain volumes, VFB contains almost 

70,000 single-neuron images spanning over 5000 neuron types. We also integrate public 

connectomics datasets currently with 28,000 individual neurons and their potential connections. 

To unlock the potential of these anatomical datasets we also integrate over 1500 transgenic 

strains so users can find and select appropriate tools to test circuit hypotheses. The integration of 

brain scRNAseq data is ongoing. A custom designed suite of 3D graphical and text-based query 

tools provide a powerful set of methods to search for, visualise and download relevant datasets. 

In all cases the provenance of the data is retained to clearly indicate the original source of each 

dataset as well as any annotation that has been added since its public release. More recently we 

have developed an API that enables batch processing of queries and data analytics using either 

Python or R platforms. In addition to the resource itself all the software underpinning the 

website, the databases and the APIs are also released open-source. A brief demo will be available 

at the conference. 
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Abstract: Oscillations play crucial roles in many cognitive processes such as memory formation 

and attention. GABAergic interneurons are crucial for synchronizing neuronal activity leading to 

gamma oscillations (30-60 Hz). Abnormal oscillatory activity in the hippocampus has been 

implicated in the pathology of some mental disorders including schizophrenia, however the 

neurobiological mechanism underlying these abnormal oscillations are not yet fully understood. 

We set out to develop an assay that would allow for the study of gamma oscillations in 

hippocampal sections using microelectrode arrays. Extracellular electrophysiological recordings 

were performed using 60- channel perforated micro electrode arrays (pMEAs). Oscillatory 

activity in the gamma band was induced pharmacologically with kainate application. Established 

oscillations were inhibited by bath application of the GABAA receptor antagonist bicuculline. 

Bath application of kainate induced and maintained oscillatory activity in the gamma band in 

both CA1 and CA3 regions of the hippocampus. CA1 oscillations had a narrow band with a peak 

at around 30 Hz while in CA3 the oscillations were broader. Kainate-induced oscillations in CA1 

and CA3 were abolished by application of the GABAA receptor antagonist bicuculline. These 

studies suggest that kainate-induced oscillatory activity can serve as a model of in vivo GABA-

dependent gamma oscillations in the hippocampus. Furthermore, pMEAs provide a tool to study 

oscillations in nearby regions during chemically induced oscillations. Future studies will focus 

determining the oscillations sensitivity to glutamate receptor antagonists and comparing these 

with oscillations induced in an animal model of schizophrenia. 
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Abstract: ATP-sensitive potassium (KATP) channels mediate cell metabolism and electrical 

activity by coupling intracellular ATP levels to membrane K+-conductance. In humans, the 

activating mutation V59M in the Kir6.2 subunit of KATP channels causes developmental delay 

and epilepsy with neonatal diabetes, i.e., DEND syndrome. While the origin of neonatal diabetes 

is well understood, the pathophysiology of the neurological symptoms remains unclear. 

Inhibitory parvalbumin-positive interneurons (PV-INs) are key players in generating cognition-

associated hippocampal sharp-waves and gamma oscillations, while their dysfunction results in 

epilepsy. Therefore, we asked whether expressing the V59M mutation selectively in PV-INs 

would be sufficient to induce the neurological symptoms of DEND syndrome. Indeed, acute 

hippocampal slices of heterozygous PV-V59M mice showed disturbed sharp-waves and gamma 

oscillations. Moreover, V59M-mutated PV-INs were characterized by a reduced power of 

intrinsic gamma oscillations, a reduced gamma resonance behaviour and a reduced synaptic 

release of GABA. PV-V59M mice showed seizures and, unexpectedly, reduced nocturnal 

gamma shifts in vivo. Our findings provide evidence that the KATP channel mutation Kir6.2-

V59M, expressed only in PV-INs, leads to disturbed network oscillations and seizures potentially 

underlying the neurological symptoms of DEND syndrome. 
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Abstract: Neuronal oscillations are a prominent feature of motor cortical local field potentials 

(LFPs) and abnormalities in oscillatory activity have been linked to several disorders. Theta-

modulated gamma frequency alternating current stimulation modulates human motor learning, 

however, it is unclear how these frequencies modulate motor cortical activity at the microcircuit 

level. Here, we aimed to develop a method of bidirectionally modulating theta and gamma 

coupled oscillations in the motor cortex using closed-loop optogenetic stimulation of 



parvalbumin-expressing (PV) interneurons. Motor cortical LFPs and single units were recorded 

in PV-Cre mice in which PV-interneurons were transfected with Channelrhodopsin-2, allowing 

modulation of ongoing spiking activity with blue light. Using our recently developed phase-

tracking system, pulses of blue-light were delivered at four target phases of the ongoing theta 

oscillation in the motor cortical LFP. Light was delivered over a quarter of the theta cycle, either 

as a continuous pulse or a burst of three pulses at gamma frequency. Both a continuous pulse and 

gamma frequency stimulation modulated theta power in a phase-dependent manner, with gamma 

frequency stimulation demonstrating stronger modulation. Stimulation targeted to the ascending 

and descending phases suppressing and amplifying theta power respectively. Preliminary data 

suggests that stimulating pyramidal neurons also results in phase-dependent amplification and 

suppression, with a phase offset of 90° as compared to PV-interneurons. These findings 

demonstrate that the direction and magnitude of changes in theta power mediated by PV-

expressing interneurons are sensitive to the phase of the ongoing oscillation. This approach can 

be used to uncover the mechanism through which oscillatory manipulations modulate cortical 

activity in humans and aid their future development. 
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Abstract: Cortical brain states are typically associated with changes in network synchronization 

and are key determinants for behavioral responses, such as sleep and wake. Though the 

mechanisms enabling these distinct modes of cortical operation remain largely unknown, 

inhibitory neurons (INs) have been suggested repeatedly as a regulator of behavioral-state 

dependent neocortical activity. Here we investigate how a unique subpopulation of long-range 

INs impact cortical states. These cells are defined by the co-expression of somatostatin (SST) 

and neuronal nitric oxide synthase (nNOS), namely SST/nNOS cells. Although they constitute a 

very small minority of neocortical INs, SST/nNOS cells are evolutionarily old and conserved 



from amphibians to humans. Further, they have unique anatomical characteristic for neocortical 

INs, with local and long-range projections that span millimeters across cortical areas. Their 

remarkably distinctive features and deep evolutionary conservation suggest that SST/nNOS cells 

play an important role in neocortical activity coordination. Until recently, the genetic targeting of 

SST/nNOS cells has been difficult. We have used intersectional genetic tools to manipulate 

neocortical SST/nNOS cells in mice to interrogate their in vivo functional roles. Using 2-photon 

calcium imaging with high precision state monitoring, we find that SST/nNOS cells are 

specifically active during low-arousal states characterized by low movement and synchronized 

local field. Using optogenetic manipulation of SST/nNOS cells in combination with in vivo 

extracellular recordings, we show that the activity of SST/nNOS cells is sufficient to induce a 

synchronized network state, with both increases in low-frequency LFP power and increases in 

spiking entrainment to these low-frequencies. These observations are specific to SST/nNOS cells 

as optogenetic activation of SST+/nNOS- cells leads to reduced neocortical network synchrony. 

Taken together, our data suggests that SST/nNOS cells are specifically active during low arousal 

states and during slow wave sleep states when cortical cholinergic tone is low. However, during 

movement and during REM sleep, when cholinergic tone is high, these cells are remarkably 

silent. We have begun to investigate how cholinergic modulation of SST/nNOS cells through the 

Gi coupled type-2 muscarinic acetylcholine receptor may play a role in shaping the state 

dependent activity of these cells. 
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Abstract: Twenty-four-hour rhythmicity in physiology and behavior is driven by changes in 

neuronal activity that varies across the light-dark cycle. This circadian rhythmicity is most 

prominent in neurons of the brain’s central pacemaker the suprachiasmatic nucleus but is also 

found in other brain regions. This includes the hippocampus, which shows circadian rhythmicity 

in both clock-gene expression and synaptic plasticity. However, it is currently unknown whether 



electrical properties of the hippocampus are modulated by the light-dark cycle. Since new 

experimental data is converging towards a critical role of oscillations in connecting activity to 

sensory processes- such as light perception, we implanted tetrodes into CA1 of C57BL/6J mice 

to identify circadian patterns in electrical activity in the hippocampus across the day. We 

recorded individual cells’ firing rates, local field potentials, and assessed connectivity and E/I 

balance for 24hr across a 12:12 cycle. We then quantified dynamics on an hour-by-hour basis to 

report the following findings:  

1. Fast-spiking inhibitory interneurons show ultradian rhythmic activity across the day, with 

peaks in firing at light transitions, while excitatory principal cells’ firings remain relatively static. 

2. Sleep-associated NREM delta (0.5-3Hz) and sharp-wave ripples (SPWRs- 150-250Hz) as 

well as REM and waking theta (4-10 Hz) are temporally dynamic. Delta and SPWRs were 

comparatively higher during NREM occurring in the light phase. 

3. Measures of connectivity, stability, and E/I balance show that hippocampal network 

structure is not static across the day but fluctuates with inhibitory cell firing (peak at ZT6).  

These results show for the first time the dynamic baseline structure of hippocampal electric 

activity. Network structure seems to reorganize over time, possibly according to the behavioral 

demands of the rest-activity cycle. Specifically, stability and E/I balance are shown to be 

indicative of a critical network state, which may indicate an optimal timing of learning in the 

hippocampus. 
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Abstract: Deep brain stimulation can be an effective alternative treatment for patients that are 

intractable to anticonvulsant drugs and do not meet surgical criteria. Clinical trials have 



demonstrated the safety of thalamic stimulation using a high frequency stimulus with limited 

efficacy. Our group has previously shown, in silico, the success of stimulation with a brain-

mimetic therapeutic signal, outperforming mono-rhythmic waveforms. In this study we extend 

our findings in vivo and investigate a thalamic continuous stimulation paradigm using a brain-

mimetic signal, where the amplitude of a high frequency rhythm is modulated by the phase of a 

low frequency rhythm forming a cross-frequency coupled (CFC) waveform, to suppress seizure-

like events (SLEs) in a kindled mouse model. We aim to show that application of our brain-

mimetic stimulation is more effective in seizure control than mono-rhythmic stimulation. Bipolar 

electrodes were implanted in the CA3 of the hippocampus and in the contralateral medial dorsal 

nucleus of the thalamus, allowing for stimulation and iEEG recordings. Video analysis was used 

for assessment of animal motor behavior. Mice were kindled daily through unilateral CA3 

stimulations reaching evoked convulsive SLEs, then spontaneous recurrent seizures. To test 

suppression in fully kindled mice, thalamic stimulation using a CFC waveform was applied 

continuously for 15 minutes, followed by hippocampal stimulation to evoke an SLE. Thalamic 

stimulation, applied continuously for 24 hours, was also tested in extended kindled mice with 

spontaneous recurrent seizures. We found a 1Hz-100Hz phase-amplitude CFC waveform to be 

effective in suppressing SLEs (confirmed by iEEG and video analysis) and increasing kindling 

threshold. Low frequency and interictal spike suppression following interictal stimulus 

administration was found as a marker to assess the effective stimulus parameters. Our bi-

rhythmic CFC stimulus outperformed mono-rhythmic stimuli in evoked SLEs. These findings 

are important in the development of novel brain stimulation strategies for epileptic patients. 

Disclosures:  U. Tufa: None. A. Zahra: None. C. Wu: None. L. Zhang: None. P.L. Carlen: 

None. B.L. Bardakjian: None. 

Nanosymposium 

424. Brain Oscillations: From Health to Disease 

Location: SDCC 1 

Time: Tuesday, November 15, 2022, 8:00 AM - 10:00 AM 

Presentation Number: 424.07 

Topic: B.08. Epilepsy 

Title: Simultaneous high-frequency oscillations (HFOs) and interictal epileptiform discharges 

(IEDs) predict the seizure onset zone (SOZ) 

Authors: *C. KAPELLER1, M. MOHAMMADPOUR2, K. KAMADA3, M. CHING2, F. CAO2, 

C. GUGER4, K. MAYR2;  
1g.tec Neurotechnology USA, Inc., 2g.tec Neurotechnology USA, Inc., Albany, NY; 3Neurosurg., 

Megumino Hosp., Eniwa, Japan; 4g.tec neurotechnology GmbH, g.tec neurotechnology GmbH, 

Schiedlberg, Austria 

Abstract: HFOs can be utilized as a biomarker for the epileptogenic zone. Localizing HFOs 

supports better delineation of the resection areas in patients with intractable epilepsy and 

improves surgical outcomes. Identifying HFOs is challenging, and their exact clinical definition 



is still unclear. Thus, HFOs can be divided into normal HFOs (nHFO) and pathological HFOs 

(pHFO), each with different signal characteristics. This study aimed in analyzing resting-state 

ECoG signals to differentiate nHFO from pHFO, under consideration of IED co-occurrence. 

Five patients with epilepsy underwent cortical electrode implantation in the Megumino Hospital 

in Japan. ECoG signals were reviewed to find seizure onset zone (SOZ) and confirmed with 

video EEG recorded in EMU. An automatic event detector identified HFOs and IEDs in sleep-

state ECoG, and compared whether event times overlap. If there is an overlap between IEDs and 

HFOs, the event is considered pHFO, and HFOs without IEDs are considered nHFO. 

Specifically, the detector filters the signals (5-60 Hz for IEDs and 60-250 Hz for HFOs 

detection), applies a Hilbert transform to calculate signal envelop, epochs into 1-minute 

segments, which are then normalized by robust z-scoring. Events greater than 3-SDs above the 

median value are considered events of interest (EOIs). Finally, detection criteria (duration>6 ms, 

minimum period between EOIs>50 ms, amplitude>5 uV, and number of oscillations >4) were set 

to fulfill HFOs and IEDs detection. After HFO detection, the positive predictive value (PPV) 

showed the relationship between the n-HFO and pHFOs against SOZ. 

In total, 120 HFOs per electrode on average (range 0-40/min) were identified from 689 

electrodes in five patients with 157.3 hours of recordings. Thus, 12.8% of the HFOs were 

identified as pHFO, with average HFO rates of pHFO(SOZ)=3.72/min and pHFO(non-

SOZ)=0.28/min. Rates for nHFOs were nHFO(SOZ)=5/min, nHFO(non-SOZ)=3.28/min. The 

SOZ could be determined with a PPV(nHFO)=0.6, and a PPV(pHFO)=0.92. 

From a clinical perspective, pathological and physiological HFOs could exist in all brain 

structures and occur either in SOZ or healthy areas. Preliminary results show that pHFO, 

identified by overlapping IEDs and HFOs, could predict SOZ, whereas nHFO is not SOZ 

specific. 
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Abstract: Recent research has uncovered aspects of the coupling between brain activity and 

underlying structural connections in healthy subjects, but alterations in pathological conditions 

remain largely unknown. Here we exploit graph signal processing to decompose interictal 

epileptic discharges (IEDs) -measured via EEG activity- on spatial maps extracted from the 

structural connectome (SC). The goal of this study is to disentangle the dynamic interplay 

between processes of segregation and integration characterizing IEDs in patients with temporal 

lobe epilepsy (TLE). IEDs of 18 TLE patients were source-reconstructed in 118 region of 

interests (ROI) and decomposed as the sum of SC graph Laplacian eigenvectors, or “network 

harmonics”. The energy spectrum of the transformed signal was split in the low-frequency 

harmonics (LF, long-range interactions reflecting integration) and the high-frequency ones (HF, 

short-range interactions reflecting segregation). With the first we reconstructed the part of the 

signal, in ROI space, mostly coupled to the structure (Xc), with the latter we reconstructed the 

decoupled one (Xd). Xc and Xd norms were calculated over all ROI and the dynamics of their 

energy distribution along time were compared with a cluster-based permutation test across 

patients. To analyze segregation and integration at the regional level, patients were divided 

according to the lateralization of the epilepsy (NRIGHT=9 and NLEFT=9). For each ROI, the 

structural decoupling index (SDI, ratio between Xd and Xc) was calculated. For ROI that were 

more coupled/decoupled than the best performing surrogate in at least 6 patients per group, the 

SDI was compared between the significant time windows. The permutation test identified two 

clusters in time: until the IED onset (C1) the energy of HF harmonics was bigger than that of LF 

(p<.001); around its first peak (C2) the energy of the coupled signal was higher (p<.05). At the 

ROI level, the ipsilateral mesial regions were significantly more coupled to the structural 

network than in surrogates over the whole epoch. Across patients, ipsilateral hippocampus and 

entorhinal cortex became more coupled during C2 (p<.01). In conclusion, at whole-brain level, 

segregation seems to give way to integrative processes during the IED, as over C2 smooth spatial 

maps (long-range couplings) embed most of the energy of the signal. Locally, we observe that 

are indeed those ROI likely involved in the epileptogenic network (ipsilateral hippocampus and 

entorhinal cortex) to be the one increasing their reliance on long-range couplings during C2, in 

line with the interpretation that IED propagation is supported via mean of integrative processes. 
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Abstract: Astrocytes are the most numerous cell type in the human brain and are an integral 

component in both homeostatic processes and disease-relevant responses. In response to central 

nervous system injury or disease, astrocytes become reactive, adopting context-dependent states 

and functional outputs. Certain inflammatory insults induce reactive astrocytes that lose 

homeostatic functions and gain harmful outputs through cellular pathways that are not fully 

understood. Using CRISPRi screening for regulators of reactive astrocytes, we previously found 

that autocrine-paracrine IL-6 and interferon signaling downstream of canonical NF-κB activation 

drove two distinct inflammatory reactive signatures (Leng et al. 2022, bioRxiv, doi: 

10.1101/2021.08.23.457400). In addition, certain species of saturated lipids, such as long-chain 

saturated fatty acids, were recently identified as a secreted neurotoxic factor in a rodent in vitro 

model of astrocyte activation (Guttenplan et al. 2021, Nature, PMID: 34616039). The 

mechanisms by which astrocyte reactivity induces production of putative neurotoxic lipids are 

currently unknown. Further, how neurons respond to neurotoxic signals from reactive astrocytes 

is not fully characterized, especially in human models, and identifying these mechanisms can 

provide further evidence for pathways identified from characterizing reactive astrocytes and their 

conditioned media. Using comprehensive, quantitative lipidomic analysis of iPSC-derived 

human reactive astrocytes, we identified characteristic signatures associated with the 

neuroinflammatory reactive transition, which includes increased fully saturated triacylglycerols, 

and specific species of phosphatidylcholines, phosphatidylethanolamines, phosphatidylinositols, 

and phosphatidylserines. Further, transcriptomic characterization of neurons responding to 

reactive astrocyte-conditioned media indicated potential roles for insulin-like growth factor 

(IGF) regulation by IGF binding proteins and pappalysins, as well as lipoprotein lipase - a 

potential response in the neurons to triacylglycerols from reactive astrocytes. Together, these 



findings further elucidate mechanisms involved in astrocyte reactivity and form a more complete 

picture of differential lipid regulation in astrocyte activation and its impact on neurons. 
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Abstract: Human immunodeficiency virus 1 (HIV-1) invades the central nervous system (CNS) 

early during infection and can persist in the CNS for life despite effective antiretroviral 

treatment. Infection and activation of residential glial cells lead to low viral replication and 

chronic inflammation, which damage neurons contributing to a spectrum of HIV-associated 

neurocognitive disorders (HAND). Astrocytes are the most numerous glial cells in the CNS and 

provide essential support to neurons. During a neuropathological challenge, such as HIV-1 

infection, astrocytes can shift their neurotrophic functions to become neurotoxic and even serve 

as latent reservoirs for HIV-1 infection. Notably, substance use disorders, including 

methamphetamine (METH) are disproportionately elevated among people living with HIV-1. 

METH use can induce neurotoxic and neurodegenerative consequences, which can increase 

one’s risk and severity of HAND. A better understanding of HIV-1 infection and METH 



exposure both alone and in combination on astrocyte function could help identify key cellular or 

molecular targets that can regulate astrocyte neuroprotective versus neurotoxic phenotypes to 

optimize neuronal fitness and combat CNS pathology. Mitochondria are essential organelles for 

regulating metabolic, antioxidant, and inflammatory profiles. Moreover, endoplasmic reticulum 

(ER)-associated signaling pathways, such as calcium and the unfolded protein response (UPR), 

are important messengers for cellular fate and function, including inflammation and 

mitochondrial homeostasis. Our previous studies in primary human astrocytes demonstrated 

increased UPR mediator protein expression following HIV-1 infection or chronic METH 

exposure, of which, inositol-requiring enzyme 1 alpha (IRE1α) was most prominently elevated. 

Interestingly, pharmacological inhibition of the three UPR arms, illuminated that IRE1α is a 

potential regulator of astrocyte mitochondrial respiration. Here, we further delve into the 

functional role of IRE1α in primary human astrocytes using an IRE1α overexpression plasmid 

followed by astrocyte activation with the proinflammatory cytokine, interleukin 1β (IL-1β). Our 

findings confirm IRE1α modulates astrocyte metabolic function, morphological activation, 

cytokine secretion, and glutamate clearance, highlighting a novel target for regulating astrocyte 

metabolic and inflammatory phenotypes. Therapeutic targeting of astrocyte IRE1α could help 

combat astrocyte dysfunction and potentially promote a more neuroprotective phenotype during 

CNS pathologies. 
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Abstract: Glaucoma is a progressive optic neuropathy that manifests with a characteristic 

sequence of pathological events, including optic nerve head remodeling. Optic nerve head 



astrocytes (ONHA) are the primary cell type in the optic nerve head. Noxious stimuli trigger 

reactive astrocytosis (RA), a morphological and structural remodeling associated with increased 

expression of glial fibrillary acidic protein (GFAP), proliferation and migration, retraction of 

processes and reduced stellation, and changes in actin cytoskeleton and secretion of extracellular 

matrix proteins. RA is an early pathological process in glaucoma, underlying the characteristic 

optic nerve head remodeling. The molecular mechanisms underlying RA remain largely 

unknown. The objective of the present study was to further elucidate the molecular and 

functional effects of mechanical strain on elastin synthesis pathways. RA was induced by 

exposure of ONHA to mechanical strain (10% equibiaxial stretch for 16 h) using a Flexcell® 

FX-5000 Tension System (Flexcell International). Induction of RA was confirmed by increased 

GFAP immunoreactivity. Induction of RA resulted in a significant decrease in lysyl oxidase like 

1 (Loxl1) gene expression and protein levels. Concomitantly, elastin levels were significantly 

decreased, consistent with the role of Loxl1 as a cross-linking matrix enzyme required for 

normal elastic fiber formation and stabilization. Intriguingly, expression of enzymes upstream of 

Loxl1 in the elastin synthesis pathway, fibrillin-1 and fibulin-5, was not altered. To confirm a 

possible involvement of Loxl1 in RA, we used siRNA-mediated knockdown (KD). Partial 

(~50%) KD of Loxl1 resulted in increased GFAP expression as well as actin cytoskeletal 

remodeling suggestive of RA. Elastin expression was reduced by approximately 30%. To further 

elucidate the functional consequences of reduced Loxl1 expression, we transduced ONHA with 

lentivirus expressing Loxl1 shRNA and generated a stable ONHA line. Exosomes were purified 

and the functional effects of exosomes on neurite outgrowth were tested by adding exosomes 

from control (scramble) and Loxl1-KD ONHA to cortical neuronal cultures. Control ONHA 

exosomes increased neurite outgrowth by 20% compared with media alone, while exosomes 

from Loxl1-KD ONHA prevented increases in neurite outgrowth. Our data suggest that 

glaucomatous insults can affect elastin synthesis in ONHA through modulation of Loxl1. 

Impaired Loxl1 function is sufficient to induce molecular signatures of RA in ONHA. Impaired 

elastin synthesis in glaucoma may be responsible, in part, for impaired neuron-glia signaling in 

glaucoma.  

Disclosures:   S. Kaja: C. Other Research Support (receipt of drugs, supplies, equipment or 

other in-kind support); Experimentica Ltd., K&P Scientific LLC, AcuiSee, Inc.. E. Ownership 

Interest (stock, stock options, royalty, receipt of intellectual property rights/patent holder, 

excluding diversified mutual funds); K&P Scientific LLC, Experimentica Ltd., eyeNOS, Inc.. F. 

Consulting Fees (e.g., advisory boards); Experimentica Ltd.. H.N. Hariani: None. V.R. Rao: 

None. A.K. Ghosh: A. Employment/Salary (full or part-time):; Experimentica Ltd.. E. 

Ownership Interest (stock, stock options, royalty, receipt of intellectual property rights/patent 

holder, excluding diversified mutual funds); eyeNOS, Inc.. 

Nanosymposium 

425. Astrocyte Development and Function 

Location: SDCC 31ABC 

Time: Tuesday, November 15, 2022, 8:00 AM - 11:15 AM 

Presentation Number: 425.04 



Topic: B.09. Glial Mechanisms 

Support: NIH/NIDA/R01 DA048815-03S1 

Title: Use of Toxoplasma infection and a model of methamphetamine abuse reveals reactive 

astrocyte heterogeneity during chronic inflammation 

Authors: *Z. FIGUEROA1, W. AGNEW-SVOBODA1, M. RICCOMAGNO2, T. A. FIACCO2, 

E. WILSON3;  
1Neurosci. Grad. Program, 2Molecular, Cell and Systems Biol., 3Div. of Biomed. Sci., Univ. of 

California, Riverside, Riverside, CA 

Abstract: Neuroinflammation is a feature common to neurodegenerative disease, infection, and 

brain injury, resulting in immune responses characterized in part by changes in astrocytes. 

Astrocytes ordinarily provide critical support for neurons but become reactive in response to 

inflammation. Reactive astrocytes (RAs) are defined by their proliferation, enlarged cell bodies 

and processes, and change in function. A longstanding and unresolved issue is whether RAs 

contribute to or help alleviate disease progression. Chronic abuse of methamphetamine (meth) is 

a leading cause of overdose deaths in California and is a public health problem worldwide. 

Toxoplasma gondii is a highly successful neurotropic parasite that causes persistent subclinical 

neuroinflammation due to cyst formation in neurons that last for the lifetime of the host. Using 

these two contrasting models of chronic inflammation, we will investigate the development and 

function of reactive astrocytes to determine if unique subsets exist during chronic stimulation. 

Using flow cytometry to analyze integrin expression, we determined there is astrocyte 

heterogeneity throughout T. gondii infection and meth exposure, based on astrocytic expression 

of CD51, CD63, and CD71. Furthermore, we have characterized previously undescribed subsets 

of astrocytes conserved during both models of chronic inflammation. To further analyze these 

RA subsets, single cell RNA sequencing experiments were conducted to investigate the 

transcriptional profile of these astrocyte populations. Considerable cohesiveness in the kinetics 

and subsets were observed between protein and transcriptional data. Using a novel inducible Cre 

knock-in mouse line driven by the lipocalin 2 promoter, we have isolated and tracked RA 

populations to determine the resolution of astrocyte reactivity during and throughout chronic 

inflammation. 
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Abstract: Rett syndrome (RTT) is a postnatal neurodevelopmental disorder, largely due to 

mutation of the Methyl CpG-binding Protein 2 gene (MECP2), and is associated with severe 

mental disability and autism-like syndromes that manifests during early childhood. An important 

aspect of neurodevelopmental disorders are the cell non-autonomous functions that are sparsely 

understood. Astrocytes provide structural and molecular support for neurons that are essential for 

proper development and maturation. We found human embryonic stem cell (ESC) derived RTT 

astrocytes have impaired glutamate uptake, a key function that prevents excitotoxicity. We have 

identified RTT astrocyte mitochondrial function and glycolytic capacity are severely diminished. 

Interestingly, RTT astrocytes revealed increased mitochondrial mass, a possible mechanism to 

compensate for limited mitochondrial function. When mitochondrial activity was stimulated, 

RTT astrocytes maintain a threshold of activity irrespective of glycolytic shift. Metabolomic 

analysis defined metabolic disruption in energy balance and amino acid supply. RTT cerebral 

organoids revealed developmental delay in maturation of both neurons and astrocytes. 

Additionally, we observed mitochondrial transplantation from RTT astrocytes to RTT neurons, 

indicating dysfunctional mitochondria in astrocytes may amplify disease pathology. These 

findings highlight cell non-autonomous contribution to RTT, impacting neuronal bioenergetics 

and function. 
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Abstract: Molecular and functional abnormalities of astrocytes have been implicated in the 

etiology and pathogenesis of schizophrenia (SCZ). In this study, we examined the proteome, 

inflammatory responses, and secretome effects on vascularization of human induced pluripotent 

stem cell (hiPSC)-derived astrocytes obtained from three patients with SCZ and four control 

subjects. Proteomic analysis revealed alterations in several proteins related to immune function 

and vascularization in SCZ astrocytes, while no changes were detected in typical astroglial 

markers like GFAP and Vimentin. Protein-protein interaction network of both up- and down-

regulated inflammation-related proteins pointed nuclear factor kappa B components (NF-κB - 

RELA/p65 and NFKB1/p50) as important signaling hubs. Corroborating the previous result, RT-

qPCR experiments indicate a 50% decrease in NF-κB p65 expression in SCZ astrocytes 

compared to control cells. We also found a 20% reduction of NF-κB immunolabeling in SCZ 

astrocytes. SCZ-patient-derived–astrocyte conditioned medium (ASCZCM) exhibited significantly 

elevated levels of cytokines such as interleukin (IL)-2, IL-4, IL-6 and IL-8. Interestingly, when 

SCZ astrocytes were challenged with tumor necrosis factor alpha (TNF-α) exposure, no 

incremental secretion of cytokines was found in the SCZ conditioned media after stimulation, 

except for IL-6 which nearly doubled. Proteomic evaluation of ASCZCM has shown that 

differentially expressed proteins in SCZ are mainly related to activation of angiogenesis and 

development of vasculature, among other biological functions. Then, we further evaluated the 

biological potential of the astrocyte conditioned media to modulate in vivo vascularization by 

using the chicken chorioallantoic membrane (CAM) assay. ASCZCM reduced the diameter and 

increased the number of newly grown vessels. This effect could be mimicked with exogenous 

addition of IL-8, in similar concentrations to what was found in ASCZCM. Taken together, our 

results suggest that SCZ astrocytes are immunologically dysfunctional and may consequently 

affect vascularization through secreted factors. Likewise, IL-8 emerges as a player in 

schizophrenia-mediated vascular changes. The astroglial changes observed in this study may 

potentially contribute to developmental aspects of schizophrenia brain. 
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Abstract: A better understanding of nicotine neurobiology is needed to reduce or prevent 

chronic addiction, the detrimental effects of nicotine withdrawal, and increase successful 

cessation of use. Nicotine binds and activates two astrocytically expressed nicotinic 

acetylcholine receptors (nAChRs), α4β2 and α7. We recently found that Protein kinase B-β 

(Pkb-β or Akt2) expression is restricted to astrocytes in mice and humans. AKT2 may play a role 

in astrocytic nicotinic responses. We generated astrocyte-specific Akt2 conditional knockout 

(cKO) and complete Akt2 KO mice for in vivo and in vitro experimental preparations. For in vivo 

studies, we examined mice exposed to chronic nicotine for two weeks in drinking water (200 

μg/mL) and following acute nicotine challenge (0.09, 0.2 mg/kg) after 24 hrs. Our in vitro 

studies used cultured mouse astrocytes to measure nicotine-dependent astrogliotic responses. We 

validated our approaches using lipopolysaccharide (LPS) exposure. Sholl analysis was used to 

measure glial fibrillary acidic protein responses in astrocytes. Our data show that wild-type (WT) 

mice exhibit activated AKT2 and increased astrocyte morphological complexity following acute 

nicotine but decreasing complexity following chronic nicotine use. Conversely, Akt2 cKO mice 

showed increased astrocyte morphology compared to controls following chronic in vivo nicotine 

treatment. Additionally, we performed conditioned place preference (CPP) on WT and Akt2 cKO 

mice to investigate the role of AKT2 in the motivational effects of nicotine. In culture, we found 

that 100μM nicotine was sufficient for inducing morphological changes and blocking α7 

nAChRs prevented observed increases in morphology. These findings show the importance of 

nAChRs and Akt2 signaling in the astrocytic response to nicotine. 
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Abstract: Early in neurodegenerative disease, astrocytes can expand their gap junctional 

networks to redistribute resources and maintain neuronal function. How is this beneficial form of 

astrocyte reactivity induced? To answer this, we looked at similar mechanisms in other organs 

and applied them to the nervous system. In the heart, cardiac macrophages induce gap-junctional 

network expansion in myocytes during arrhythmia. There, macrophage-derived amphiregulin 

(AREG) signals upon epidermal growth factor receptor (EGFR) to induce phosphorylation of 

connexin 43 (Cx43), recruiting it to the cell membrane to form additional gap junctions and 

rescue the tissue. Here, we test this mechanism in the resident macrophages of the brain 

(microglia) and the resident Cx43 network mediators (astrocytes). Like cardiac macrophages, 

cultured primary microglia (serum-free; n = 3 isolations) release AREG in response to stress 

(LPS, 1ug/ml; p < 0.001 vs baseline). Cultured primary astrocytes (serum-free; mRNA n = 3 

isolations; protein n = 5 isolations) respond to AREG (100ng/mL) like cardiac myocytes: they 

phosphorylate Cx43, with a 3-fold increase 9 min after AREG administration (p < 0.001). 

Phosphorylation returns to baseline within 90 min. Three min after AREG administration, Cx43 

mRNA increases 2-fold; protein levels increase 2-fold by 11 min (mRNA p = 0.007; protein p ≤ 

0.01). Although astrocytes constitutively express little dimerized EGFR, AREG administration 

increases membrane-localized EGFR 2-fold within a min (p = 0.006) and 3-fold in 7 minutes (p 

< 0.001). To measure the change in functional gap-junction network size induced by AREG, 

astrocytes were cut-loaded with biotin (244Da) which traverses gap junctions, and dextran 

(10kDa) which is constrained within cells and thus only marks initially loaded astrocytes. We 

found a 3-fold increase in astrocyte connectivity in as little as 10 min after AREG (p < 0.001). 

Intriguingly, higher levels of AREG (1000 ng/mL) have the opposite effect - Cx43 mRNA is 

reduced 2-fold in 3 min (p = 0.02), and Cx43 protein declines 2-fold within 30 min (p = 0.01; n = 

3 isolations). Unlike published data in the heart, astrocytes also respond to 100ng/mL AREG by 

extending tunneling nanotubes within 60 seconds of administration (n = 3 isolations). Higher 

AREG concentrations (1000 ng/mL) result in astrocyte process retraction within 15 min of 

administration (n = 3 isolations). This differential response to EGFR activation may dictate 

whether astrocytes enlarge or contract their network to respond to a stressor through beneficial or 

harmful forms of reactivity. 
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Abstract: Astrocytes, the most abundant glial cells of the brain, regulate glutamate and ion 

homeostasis, metabolism, respond to environmental factors, and become activated neural stress. 

Interestingly, astrocytes interact with many different cell types in their surroundings. One route 

of interaction is through signaling mediated by extracellular vesicles (EVs). However, 

appropriate models to explore astrocyte communication mediated by EVs in vivo are lacking. 

Here we show the characterization of a new mouse model to track astrocyte-derived EVs. To this 

aim a Cre reporter mouse under the astrocyte specific GFAP promoter was crossed with a Cre-

dependent reporter mouse with a loxP-floxed stop codon upstream of the human CD81 tagged 

with mNeonGreen under a CAG promoter. Here we show that in this new transgenic mouse only 

astrocytes express mNeonGreen. Astrocytes isolated from neonatal brains co-express GFAP with 

mNeonGreen, and EVs derived from these cultured astrocytes display mNeonGreen. In contrast, 

microglia isolated from these neonatal brains do not show mNeonGreen expression. We found 

that this model can be used to track astrocyte-derived EVs in vivo and in vitro. Ultimately, 

allowing us to study the interaction of astrocytes with neighboring cells via EVs. We anticipate 

that this new model can be used to fully understand how astrocytes use EVs to communicate 

with their surroundings both during homeostasis, and normal development, but also in a 

neoplasm or neuropathological setting. 
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Abstract: Retinal ganglion cell (RGC) axons play critical roles in the development of visual 

thalamus, a set of diencephalic brain structures critical for the processing of both image-forming 

and non-image-forming visual information. Specifically, early-arriving RGC axons regulate the 

timing of non-retinal innervation of visual thalamus, contribute to the morphological 

development of retino-recipient thalamic relay cells, and direct the migration of local 

GABAergic interneurons into two specific nuclei of visual thalamus, the dorsal lateral geniculate 

nucleus (dLGN) and ventral lateral geniculate nucleus (vLGN). We previously reported that 

RGC axons signal to thalamic astrocytes to generate Fibroblast Growth Factor 15 (FGF15), a 

motogen required for the recruitment of interneurons into dLGN and vLGN. However, the 

mechanism by which retinal inputs induce astrocytic expression of FGF15 remains unclear. We 

hypothesized that either retinal activity or molecular cues secreted by early arriving RGC axons 

could influence astrocytic-expression of FGF15 and, therefore, interneuron migration. Results 

presented here demonstrate that impairing RGC activity had no impact on interneuron 

recruitment into mouse visual thalamus; instead, our data show that retinal-derived Sonic 

Hedgehog (SHH) is essential for interneuron recruitment. Specifically, using transcriptomics, in 

situ hybridization, and reporter lines, we observed that RGCs express SHH and that astrocytes in 

developing visual thalamus express downstream signaling components of this pathway. These 

results show there is a significant reduction in Fgf15 expression and in thalamic GABAergic 

interneurons in conditional mouse mutants that lack RGC-derived SHH. Our findings not only 

identify thalamic roles for SHH signaling but also a novel way through which axo-glia 

interaction influences the development of inhibitory circuits in mammalian vLGN. 
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Abstract: Fibroblast Growth Factor Receptor 1 (FGFR1) is a tyrosine kinase receptor that is 

expressed within Tanycytes of the hypothalamus, and responds to secreted signaling factors such 

as fibroblast growth factors (FGF) and cell adhesion molecules. FGF-21 is a neuroendocrine 

signal produced by liver cells to modulate feeding behaviors. FGF-21 is involved in lipo-

degradation pathways through MAPK, STAT 1/3/5, PLC γ, and PKC, and in suppression of 

feeding. Tanycytes are specialized radial glial like astrocytes that line the 3rd ventricle (3V) 

region abutting the hypothalamus. In adult mice, daughter cells of tanycytes, including neurons, 

detach and integrate into hypothalamic nuclei involved in feeding circuits, such as the Arcuate 

Nucleus (ARC). There are two primary subdivisions of Tanycytes, the α Tanycytes along the 

medial aspect of the 3V wall and β Tanycytes in the ventral wall of the 3V. Tanycytes send long 

processes deep into adjacent parenchymal hypothalamic nuclei. Tanycyte cell bodies interact 

with the 3V and CSF. The processes of β Tanycytes also directly interact with fenestrated 

capillaries of the medial eminence (ME) assisting in the transport of endocrine cues. Tanycytes 

demonstrate an ability to interact in glucose homeostatic roles and their morphology potentially 

governs feeding behavior pathways and cellular mechanisms. Our study model, Nestin-Cre 

mediated inactivation of Fgfr1, has altered Tanycyte morphologies compared to Cre-control mice 

in both males and females. β Tanycyte process length are found significantly decreased in 

FGFR1 KOs. These mice also displayed impaired glucose tolerance compared to controls after a 

high-fat high-sucrose diet (HFD). HFD induced decreased tanycyte radial process length in both 

α and β tanycytes of FGFR1 KOs. We determined if altered process lengths occur at P0. This 

allows us to determine if this phenotype is arising in the prenatal development of the 

hypothalamus, or during postnatal development. FGFR1 is also able to form hetero dimers with 

membrane embedded proteins, such as cellular adhesion molecules. We will investigate potential 

roles of cellular attachments, and cadherin interactions, between FGFR1 molecules in Tanycytes. 

Furthermore, after HFD, a decrease in SOX2+ stem cells was observed along the 3V in FGFR1 

KO mice. Future studies will examine if postnatal neurogenesis is reduced in FGFR1 KO mice, 

as well as the roles of diet reversal and exercise upon the loss of stem cells and tanycyte length 

after HFD. 
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Abstract: Cell type-specific genetic manipulation is a critical tool in biomedical science. While 

transgenic animals are one way to obtain this specificity, they can be slow and costly to generate. 

Viral manipulation is a faster, cheaper alternative. Adeno-associated viruses (AAV) are widely 

used due to their safety profile, limited toxicity, and the natural occurrence of serotypes with 

different tropism. Furthermore, AAV capsids have been developed which confer new properties 

on the virus, including systemically deliverable AAV which can be injected into mice 

intravenously (IV), cross the blood-brain barrier, and infect cells throughout the CNS. These 

designer capsids, such as PHP.eB, make it feasible to theoretically modify essentially all 

infectable cells in the CNS with one injection. One issue in implementing this in astrocytes has 

been that AAV with astrocyte-specific promoters have shown significant expression in other cell 

types. This expression is variable depending on the capsid and the cargo expressed, but can be 

quite extensive particularly when expressing Cre and is primarily seen in neurons and sparsely in 

endothelial cells. To generate astrocyte-specific Cre viruses, we added a previously reported 

targeting sequence for miR124 (miR124-T) to the plasmid. miR124 expression is high in neurons 

but very low in astrocytes; thus, the inclusion of miR124-T should lead to miR-mediated 

degradation of the transgene in neurons but not in astrocytes. This reduced, but did not eliminate 

neuronal expression, nor did it affect endothelial expression. We therefore generated a series of 

miR targeting viruses with expression patterns high in neurons or endothelial cells and low in 

astrocytes and ultimately developed a single unified cassette of 6 miR targeting sequences with 4 

copies of each. In Cre-dependent reporter animals, either intracortical or IV delivery of this Cre-

miR cassette virus leads to highly astrocyte-specific expression patterns that are stable for at least 

8 weeks and show similar specificity when delivered across the mouse lifespan (postnatal day 1 

to 29 months). We have generated multiple viruses using the miR cassette for astrocyte-specific 

expression, including both light- and tamoxifen-inducible Cre viruses; spaghetti monster reporter 

viruses; and Cre-dependent reporter viruses with reduced Cre-independent neuronal leak. We 

hope these viruses will be a useful resource for the community and an easy, accessible way to 

specifically manipulate astrocytes either in targeted brain regions or CNS-wide. 
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Abstract: The interactions between glial and neuronal cells play a large role in brain function 

and dysfunction. For example, microglia and astrocytes can become reactive, leading to a 

response that may be detrimental to neuronal survival in neurodegenerative diseases. Many 

studies have investigated how certain glial cell types may independently contribute to disease 

through either gain of toxic function or loss of normal function, how neuron-neuron and neuron-

glia interactions make neurons more vulnerable to disease is less understood. 

Therefore, we generated 3D iPSC-derived neuron-astrocyte-microglia assembloids 

(iAssembloids) to model how glial and neuronal cells can drive neuronal death. We have found 

that iPSC-derived neurons cultured in iAssembloids have higher expression of axon guidance-

related and glutamatergic receptor subunit genes and are much more electrophysiologically 

active than standard monocultured iPSC-derived NGN2 neurons. Using transcription factor-

based neuronal and microglial differentiation protocols, iAssembloids are reproducible and easy 

to generate in a high-throughput manner, making them suitable for large-scale screening 

applications. 

We then performed a large-scale pooled CRISPRi-based functional genomics screens (targeting 

over 2,000 genes) in the iPSC-derived neurons within iAssembloids. These screens identified 

pathways that affect neuronal survival in the iAssembloid context, but not in monoculture. We 

found that knockdown of GSK3B, which did not affect survival of monocultured neurons, 

strongly improved neuronal survival in iAssembloids, phenocopying studies in in vivo systems. 

We combined our functional genomics platform with single-cell transcriptomics (CROP-seq) and 

identified perturbations that caused distinct changes in neurons within iAssembloid compared to 

monocultured neurons. We found that knockdown of GSK3B upregulated the expression of 

NRF2 targets, a known response to oxidative stress, specifically in iAssembloids. This tractable 

system allows us to elucidate a mechanism by which neuronal activity and oxidative stress can 

interact through GSK3B. 

We aim to expand CRISPRi-based screens in iAssembloids to compare neuronal phenotypes 

when co-cultured in different isogenic, disease-related glial environments such as in APOE3 and 

APOE4 expressing astrocytes. By performing CRISPRi-based screens in assembloids derived 

from patient iPSCs with genetic risk variants, we can start to decipher the processes in which 

glial cells are hypothesized to contribute to disease progression. 
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Abstract: A major obstacle in our understanding of early stages of Alzheimer’s disease (AD), is 

our limited knowledge of the very first neurons to die in the disease, and of their surrounding 

cellular environment. In most patients with amnestic AD, neurons from the layer II of the 

entorhinal cortex (ECII) are the first neurons to form neurofibrillary tangles and degenerate. We 

previously profiled neurons from the entire ECII in the mouse using cell-type specific ribosomal 

profiling and demonstrated that a gene module involved in axonal plasticity underlies their 

vulnerability to neurofibrillary degeneration (Roussarie et al., Neuron, 2020). This proved that 

molecular characteristics of ECII neurons could predispose them to the formation of pathological 

lesions in AD. A large literature describes the heterogeneity in connectivity, cytoarchitectonics 

and function of this region in mice and primates. In addition, the transentorhinal subdivision of 

the EC shows strikingly higher vulnerability than the rest of the ECII. Here we propose a 

detailed molecular atlas of the EC, and of layer II in particular. Using single-nucleus RNA-

sequencing and in situ hybridization in the mouse, we 1) delineate molecular subpopulations of 

EC - some discrete, some in transcriptional gradients, in a data-driven way, 2) identify markers 

for these anatomically distinct populations of ECII neurons, as well as for specific cell states 

within these populations, 3) identify subpopulation-specific signal in our whole ECII ribosomal 

profiling data. Overall this study is an indispensable first step in the characterization of 



transentorhinal neurons, and in the precise molecular dissection of the neuronal pathological 

cascade taking place during prodromal AD. 

Disclosures:  A. Morello Megias: None. H. Kahvecioglu: None. S. Joseph: None. I. Salas-

Allende: None. P. Rodriguez Rodriguez: None. W. Wang: None. J. Roussarie: None. 

Nanosymposium 

426. Alzheimer's Disease Genomics 

Location: SDCC 7 

Time: Tuesday, November 15, 2022, 8:00 AM - 10:00 AM 

Presentation Number: 426.02 

Topic: C.02. Alzheimer’s Disease and Other Dementias 

Support: NIH Grant U01NS110453 

NIH Grant R01AG074003 

NIH Grant R01HG008155 

NIH Grant R01AG067151 

NIH Grant P30AG10161 

NIH Grant P30AG72975 

NIH Grant R01AG15819 

 NIH Grant R01AG17917 

 

Title: Single-cell transcriptional hallmarks and individual subtyping for Alzheimer’s Disease 

across 430 participants 

Authors: *Y. TANIGAWA1,2, N. SUN1,2, W. F. LI1,2, D. VON MAYDELL1,2, C. A. BOIX1,2, 

L. A. AKAY1,2, K. GALANI1,2, H. MATHYS1,2,3, D. A. BENNETT4, L.-H. TSAI1,2, M. 

KELLIS1,2;  
1MIT, Cambridge, MA; 2Broad Inst. of MIT and Harvard, Cambridge, MA; 3Univ. of Pittsburgh 

Sch. of Med., Pittsburgh, PA; 4Rush Alzheimer's Dis. Ctr., Rush Univ. Med. Ctr., Chicago, IL 

Abstract: Alzheimer’s Disease (AD) is multifaceted, with many implicated biological pathways, 

across diverse cell types. The heterogeneous phenotypic manifestation, beyond the common 

characteristic signature of Amyloid beta plaque, across cognition, pathology, and treatment 

response is well recognized, but the molecular and cellular heterogeneity of AD remains 

uncharacterized at genomic and cellular resolution. 

Here, we use single-cell RNA-seq profiling of 1.9 million cells from 430 human dorsolateral 

prefrontal cortex post-mortem brain samples across age-matched AD and non-AD individuals 

spanning all stages of AD progression. To assess heterogeneous molecular manifestation of the 

key biological processes, we develop a regularized multivariate differential expression analysis 

framework and identify 1621 gene expression patterns across 6 major cell types (implicating 

1391 unique genes) associated with AD, which we cluster into 30 transcriptional hallmarks (Tx1-

Tx30). 

Our 30 transcriptional hallmarks capture several known cellular and pathological signatures in 



AD, pinpointing their candidate driver genes and cell types of action, and are associated with 

distinct phenotypic enrichments. For example, cytoplasmic translation in oligodendrocytes 

(Tx12) was most associated with early AD (p-value=5.3x10-7) but not late AD (p>0.9) changes; 

cytoplasmic translation in oligodendrocyte precursor cells (Tx23) instead showed the strongest 

association (p=1.0x10-9) with amyloid level in the cortex; and response to zinc ion in astrocytes 

(Tx16) was most associated with neuritic plaque burden (p=2.6x10-9). 

Using combinations of hallmark burdens, we classify our 430 donors into 12 AD and non-AD 

subtypes. Four and three of those groups were enriched in AD cases and non-AD individuals, 

respectively, and the other five were balanced between AD cases and controls. One of the AD 

groups driven by oligodendrocyte-associated hallmarks was preferentially enriched in neuritic 

plaque burden, which is more directly indicative of neuronal damage. 

Focusing on genetic variants associated with single-cell gene expression (sc-eQTLs) across our 

430 samples, we found the genetic basis for some hallmarks (heritability ~= 2%), indicating the 

ability to predict dysregulated AD hallmarks, risk groups, and subtypes across individuals 

decades before symptoms occur. 

Overall, our results pave the way towards pathway-level therapeutic development, personalized 

prognosis and treatment tuning in AD, and more generally towards genetics-based prognosis, 

transcriptional subtyping, and clinical trial design in complex and heterogeneous traits even in 

inaccessible tissues. 
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Abstract: Alzheimer’s disease (AD) and related dementia are serious neurodegenerative 

disorders among aging populations. The Ca2+ hypothesis for AD proposes that Ca2+ 



dyshomeostasis in the brain is a pathogenic mechanism and prolonged process of AD. 

Hyperactivity of NMDARs has been implicated in AD as both a potential cause and outcome of 

other known AD-related pathologies. However, the instigating factors such as the time and 

trigger that initiate Ca2+ dysregulation, pathophysiology, and AD pathology have remained 

obscure. NMDAR overactivation is controlled by inhibitory GluN3 subunits. Expression of 

GluN3A in the receptor complex reduces NMDAR currents, while deletion of GluN3A causes 

larger NMDA currents and elevated intracellular Ca2+. We hypothesized that GluN3A is a 

critical endogenous NMDAR regulator that is constantly required for Ca2+ homeostasis and its 

deficiency results in slowly evolved “degenerative excitotoxicity”. Our recent work disclosed 

that mice deficient in GluN3A in the whole brain from the embryonic stage (GluN3A KO mice) 

developed age-dependent AD-like pathophysiology, functional and behavioral deficits including 

cognitive decline, and Aβ/tau pathology during aging process. The current work aims to 

determine the critical time window and brain region specificity of GluN3A deficiency in 

sporadic AD development. Here we examine whether delayed GluN3A deficiency achieved by 

CRISPR knockout at young adult ages can lead to neurodegenerative changes and AD-related 

dementia. Using an AAV packaged CRISPR targeting GluN3A, adult wild-type (WT) mice (3-

month old) were subjected to GluN3A selective knockout (sKO) from the hippocampus and 

cortex via stereotaxic injection. Examinations at 3 months after sKO demonstrated that the 

delayed deletion of GluN3A in these two brain regions caused similar disease progress as in the 

conventional GluN3A KO mice. These delayed sKO mice exhibited age-dependent olfactory 

dysfunction in the olfactory discrimination test, followed by progression of 

psychological/cognitive declines. Learning and memory deficits were identified in the Y-maze 

test, fear conditioning test, and Morris water maze test. Delayed GluN3A sKO animals also 

displayed anxiety-like behavior in the open field test as well as sociability abnormalities in the 

social novelty test. The result indicates that delayed and selective deficiency of the GluN3A 

subunit in the brain region important for cognitive function induces adult mice to develop AD-

related functional and behavioral impairments. 
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Abstract: Inter-cellular communication within the gliovascular unit (GVU) is critical for 

cerebral blood flow regulation, and maintenance of the blood-brain-barrier (BBB). Although 

numerous studies have demonstrated individual cellular contributions within the GVU to BBB 

breakdown in Alzheimer’s disease (AD), the precise molecular changes contributing to its 

pathophysiology are unclear. Further, the extent of preservation of these brain GVU molecular 

perturbations in blood of living elderly individuals is unclear. In this study, our main goal is to 

identify vascular transcriptional alterations in human brain tissue in AD and to determine 

whether these alterations are preserved in blood of longitudinally followed older participants. We 

performed single nucleus RNA sequencing (snRNAseq) of temporal cortex tissue in 24 AD and 

control brains to uncover the transcriptional changes within the cells of the GVU. To determine 

whether GVU transcriptional alterations detected in brain are preserved in blood, we analyzed 

existing blood expression, genetic and imaging data from two longitudinal antemortem cohorts, 

MCSA and ADNI. We acquired the snRNAseq profile of 79,751 total brain cells that include 

6,541 astrocytes and 2,210 cerebrovascular cells, the main cell types of the BBB GVU. We 

identified differentially expressed genes and their enriched pathways in these clusters and 

detected the most transcriptional changes within activated pericytes. The cerebrovascular 

transcriptional alterations in activated pericytes are strongly correlated with increasing AD 

pathology and age. Using our snRNAseq data and a knowledge-based predictive algorithm, we 

discovered and prioritized molecular interactions between cerebrovascular and astrocyte clusters. 

In two complementary longitudinal datasets we discovered genetic variants influence the blood 

expression levels of some of the prioritized GVU genes, among which we also observed 

associations with brain vascular disease neuroimaging burden, and Aβ deposition and cortical 

thickness. In summary, we identified novel brain GVU expression changes at a single nucleus 



level and prioritized the vascular-astrocytic molecular interactions that may deteriorate in AD 

thereby leading to breakdown of the BBB and propagation of AD neuropathology. Our findings 

of perturbed pericytic transcriptional alterations in brain that are preserved in blood constitute 

proof-of-principle evidence that brain AD-related expression changes may be detected 

peripherally in living patients. This has implications for future translation of these findings to the 

clinical setting as centrally-linked peripheral molecular biomarkers of AD. 
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Abstract: Since the 1960s viral pathogenesis researchers have considered herpesviruses as an 

underlying factor for Alzheimer’s disease (AD). We reported molecular interactions between 

herpes simplex virus type 1 (HSV-1) and the amyloid precursor protein (APP). Furthermore, 

others report biochemical interactions between HSV-1 and autophagy, using several brain banks 

for specimens of four brain regions in post-mortems of individuals with and without cognitive 

impairment before death. Readhead et al. 2018 found molecular-genetic evidence linking the 

activity of 6 different human herpesviruses to AD, including HSV-1, HSV-2, HHN6, HHN7, 

VZV, and CMV. Of these, HHN6, a common virus causing a minor childhood illness thought to 

be a nuisance, emerged as the most significant. Using a quantitative trait loci (QTL) approach, a 

network of candidate AD-associated genes was found that correlated with viral load and activity. 

These ontology networks did not specifically consider autophagy genes (ATG). We hypothesize 

that viral replication and egress highjack cellular membrane systems and thereby alter autophagic 

function. Those individuals carrying genetic variations that protect against this dynamic would 

be less vulnerable to cognitive impairment despite the viral load, or viral load would be 



diminished. First, we prepared lists of ATG including 180 we uniquely identified through 

machine learning, as well as curated lists from publications and websites. We applied software 

developed by Readhead et al. 2018, available through Synapse.com, to sequence data from post-

mortem brains obtained from publications and public sites hosted by Alzheimer's Center brain 

banks. Next, we searched the list of QTL that correlated with increased viral load and activity for 

ATG from 300+ brains in the Nun's Study and the Mount Sinai Brain Banks using custom 

Python scripts. Lastly, we correlated those ATG-associated QTL with expression levels of these 

ATG in control and preclinical AD. We identified ATG expression levels correlating with either 

non-AD and no dementia, or pre-clinical AD from published data. Virtually all ATG were 

downregulated in pre-clinical compared to non-AD controls. We found that decreased expression 

of some ATG in AD correlated with single nucleotide polymorphisms associated with increased 

viral load. This study suggests autophagy as a novel mechanism linking herpesvirus to AD, 

which may aid in finding new diagnostic and therapeutic targets. Since HHV6 is a common 

infection in childhood, infecting more than 80% of humans, identifying genetic vulnerabilities to 

persistence and progression of herpesvirus may be critically important for future prevention of 

adult AD. 
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Abstract: Background: Alzheimer's disease (AD) is marked by neurofibrillary tangles mainly 

comprising hyperphosphorylated tau (or MAPT) protein; senile plaques comprising amyloid β 

(Aβ) peptides; and neuroinflammation. Our goal is to understand how these pathological changes 

are regulated. Genetic, epigenetic, and environmental factors play important roles in disease 

progression. We hypothesized that members of the small non-coding microRNA (miRNA) group 

regulate multiple biological and pathological processes, and that their disruption could contribute 

to AD pathogenesis. We recently reported that human miR-298 reduced the expression of APP, 

BACE1, and a specific tau isoform (Chopra et al, 2021; Wang et al, 2022). Herein we report 

miR-298's role in neuroinflammation. Methods: We transfected the human astrocyte cell line 

U373 MG with either mock, miR-298 mimic, its antagomiR, a combination of both, or negative 

control mimic for 72 hours. We prepared total RNA and protein from lysates and used 

conditioned media to measure levels of secreted cytokines. RNA was subjected to RNA 

sequencing analysis (RNAseq). We performed ELISA and real-time quantitative PCR (qPCR) 

assays to determine cytokine profiles and APP and tau levels. We also obtained well-

characterized autopsy brain tissues from non-cognitively impaired (NCI) and AD subjects. We 

measured levels of mRNA, miR-298, and AD-related proteins in cortical samples from these 

subjects. Results: RNAseq revealed that miR-298 transfection reduced AD-related gene cluster 

mRNA expression, including APP, BACE1, MAPT, and the tau-related kinase GKS3β. miR-298 

stimulated several pro-inflammatory cytokines and chemokines: IL-6, IL-15, and TNF-α. 

Additionally, an increase in caspase-3 pointed toward induction of apoptosis. Notably, miR-298 

induced IL-6 secretion while reducing tau, APP, and BACE1 proteins. Human brain data 

additionally associated elevated miR-298 with an increased probability of late-stage AD. 

Conclusion: miR-298 may be a "master switch" regulating AD and inflammation-related genes. 

The induction of multiple pro-inflammatory cytokines may be due to the combined regulation of 

miRNA activity and upstream signaling pathways. We suggest that miR-298 could be 

therapeutic, such as when high pro-inflammatory cytokines would be necessary for 

neuroprotection along with a simultaneous reduction of levels of tau, APP, and BACE1 proteins. 

Moreover, at this very early stage, pruning out damaged neurons would be of particular 

usefulness while the reserve of healthy neurons is still sufficient to maintain overall function. 
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Abstract: Background: MicroRNA (miRNA) is a group of small non-coding RNA that play a 

vital role in regulating various biological processes. Aberrations of miRNA may lead to 

neurodegenerative diseases such as Alzheimer’s, disease (AD), Parkinson’s disease (PD), and 

head trauma. Major hallmarks of AD include brain deposition of neuritic plaques consisting of 

amyloid-β peptides (Aβ), and neurofibrillary tangles comprising hyperphosphorylated tau. In 

addition to AD, tau may involve in the pathology of concussion / TBI, and α-synuclein 

aggregation in PD. Specific miRNAs such as miR-101-3p (miR-101) regulate the expression of 

Aβ precursor protein (APP) and other proteins. miR-101 may protect against cerebral 

ischemia/reperfusion injury. APP metabolites are critical in neurodevelopmental disorders, e.g., 

autism spectrum. We report how miR-101 regulates levels of critical proteins, e.g., APP, ECE1, 

GSK3β, and cytokines, each implicated in several brain disorders. 

Methods: Multiple cell lines, including human microglia HMC3 and differentiated 

neuroblastoma SK-N-SH cells were transfected with miR-101 for 72 hr. Total cellular RNA, 

protein in cell lysates, and secreted proteins in conditioned media were extracted. We tested 

target specificity of miR-101 using dual reporter clones containing APP-, ECE-, or GSK3β- 3'-

UTR, derived from respective mRNAs. We transfected neuronal cultures with miR-101, and 

measured protein levels of APP, ECE1, GSK3β, and tau by ELISA. We obtained samples from 

temporal lobes, cerebella, and posterior cingulate cortices from non-cognitively impaired and 

AD individuals. We measured miR-101 levels by quantitative RT-PCR. 

Results: Treatment of miR-101 significantly reduced APP, ECE1 and GSK3β mRNA 3’-UTR 

activities in reporter clones. miR-101 reduced APP, ECE1 and GSK3β protein levels in cell 

cultures. Further, miR-101 transfection stimulated secretion of the pro-inflammatory cytokines, 

IL-1α, IL-1β, IL-6, and TNF-α in HMC3 cells. We could detect levels of miR-101 and target 

mRNAs in brain regions of AD subjects. 



Conclusion: We propose that miR-101 represents a vital regulator of AD-related proteins as it 

targeted the 3’-UTRs of APP, ECE1 and GSK3β and reduced their expression. miR-101 

transfection reduced GSK3β in multiple cells and cross-species, including human differentiated 

neurons, neural stem cells, microglia, and astrocytic, and mouse cells. miR-101 transfection 

induced secretion of multiple pro-inflammatory cytokines. Altogether, our results suggest that 

miR-101 plays a critical role in regulating multiple disease-related proteins across cell types, 

which is relevant to understanding AD and other brain disorders. 
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Abstract: Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized 

by accumulation of amyloid beta (Aβ) plaques and neurofibrillary tau tangles. Currently, the 

only definitive way to diagnose AD is through post-mortem assessment of brain tissue. In living 

patients, a probable AD diagnosis can be determined with cognitive assessments, blood tests for 

plasma Aβ , and PET imaging. The combination of these tools provides an effective diagnostic 

model; however, they are not capable of early detection of AD. Advancements in neuroimaging 

techniques that can detect deficits prior to significant accumulation of pathological features and 

cognitive decline would aid early detection, diagnosis, and potential therapeutic intervention. In 

both AD patients and mouse models, rs-fMRI has revealed deficits in functional connectivity in 

brain regions that are involved in memory functions. These deficits precede cognitive 

dysfunction, making rs-fMRI a promising clinical marker of AD. We are correlating functional 

connectivity with proteomic changes and behavioral readouts in the same AD Cg-

Tg(APPswe,PSEN1dE9)85Dbo mouse and wildtype controls. At 6 months of age, when Aβ 

plaques begin to form in AD mice, there is no significant difference detected between AD mice 

and wildtype controls performance in spatial, contextual, or cued memory tasks. Our functional 

connectivity data indicates patterns of both hypo and hyper connectivity throughout the brain of 



AD mice when compared to WT. This data indicates a potential compensatory mechanism that 

allows AD mice to have near WT levels of learning and memory performance at the age point 

when plaque deposition begins. Using a Bayesian network machine learning model, we can 

begin to predict certain brain regions that may explain the behavioral task readouts at this age 

point. Areas including the retrohippocampus, insula, and ectorhinal cortex exhibit hyper 

connectivity, while the parietal lobe and retrosplenial area exhibit hypo connectivity. Using 

nanoString spatial proteomic technology, we also assessed protein expression profiles in 9 brain 

regions traditionally studied in models of AD where we also found functional connectivity 

differences. This revealed differences in proteomic profiles between the AD and WT in both the 

AD pathology panel and immune response panel. For the first time, the relationship between 

behavior, functional connectivity, and proteomic profiles are being investigated in a mouse 

model of AD that will provide new insight into disease progression. This may lead to 

breakthroughs in early detection and clinical diagnostics for patients with AD. 

Disclosures:  L. Fadel: None. E. Hipskind: None. N. Ruggiero: None. C. Ortiz: None. J. 

Romero: None. A. Samee: None. R. Pautler: None. 

Nanosymposium 

427. Cellular and Molecular Mechanisms of Prions and Tauopathies 

Location: SDCC 6CF 

Time: Tuesday, November 15, 2022, 8:00 AM - 11:00 AM 

Presentation Number: 427.01 

Topic: C.05. Tauopathies, Tau-dementias, and Prion Diseases 

Title: Neuronal Prion Reduction with an Engineered Zinc Finger Protein Transcription Factor 

Achieves Effective Total PrP Reduction in Mouse Brain and CSF 

Authors: *S.-W. CHOU1, K. MARLEN1, J. HU1, G. CISBANI2, F. PETERS2, F. 

HARTSTEIN2, C. MELIS2, M. A. MORTBERG3, M. MEHRABIAN1, A. PHILLIPS1, A. 

GOODWIN1, A. FALCON1, E. V. MINIKEL3, S. M. VALLABH3, A. M. POOLER1, B. 

ZEITLER1;  
1Sangamo Therapeut., Richmond, CA; 2Evotec, Hamburg, Germany; 3Broad Inst. of MIT and 

Harvard, Cambridge, MA 

Abstract: Prion disease is a fatal, rapidly progressing neurodegenerative disorder caused by 

aggregation of misfolded prion protein, PrP, encoded by the PRNP gene. Lowering endogenous 

PrP levels by 50% either genetically or with antisense oligonucleotides can approximately 

double the lifespan of prion-infected mice. We are developing a single-administration AAV 

approach using zinc finger protein transcription factors (ZF-TFs) to achieve sustained and 

widespread reduction of PrP in the brain. We are also investigating the potential utility of 

cerebrospinal fluid (CSF) PrP levels as a surrogate biomarker for brain PrP reduction. While 

PRNP mRNA is expressed in all cell types in the brain, neuronal Prnp expression is likely to be 

necessary and sufficient for neurotoxicity and disease progression in prion-infected mouse 

models. However, it is unclear what fraction of brain and CSF PrP levels is neuronally-



derived.To evaluate the contribution of different cell types to Prnp expression at the bulk and 

single-cell level in the brain, we generated AAV vectors expressing a highly potent and specific 

prion-targeted ZF-TF under the control of one of three different promoters: hSYN1, GfaABC1D, 

or CMV. In cultured mouse primary neurons and astrocytes, ZF-TF treatment reduced Prnp 

mRNA in a dose-dependent manner; while hSYN1-driven expression was restricted to neurons, 

CMV- and GfaABC1D-driven expression were found in both cell types. In wildtype mice treated 

with these constructs, all tested promoters showed at least 50% bulk prion mRNA reduction 

depending on the brain region (hSYN1 ≥ CMV > GfaABC1D) when compared to the control 

group. Brain hemispheres from the same experiment were analyzed by multiplexed single-cell 

RNAscope and immunohistochemistry. Neuron-specific expression was observed for the hSYN1 

promoter in all brain regions examined. For the CMV group, heterogenous expression was 

observed, primarily in neurons and astrocytes. Surprisingly, the GfaABC1D groups showed 

predominantly neuronal expression that was weaker and less homogenous than hSYN1. In all 

cases, a strong negative correlation between ZF-TF and Prnp expression was observed at the 

single-cell level throughout the brain. Visualization with a PrP-protein-directed antibody 

(POM2) confirmed prion protein knockdown in transduced brain regions. Finally, CSF PrP 

levels were 66% and 72% lower than controls in experimental groups with the hSYN1 and CMV 

promoter, respectively, and 42% lower with the GfaABC1D promoter. Our data demonstrates a 

Prnp targeted ZF-TF can potently reduce prion expression in the brain, and suggests neurons 

may be the major contributing cell type to total CSF PrP levels in mice. 
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Abstract: Prion diseases are rapidly progressive neurodegenerative disorders caused by the 

accumulation of prion protein aggregates (PrPSc) in the central nervous system. Synapse loss has 

been extensively reported as an early neuropathological finding, and the clinical onset correlates 

with a marked reduction in synaptic proteins. The cellular prion protein (PrPC) binds prion, 

amyloid-β, tau, and α-synuclein oligomers, which results in the activation of macromolecular 

complexes and signaling at the post-synapse, yet the alterations in synaptic proteins are 

incompletely understood. To determine how synaptic receptor levels change in prion disease, we 

measured the levels of AMPA, metabotropic, and NMDA receptors (GluA1, mGluR5, and 

GluN1) in the occipital cortex of sporadic Creutzfeldt-Jakob post-mortem samples by 

immunoblotting. Surprisingly, there was a marked reduction in mGluR5 dimers, but no change in 

GluA1 or GluN1. The loss of mGluR5 dimers was not associated with a widespread loss of pre- 

or post-synaptic proteins, as synaptophysin, PSD95, and VAMP2 were unaffected. Furthermore, 

higher levels of PrPSc in occipital cortex correlated to shorter disease duration, but not to 

mGluR5 monomer or dimer level. To determine the kinetics of the mGluR5 reduction during 

prion infection, we conducted a time course study in the hippocampus of prion-infected mice. 

Interestingly, there was a pronounced decrease in mGluR5 dimer levels over time beginning at 

early-to-mid (pre-clinical) disease, although the loss of mGluR5 was not due to a decrease in 

mRNA levels. Additionally, the levels of phosphorylated AMPA receptors (pGluA1-S845) were 

increased by mid-disease (pre-clinical), and GluN1 decreased in late disease (clinical and near 

terminal). Together, these findings suggest that mGluR5 receptors are post-transcriptionally 

reduced in early-to-mid prion disease. Understanding the signaling pathways at the synapse may 

lead to the discovery of novel therapeutic targets and/or biomarkers to track disease progression 

for prion disease and other neurodegenerative disorders. 
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Abstract: Pathological accumulation of the microtubule binding protein tau drives age-related 

neurodegeneration in a variety of disorders, collectively called tauopathies. In the most common 

tauopathy, Alzheimer’s disease (AD), the accumulation of pathological tau strongly correlates 

with cognitive decline. The underlying molecular mechanisms that drive neurodegeneration in 

tauopathies remain unknown. We employed classical forward genetic approaches and identified 

multiple loss of function alleles in the C. elegans spop-1 gene that ameliorate tauopathy, 

suggesting SPOP is required for tau mediated neurodegeneration. CRISPR based genome editing 

methodology enabled the generation of customized SPOP-1 loss of function and null alleles. 

Molecular genetics, behavioral, neuronal reporter assays, and biochemical analyses were also 

employed to characterize the consequences of spop-1 loss of function on tauopathy related 

phenotypes in model systems. Knockout of SPOP-1 rescues tau mediated behavioral deficits 

caused by neuronal dysfunction in tau transgenic C. elegans. Biochemical analysis revealed that 

SPOP-1 loss of function promotes clearance of phosphorylated and total tau species from C. 

elegans neurons, but no change in tau transgene mRNA levels. Tau transgenic animals exhibit 

obvious neurodegeneration of GABAergic neurons, but loss of spop-1 rescues 

neurodegeneration. While SPOP functions as an CUL3 E3 ligase adaptor protein, CUL3 function 

is not required for SPOP loss of function rescue of tauopathy. Genetic epistasis analysis suggests 

the nuclear speckle resident poly(A) RNA binding protein sut-2 and spop-1 function in a parallel 

molecular pathway. SPOP is a novel modifier of tauopathy phenotypes. Combined with previous 

findings investigating ALYREF, PARN/TOE1, SUT-1 and SUT-2/MSUT2, this work suggests 

phase-separated nuclear speckles are an important cellular site controlling susceptibility to 

pathological tau. Recent work showing SPOP modification of PR dipeptides derived from 

C9orf72 expansion suggests common pathways may be at work in the neurodegenerative 

molecular mechanisms of tauopathy, repeat dipeptides, and perhaps other proteinopathy 

disorders. 
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Abstract: Although women experience significantly higher tau burden and increased risk for 

Alzheimer’s disease (AD) than men, the underlying mechanism for this vulnerability has not 

been explained. Here, we demonstrate through both in vitro and in vivo models, as well as human 

AD brain tissue, that X-linked ubiquitin specific peptidase 11 (USP11) augments pathological 

tau aggregation via tau deubiquitination initiated at lysine-281. This enhances tau acetylation at 

lysines 281 and 274. Tau acetylation induced by CBP/p300 or by inhibition of deacetylases 

SIRT1 or HDAC6 is suppressed by the loss of USP11. USP11 escapes complete X-inactivation, 

and female mice and people both exhibit higher USP11 levels than males. Genetic elimination of 

usp11 in a tauopathy mouse model preferentially protects females from acetylated tau 

accumulation, tau pathology, and cognitive impairment. USP11 levels also associate positively 

with tau pathology with a strong female bias in human tauopathies. Thus, inhibiting USP11-

mediated tau deubiquitination may provide a new therapeutic approach to protect women from 

increased vulnerability to tau aggregation in tauopathies, including AD. 
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Title: β-arrestins promote tauopathy by disrupting microtubules and impairing autophagy  

Authors: *J. WOO1, T. LIU1, Y. YAN1, T. KEE2, S. G. CAZZARO2, C. FANG3, X. ZHAO4, 

X. WANG1, K. MCGILL-PERCY1, M. CASTANO5, J. MATLACK5, K. YRIGOIN5, S. 

LIGGETT5, D. KANG1;  
2Pathology, 1Case Western Reserve Univ., Cleveland, OH; 3Neurosci., Univ. of Minnesota, 

Minneapolis, MN; 4Univ. of South Florida, tampa, FL; 5Univ. of South Florida, Tampa, FL 

Abstract: Multiple G protein-coupled receptors (GPCRs) are targets in the treatment of 

dementia, and the arrestins are common to their signaling. β-arrestin1 and β-arrestin2 were 

significantly increased in brains of patients with frontotemporal lobar degeneration (FTLD-tau), 

a disease second to Alzheimer's as a cause of dementia. Genetic loss and overexpression 

experiments using genetically encoded reporters and defined mutant constructs in vitro, and in 

cell lines, primary neurons, and tau P301S mice crossed with β-arrestin1-/- mice or β-arrestin2-/-

, show that β-arrestin1 or β-arrestin2 stabilizes pathogenic tau and promotes tau aggregation. Cell 

and mouse models of FTLD showed this to be maladaptive, fueling a positive feedback cycle of 

enhanced neuronal tau via non-GPCR mechanisms. Genetic ablation of β-arrestin1 or β-arrestin2 

markedly ablates tau pathology and rescues synaptic plasticity defects in tau P301S transgenic 

mice. Biochemical and cellular studies show that β-arrestin1 and β-arrestin2 drive tauopathy by 

destabilizing microtubules and impeding p62/SQSTM1 autophagy flux. Interestingly, atomic 

force microscopy and cellular studies revealed that oligomerized, but not monomeric, β-arrestin2 

increases tau by inhibiting self-interaction of the autophagy cargo receptor p62/SQSTM1, 

impeding p62 autophagy flux. Hence, reduction of oligomerized β-arrestin2 with virus encoding 

β-arrestin2 mutants acting as dominant-negatives markedly reduces tau-laden neurofibrillary 

tangles in FTLD mice in vivo. Reducing β-arrestin1 or β-arrestin2, and its oligomeric status 

represent a new strategy to alleviate tau pathology in FTLD and related tauopathies. 
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Abstract: Prion diseases are rapidly progressive and fatal neurodegenerative disorders, caused 

by the aggregation of a misfolded isoform of the PrPC protein, known as PrPSc. Prion conversion 

has been show to occur in the plasma membrane, recycling endosomes, and multivesicular 

bodies. In vitro studies suggest that PrPSc reduces endocytic trafficking as well as lysosomal 

maturation and degradative function by decreasing the membrane association of Rab7. Rab7, a 

small GTPase, plays a pivotal role in the endosomal maturation, transport of cargo including 

lipoproteins and signaling receptors from late endosomes to lysosomes, and fusion of 

phagosomes and autophagosomes with late endosomes and lysosomes. However, how Rab7 

function impacts prion disease progression in vivo has yet to be defined. To investigate the 

contribution of Rab7 in prion disease progression, we challenged mice having a conditional 

knock-out of Rab7 in neurons (Rab7f/fSynCre), astrocytes (Rab7f/fGFAPCre), or microglia 

(Rab7f/fLysCre) with the subfibrillar prion strain (ME7) and evaluated mice for survival time and 

glial activation. Iba1 and GFAP immunohistochemical staining were used as biomarkers for 

microglia and astrocytes in the dentate gyrus, hippocampal cornu ammonis (CA1), and cerebral 

cortex. We observed that depletion of Rab7 in astrocytes, microglia, and neurons had no effect 

on the survival time after prion infection. Surprisingly, we observed that prion-infected 

Rab7f/fGFAPCre+ mice showed a decrease in astrocytic and microglial activation, as measured 

by area stained, as compared to the Cre- littermate controls. In contrast, prion-infected 

Rab7f/fSynCre+ and Rab7f/fLysCre+ showed no differences in astrocyte or microglial activation 

compared to Cre- controls. These results suggest that 1) Rab7 depletion from microglia, 

astrocytes, or neurons in prion-infected mice does not affect survival time, and 2) Rab7 

expression in astrocytes may be necessary for astrocyte and microglial activation during prion 

infection with a subfibrillar strain. Elucidating the cellular and molecular pathways contributing 

to prion disease progression are essential for the future development of therapeutics. 
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Abstract: Diminished ESCRT-0 function exacerbates AMPA receptor dysregulation and 

accelerates prion-induced neurodegeneration 
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Neuronal endolysosomal defects are central to the pathogenesis of prion and other 

neurodegenerative diseases. In prion disease, prion oligomers traffic through the multivesicular 

body and are routed for degradation in lysosomes or release in exosomes, yet how prions impact 

proteostatic pathways is unclear. Hrs and STAM1 (ESCRT-0), which transport ubiquitinated 

membrane proteins from early endosomes to MVBs, were shown to be significantly reduced in 

the brain tissue of prion-affected mice and humans, as well as the in the tau- P301S mouse 

tauopathy model. To determine how the reduction in ESCRT-0 impacts prion conversion and 

cellular toxicity in vivo, we prion-challenged conditional knockout mice having Hrs deleted from 

neurons. The neuronal Hrs-depleted mice showed a shortened survival and an acceleration in 

synaptic derangements, including an accumulation of ubiquitinated proteins, deregulation of 

phosphorylated AMPA and profoundly altered synaptic structure, all of which occurred later in 

the infected littermate controls. We also found that neuronal Hrs depletion increases surface PrPC 

expression, which may contribute to the rapidly advancing disease. Finally, depletion of neuronal 

Hrs in uninfected mice was linked to a reduction in pGluA1-S845 and -S831, suggesting that Hrs 

may be important for GluA1 trafficking and synaptic membrane insertion. Taken together, the 

reduced Hrs in the prion-affected brain hampers ubiquitinated protein clearance at the synapse, 

exacerbates post-synaptic glutamate receptor deregulation, and accelerates neurodegeneration. 
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Abstract: Background. MicroRNAs (miRNAs) are short, single-stranded RNAs that regulate 

fundamental biological processes by silencing their mRNA targets. miR-132 is a key miRNA 

consistently downregulated in Alzheimer’s disease (AD) and various tauopathies. We and others 

have shown that miR-132 overexpression in the brain rescued neurodegenerative phenotypes in 

several animal models of AD. However, current strategies to upregulate miRNAs through 

oligonucleotide miRNA mimics or virus-mediated gene delivery are limited by poor distribution, 

low uptake, and high immunogenicity. Therefore, we aimed to discover and validate small 

molecule drugs that upregulate miR-132 as an alternative approach. 

Methods. To identify small molecule activators of miR-132, we performed a pilot high-

throughput miRNA-seq screen of 2000 drugs in human induced pluripotent stem cell (iPSC)-

derived neurons. We obtained the expression profiles of 500 miRNAs for 1800 drugs. Focusing 

specifically on miR-132, we selected 44 compounds for further study and investigated whether 

these lead compounds were also neuroprotective in cell and animal models. 

Results. We successfully validated that several members of the cardiac glycoside family, which 

are canonical sodium-potassium ATPase inhibitors, consistently upregulated miR-132 at the sub-

μM range. The mechanism was through increased transcription of the miR-132/212 locus and 

was mimicked by knocking down ATP1A1 and ATP1A3 - the major ATPase isoforms in 

neurons. Treating neurons with sub-μM cardiac glycosides potently downregulated total and 

phosphorylated tau by more than 70% in human neurons and protected against cell death by N-

methyl-D-aspartate (NMDA), rotenone, and Aβ oligomers. 

Conclusion. We identified and validated small molecule drugs that upregulated the 

neuroprotective miR-132 in neurons. Our dataset also represents a comprehensive resource for 

discovering small molecules drugs that regulate specific miRNAs for therapeutic purposes. 
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Abstract: Altered nucleocytoplasmic transport is emerging as a prominent pathomechanism of 

multiple neurodegenerative diseases, including Amyotrophic Lateral Sclerosis (ALS), 

Alzheimer’s disease (AD), Frontotemporal Dementia (FTD) and Huntington’s disease (HD). The 

nuclear pore complex (NPC) and interactions between its individual nucleoporin components 

and nuclear transport receptors regulate nucleocytoplasmic transport, as well as genome 

organization and gene expression. Specific nucleoporin abnormalities have been identified in 

sporadic and familial forms of neurodegenerative disease including sporadic ALS and familial 

C9orf72 ALS/FTD and these alterations are thought to contribute to disrupted nucleocytoplasmic 

transport. Recently using multimodal imaging of induced pluripotent stem cell-derived neurons 

(iPSNs) derived from a large number of patients with familial or sporadic ALS, we have 

demonstrated that nuclear accumulation of the ESCRT-III protein CHMP7 is sufficient to initiate 

NPC injury thereby linking CHMP7 and the ESCRT-III nuclear surveillance pathway to an early 

event in ALS pathogenesis. Importantly, these studies demonstrated that the characteristic loss of 

nuclear TDP-43 function and localization occurs downstream of this CHMP7-mediated NPC 

injury cascade. Given that mutations in the closely related ESCRT-III protein CHMP2 are 

causative of familial FTD, we sought to determine whether CHMP2B mutations also disrupt the 

NPC and downstream TDP-43 function. Here, using isogenic mutant CHMP2B iPSNs and 

multiple imaging paradigms, we demonstrate the emergence of a significant defect in the nuclear 

membrane and nuclear pore complex as well as aberrant TDP-43 function as evaluated by qRT-

PCR for TDP-43 targets. Additional studies are now underway to comprehensively characterize 

this pathogenic cascade in the context of CHMP2B mutations and determine is antisense 

oligonucleotides (ASOs) targeting CHMP7 can repair this injury as we have previously 

demonstrated for familial and sporadic ALS. 
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Abstract: In primary tauopathies, such as Frontotemporal Dementia (FTD), tau loses association 

with microtubules (MTs) in the axon and forms neurofibrillary tangles. Tau is one of the most 

abundant MT-associated proteins in the axon, but how pathological tau impacts the properties of 

MTs in tauopathies remains controversial and confusing. Because pathological tau binds less 

avidly to MTs, the conventional view has been that the levels and stability of axonal MTs are 

diminished as a result of the pathology. However, this idea is based on the dogma of tau as a MT 

stabilizer, which our recent studies on rodent neurons have called into question. The situation is 

further confounded in the case of human disease by the fact that neurons express a very different 

profile of tau isoforms as they mature, with different isoforms having different MT-binding 

affinities and propensities for aggregation. To investigate this matter in a more disease-relevant 

scenario, we used human dorsal forebrain organoids derived from isogenic human induced 

pluripotent stem cells, including those with tauP301S mutation that occurs in FTD. Significantly 

elevated levels of immature and mature tau (3R-tau and 4R-tau) were identified in the tauP301S 

organoids at both mRNA and protein levels. A consistent tau elevation was observed in the 

postmortem brain of patients with tauopathy. Moreover, this elevation was accompanied by 

aberrant modifications of tau, which might be a harbinger of subsequent pathological changes. 

Strikingly, MAP6, a bonafide MT stabilizer that competes with tau’s effects on MTs, presented 

two opposite changes in its levels in the tau mutant organoids at the early and late-developing 

stages, which were accompanied by the predicted corresponding changes in MT dynamics. Some 

of these changes coincided with neurodegenerative phenotypes revealed by 

immunohistochemical and electrophysiological studies. Lastly, tau reduction via antisense-

oligonucleotide approaches mitigated some pathological early-stage changes in tauP301S 

neurons. In all, our results demonstrate distinct bi-phasic changes in MAP6 and corresponding 

aberrant MT behaviors arising from different aspects of tau pathology at early and late stages of 

the disease. We conclude that therapies to correct MT abnormalities in tauopathy must be 

targeted for the specific stage of the disease. 
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Abstract: Lipid droplets (LDs) are energy-storing organelles, maintaining cellular lipid 

homeostasis. Their accumulation has been linked to many neurodegenerative diseases, including 

Tauopathies. Fibrillization of Tau protein is a hallmark of Tauopathies, yet no studies have 

shown a direct interaction between Tau and lipid droplets. How LDs contribute to the etiology of 

Tauopathies is still unknown. Here, we show LDs and Tau interact in vitro by fluorescence 

confocal microscopy (n=3 independent experiments) and such interaction enables Tau 

fibrillization confirmed by ThT assays and Transmission Electron Microscopy (TEM). We 

observed two spatial relationships for LDs and Tau: 1. LDs fully overlapping with Tau, 

suggesting Tau might be concentrated within LDs. 2. Tau surrounding LDs, possibly indicating 

either that Tau is en route to the core of LDs or that Tau is being organized around LDs. We 

further confirmed different Tau conformers, including monomers, oligomers, and fibrils, can 

interact with LDs (n=2 independent experiments). Similar spatial relationships were observed for 

LDs and different Tau conformers. Interestingly, we found Tau oligomers form fibrillar nets 

along the surface of LDs by TEM (n=2 independent experiments) and such fibrillar nets do not 

exist without LDs. In cells, we found oligomeric Tau seeded more cells when LD production is 

induced in those cells (2 biological replicates, 5 fields of view per replicate, p<0.05 by two-way 

ANOVA test). Taken together, we demonstrate lipid droplets can facilitate Tau fibrillization in 

vitro and our study provides a new direction to explain Tau pathologies. 
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Abstract: Objective: Accumulation of tau fibrils in Alzheimer’s disease (AD) correlates with 

neurodegeneration and with the severity of clinical symptoms. Bifunctional molecules that 

simultaneously bind tau fibrils and E3 ligases have the potential to facilitate degradation by the 

ubiquitination-proteasome system (UPS), and as such are an attractive therapeutic approach for 

AD. Models of tau aggregation often employ mutations associated with frontotemporal dementia 

and the assemblies formed are not recognized by AD-specific tau tracers. Here we describe the 

development of an in-lysate assay in which test compounds are added directly to AD brain lysate 

and assessed for their ability to degrade bona fide tau aggregates. 

Methods: Cortex from AD and non-demented controls were homogenized in lysis buffer (0.8% 

NP40 in 100 mM Tris-HCl, pH 7.4, 1.5 mM MgCl2, 150 mM NaCl,100X HALT protease 

inhibitor cocktail), centrifuged at 20,000xg for 20 mins and the supernatant collected and used. 

Abcam kit (ab107921) was employed to measure proteasome activity, and the presence of 

competent UPS machinery was determined using a validated degrader of Bruton’s tyrosine 

Kinase (BTK). Putative tau degrader compounds (0.1-10uM) were incubated in lysate up to 48 

hrs and tau aggregation measured using a HTRF assay. Separately, a radioligand competition 

assay was used to measure binding of degraders to [3H] MK6240-positive tau aggregates. 

Results: Degrader-mediated reduction of BTK demonstrates the feasibility of screening degrader 

compounds in brain lysates. However, proteasome activity in lysates from AD brain were on 

average ~50% lower level than in lysates from control brains, and the lowest activity was 

observed in AD samples with greatest tau burden. Despite degraders being able to bind to tau, 

none of the tested compounds reduced the levels of tau aggregates. 

Conclusions: The inverse relationship between proteasome activity and tau burden suggests tau 

aggregation could contribute to impairment of the UPS. Reduced proteasome activity in AD 

brain and the insoluble nature of tau fibrils may explain why the tested degraders were unable to 

lower tau aggregate levels. Studies to identify mechanisms where proteasome function may be 

enhanced to allow degradation of tau fibrils are on-going. 
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Abstract: Sensorimotor experiences throughout our lifespan are thought to shape the neural 

representation of the body. What happens to the adult brain when it loses a key source of input, 

for example, following the amputation of an arm? Recent research has demonstrated that despite 

decades of input loss, and presumed mechanisms for cortical plasticity, the sensorimotor system 

of amputees preserves the representation of a missing hand. Does this persistent hand 

representation reflect a canonical representational structure, e.g. due to local network 

homeostatic constraints, which is stable independently of experience (e.g. innate)? Or does the 

preserved representational structure reflect a lifetime of sensorimotor experiences with the 

missing hand? Prior cross-sectional designs addressing this question conflate within- and 

between-subject variability with respect to the missing hand representation. Here, we 

longitudinally investigated the stability of the hand representation, before and after hand 

amputation. Using functional MRI, we interrogated the representational structure underlying 

activity elicited by real hand movements (pre-amputation) and phantom hand movements (post-

amputation). Over a 7-year period and across 10 UK clinic sites, we recruited 8 patients 

preparing to undergo hand amputations. Due to a multitude of factors (e.g., complications during 

surgery, MRI safety contraindications, no hand motor control, poor physical mobility etc.), we 

successfully managed to complete testing on 1 patient with a planned unilateral hand amputation 

to remove a soft-tissue sarcoma on the right forearm. The patient was scanned twice pre-



amputation surgery and at two separate time-points post-amputation: 3 months and 6 months. 

Additionally, we scanned 15 age-matched able-bodied control participants across the same 

timescale (60 scans in total). Using both mapping of digit topography and representational 

similarity analysis, we show a remarkably consistent inter-digit representational structure for the 

pre-amputation hand and the post-amputation phantom (missing) hand. Overall, this work 

provides the first pre- and post-amputation longitudinal evidence for preserved representation of 

the phantom (missing) hand following amputation. 
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Abstract: Electrical stimulation of tactile nerves in amputated limbs or of somatosensory cortex 

in subjects with spinal cord injuries both evoke vivid natural sensations reminiscent of those 

produced by a sensate hand - a phenomenon that can be leveraged to convey tactile feedback 

through bionic hands. Importantly, stimulation of a given nerve or location produces a distinct 

and repeatable sensation that subjects can localize to specific parts of the hand, consistent with 

well established somatotopy. Given that sensory input to cortex is absent or substantially 

reduced, the extent to which the cortical somatotopy remains stable over time is unclear. One 

hypothesis is that the lack of input can result in a change in the somatotopic map of the 

somatosensory cortex. In a case where a bionic limb in sensitized but the locations of the sensors 

do not match the initial percepts caused by stimulation, one might expect cortex to remap the 

percepts to the location of the sensors on the limb. An alternative hypotheses is that the 

somatotopic map is stable and that remapping will not occur nor will the somatotopy degrade 

over time. To address this question, we examined both amputees and patients with spinal cord 

injuries and characterized their sensory experiences in response to repeated electrical stimulation 

over years. In the case of the amputees, we found that after long-term use of a 

neuromusculoskeletal prosthesis that featured a mismatch between the sensor location and the 

resulting tactile experience, the perceived location of the touch did not change. Furthermore, we 



found that in the patients with spinal cord injuries that the locations of the evoked percepts were 

stable over time and that the somatotopy within cortex was robust after injury. 
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Abstract: Suppose an experienced skier learns to snowboard. Skiing and snowboarding require 

different sets of muscle activations, driven by different neural population activity patterns, to 

achieve the same goal of getting down the mountain without falling. How does the brain 



incorporate the knowledge about how to snowboard without disrupting the knowledge about how 

to ski? More generally, how are we able to learn new motor behaviors without forgetting 

previously learned ones? 

We found that the neural activity to perform the same behavior is different before versus after the 

learning experience. Specifically, the neural activity when performing the familiar behavior 

remained appropriate for the newly learned behaviors. 

It is typically difficult to ascertain how appropriate any given neural activity pattern is for 

different behavioral tasks. To overcome this challenge, we used a brain-computer interface (BCI) 

learning paradigm, where the relationship (i.e., BCI map) between neural activity and behavior is 

known. We trained three monkeys to perform a cursor control task using a BCI. We used two 

different BCI maps in each experimental session. Much like the example of an experienced skier 

learning to snowboard, a monkey first controlled a computer cursor using a familiar Map A, and 

then learned how to use a new Map B. Following learning, we reinstated Map A. This allowed us 

to evaluate whether monkeys used different population activity patterns to control Map A before 

versus after learning Map B. 

We found that the neural activity post-learning was consistent with better performance through 

Map B than was the pre-learning activity, even though the monkey was controlling the cursor 

with the Map A. That is, learning left a “memory trace." This memory trace coexisted with 

proficient performance under the Map A. This was achieved by primarily altering dimensions of 

neural activity that did not impact behavior under the Map A. This allowed neural activity to 

simultaneously support a memory of Map B and the required actions through Map A. 

Overall, our results reveal that learning can leave a memory trace in neural population activity 

that need not interfere with the subsequent behavior. The formation of a memory trace may thus 

provide a mechanism to facilitate the learning of multiple motor skills without interference, 

instantaneous switching between tasks, and rapid relearning of motor behaviors (“savings"). 
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Abstract: It has been postulated that the brain is organized by “metamodal”, sensory-

independent cortical modules implementing particular computations, leading to the intriguing 

hypothesis that brain areas can learn to perform tasks (such as word recognition) not just in 

“standard” sensory modalities but also in novel sensory modalities. Yet, evidence for this theory, 

especially in neurotypical subjects, has been variable. We hypothesized that effective metamodal 

engagement of a brain area requires congruence between the novel and standard sensory 

modalities not only at the task level (e.g., “word recognition”) but critically also a match at the 

algorithmic level (in Marr’s terminology), i.e., at the level of neural representation of the 

information of interest. To test this hypothesis, we trained participants (N=20) to recognize 

vibrotactile versions of auditory words using two encoding schemes. The vocoded approach 

preserved the dynamics and representational similarities of auditory speech while the token-

based approach used an abstract phoneme-based code. Although both groups learned the 

vibrotactile word recognition task, only in the vocoded group did trained-vibrotactile stimuli 

recruit the auditory speech network and lead to increased coupling between somatosensory and 

auditory speech areas. In contrast, the token-based encoding appeared to rely on paired-associate 

learning. Thus, matching neural input representations is a critical factor for assessing and 

leveraging the metamodal potential of cortical modules. Our study not only critically advances 

our understanding of metamodal engagement and general principles of brain organization, but 

also opens the door to designing more efficient sensory substitution algorithms that better 

interface with existing cortical processing pathways. The ability to “piggyback” onto an existing 

processing hierarchy (e.g., auditory speech recognition) may facilitate the rapid learning of novel 

stimuli presented through a spared sensory modality (e.g., vibrotactile processing). Here we 

demonstrate that an algorithm (vocoding) that improves this interfacing is able to more 

efficiently convey the same information than an algorithm (token) that does not. Future work 

should explore whether this observed integration into existing processing streams leads to 

improved generalization and transfer of learning. 
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Abstract: The sensorimotor cortex has been shown to be organized somatotopically: specific 

body parts correspond to distinct areas. However, it is not clear to what extent the sensorimotor 

system is also organized by functional principles, such as action types. One way to study action-

type organization is to determine whether the same action will have the same representation even 

when performed by different body parts (effectors). We leveraged functional neuroimaging in a 

group of typically developed controls and several individuals born without hands to map action 

representation in the brain. fMRI data were collected while participants completed actions such 

as writing letters, drawing shapes, and spatula-use with their dominant right hand or foot. 

Preliminary analyses of control subjects (n=12), reveal a similar preference for the execution of 

different tool-use actions across the hand and foot in the premotor cortex (PMd) and 

supplementary motor area (SMA). This suggests that some areas of the sensorimotor cortex may 

have an effector-independent organization for specific actions and that their organization is not 

only topographical. 
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Abstract: This talk will discuss principles driving specializations in the human brain and their 

dependence on specific experiences during development (i.e. critical/sensitive periods) versus 

learning in the adult brain. Specifically, I will focus on studying Nature vs. Nurture factors in 

shaping category selectivity in the ventral stream, dorsal stream and retinotopic and topographic 

specializations in the human brain. A wealth of research (ours and others) has amassed in the 

past decade showing that visual areas can develop their distinct specializations in the absence of 

visual experience. While this was shown repeatedly with respect to ventral visual stream areas, 



our research now indicates that area V6, part of the dorsal visual stream, can be specialized for 

navigation even in the absence of visual experience. Furthermore it can develop specialization 

for non-visual input in just a few days in the adult brain. These findings together indicate that the 

functioning and development of the brain is task specific and sensory independent (and not 

sensory specific as commonly accepted). 
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Abstract: Early sensory input dramatically impacts neocortical organization and behavior. In 

humans, congenitally blind adults adopt new strategies to navigate and acquire new means for 

written communication such as Braille reading. These behaviors are supported by the spared 

senses, which blind adults use in new ways to generate adaptive behavior. Despite the 

importance of these compensatory behaviors, such sensory-mediated compensatory strategies are 

not systematically studied. Studies in our laboratory in short-tailed opossums (Monodelphis 

domestica) that are bilaterally enucleated at post-natal day 4 (EB), before the formation of 

retinogeniculate and thalamocortical pathways, have allowed us to quantify the performance of 

several behaviors mediated by the spared sensory systems. For example, EB opossums have 

lower texture discrimination thresholds, and lower error rates in complex navigation tasks, which 

are accompanied by postural differences when compared to sighted opossums (SC) (Englund et 

al., 2020; Rammamurthy et al., 2021). To examine how EB opossums compensate for blindness 

in an ethological relevant context, we trained EB and SC opossums in a skilled reaching task. 

Animals were recorded with 3 video cameras positioned in stereo which allowed us to extract 

pose kinematics in three dimensions using DeepLabCut, a deep learning algorithm (Mathis et al., 

2018). Results from tests under light and dark conditions show that EB opossums reach more 

accurately compared to SC animals irrespective of the lighting condition. Higher performance 

accuracy is accompanied by several displacement and kinematic differences. The average 

maximum vertical speed of the forepaw during the late reach extension epoch is significantly 

higher in EB opossums than in SC animals. In contrast, the horizontal speed during the early 

extension epoch of EB opossums is significantly lower than of SC opossums. The difference in 



kinematic measures at early and late epochs of the reach extension underlines strategic 

differences that allow EB opossums to target their reach more accurately. Interestingly, the peak 

snout elevation of EB opossums is higher than that of SC animals during early extension, 

potentially indicating that early blind opossums have expanded their exploration of their 

peripersonal space. We are currently removing input from the remaining senses by cutting the 

whiskers and inducing anosmia to investigate their relative contribution to compensatory 

behaviors of EB opossums. Determining how EB opossums use the spared senses to compensate 

for the lack of vision allows us to see the extent to which the body and the brain adjust to sensory 

deficits over a lifetime. 
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Abstract: Excitatory/Inhibitory (E/I) balance in the visual cortex has been shown to be altered 

after a period of visual deprivation in a wide range of non-human animal models (monocular, 

binocular deprivation), using different methods (TTX, dark rearing, lid suture) and species. In 

such studies, altered E/I balance after a period of visual deprivation has been interpreted as 

evidence of the role of E/I balance in critical period plasticity. However, persistently impaired 

E/I balance corresponding to disrupted visual experience has not yet been demonstrated in 

humans. In the present study, we obtained a non-invasive measure of visual cortex E/I balance in 

10 individuals who recovered from dense bilateral congenital cataracts (CC), and compared them 

to 10 age-matched sighted control individuals (SC). CC individuals were deprived of vision for 

an average of 11.8 years (range = 0.2 to 31.36 years) and tested at least 1 year after cataract 

removal surgery. We used 3T Magnetic Resonance Spectroscopy to obtain visual cortex 

Gamma-Aminobutyric Acid (GABA) concentration, Glutamate/Glutamine (Glx) concentration, 



and the concentration ratio of Glx/GABA as measures of inhibitory activity, excitatory activity, 

and E/I balance respectively. Participants were scanned while at rest with their eyes opened (EO) 

or closed (EC) using the MEGA-PRESS sequence with a 40 x 30 x 25 mm voxel in the visual 

cortex, and a control voxel in the frontal cortex. Overall, water-normalized Glx and GABA 

concentrations did not differ between CC and SC individuals’ visual cortices. However, CC 

individuals demonstrated a significantly lower visual cortex Glx/GABA ratio than SC 

individuals, across EO and EC conditions. In the frontal cortex, GABA, Glx and Glx/GABA 

concentration measures did not differ between the two groups, suggesting that lowered 

Glx/GABA concentration in the CC group was specific to visual cortex. Further, N-Acetyl 

Aspartate concentrations remained stable across all groups and conditions in both visual and 

frontal cortex, demonstrating that neurochemical changes due to delayed patterned visual 

experience were specific to Glx/GABA. These results suggest that a period of congenital visual 

deprivation impairs E/I balance in the human visual cortex, even up to 30 years after sight 

restoration. 
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Abstract: The mapping of the visual field onto the early visual cortex follows well-known 

principles which have been demonstrated both in invasive electrophysiological studies in non-

human animals as well as in brain imaging studies in humans. On a fine-scale level, increases in 

population receptive field (pRF) size, the area in visual space eliciting a response in a population 

of neurons, are observed with eccentricity and from lower- to higher-level visual areas. 



Furthermore, cortical magnification factor (CMF), the cortical space devoted to a location in the 

visual field, is highest at foveal locations and decreases with eccentricity. Both measures have 

shown systematic associations with visual acuity and V1 surface area, suggesting a tight link of 

function and structure. While large-scale retinotopic organization principles have been shown to 

evolve independently of visual experience, it has been unclear whether this holds true for the 

fine-scale organization within and across visual areas. In the present study, we acquired 7T fMRI 

data and performed pRF mapping (Dumoulin & Wandell, 2008) to assess the long-lasting effects 

of a transient phase of congenital blindness on retinotopic organization. We recruited eight 

individuals who had been born with dense bilateral cataract, which was removed on average with 

21 months (range: 6 - 48 months), and eight age-and gender-matched normally sighted controls. 

Early visual regions (i.e., V1, V2, V3) were defined by a visual functional atlas. Results in 

sighted control participants confirmed known retinotopic organization principles: pRF size 

increased with increasing eccentricity as well as from lower- to higher-level visual regions and 

CMF decreased with eccentricity. Notably, neither the effect of eccentricity nor of visual region 

were observed on pRF size in the cataract reversal individuals. Furthermore, while a decrease in 

CMF with eccentricity was observed in cataract reversal individuals, their CMF was overall 

smaller and the decrease towards parafoveal regions was less steep than in sighted control 

individuals. Finally, V1 surface area was smaller in cataract reversal individuals and was 

strongly positively associated with the average cortical magnification factor across all 

participants. In addition, better visual acuity was associated with smaller pRF sizes and larger 

CMF. The present results extend previous research demonstrating that a prototypical retinotopic 

organization possibly existing at birth needs early visual input to become structurally and 

functionally refined in order to allow for the integration of visual information across early visual 

areas for adult visual capabilities. 
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Abstract: The visual word form area (VWFA), typically located in the left ventral 

occipitotemporal cortex (VOTC), emerges during reading acquisition and has privileged 

connectivity with language regions such as the inferior frontal gyrus (IFG, Broca) and the 

posterior superior temporal gyrus (pSTG, Wernicke). Small lesions in the VWFA in adults result 

in an impairment, pure alexia, indicating that this area is necessary for word reading. 

Paradoxically, in children, large cortical resections that include the left VOTC for the treatment 

for pharmaco-resistant epilepsy, do not necessarily lead to reading impairments. To understand 

the neural and behavioral consequences, and the ensuing plasticity, of resections encompassing 

the left or right, anterior or posterior, VOTC, we mapped category-selective activations (face, 

scene, object, and word) in four right-handed pediatric patients and 26 age-matched controls 

using fMRI, and tested their intermediate and high-level vision. We report plasticity of word 

processing in two patients (SN: M, 12y; TC: F, 13-15y) with cortical resections encompassing 

the left posterior VOTC: word activations were identified in the right VWFA, right IFG and right 

pSTG in both patients. In addition, we found an unusual coupling of visual word processing in 

the right hemisphere and spoken language in the left hemisphere of TC as her presurgical clinical 

fMRI showed left hemisphere language dominance (left IFG and left pSTG). These findings of 

atypical hemispheric lateralization for words are in sharp contrast with the topography of a left-

lateralized word-processing network in two other patients with resections in the left anterior 

VOTC (OT: M, 14y-18y) or in the right posterior VOTC (UD: M, 7-10y) and age-matched 

controls. Parallel to their functional reorganization of the word-processing network, we 

uncovered atypical underlying representational structure of the category-selective organization in 

patients SN and TC. Furthermore, in longitudinal comparisons, enhanced competition between 

face and word representations was observed in the intact left VOTC in patient UD and in the 

intact right VOTC in patient TC, possibly due to a strong foveal bias for face and word 

processing, which requires high-resolution vision to discriminate between many visually 

confusable and homogeneous exemplars. Finally, normal intermediate and higher-order 

perception was evident in all four patients, attesting to functional plasticity in visual cortex. 

Together, these findings reveal the sufficiency and reorganization of preserved cortex for word 

processing and provide insights into dynamic functional changes in extrastriate cortical 

architecture. 
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Abstract: In adults, sensory cortices become more or less hardwired in contrast to the motor 

cortex which remains highly plastic throughout the lifespan. However, recent studies have shown 

that the adult visual cortex retains a higher degree of homeostatic plasticity than formerly 

thought, as a short period (2-2.5 hours) of monocular deprivation (MD) shifts ocular dominance 

in favor of the deprived eye in adult humans (Lunghi et al. 2011, 2013; Zhou et al. 2013; Binda 

et al. 2018). There is also evidence that both visual and motor plasticity rely on the regulation of 

GABAergic inhibition (Lunghi, et al. 2015; Stagg et al. 2011). Yet, the direct interaction of 

visual and motor plasticity has not been tested in adult humans. Here we tackle this issue by 

measuring visual and motor plasticity either in isolation (simple) or at the same time (combined) 

in a group of adult volunteers (N= 31). We assessed visual plasticity as the ocular dominance 

change measured by binocular rivalry after short-term MD (150 min, Fig 1a). Motor plasticity 

was measured by the change in reaction times after a motor sequence learning task (Fig 1b). In 

the combined condition the visual and motor tasks were performed simultaneously (Fig 1c). We 

found that inducing visual and motor plasticity at the same time impairs visual plasticity (p < 

0.01, η2
p = 0.32, Fig 1d), while motor plasticity is spared (p > 0.05, η2

p < 0.1, Fig 1e). With two 

control experiments, each on a group of 10 participants, we eliminated the amount of visual 

stimulation (p > 0.05, η2
p = 0.19) and the working memory or attentional load (p > 0.05, η2

p = 

0.08) during MD to be the main contributors to this effect. Altogether, our results indicate that 

there is a unilateral interaction between visual and motor plasticity in adults, in line with 

previous evidence that plasticity induced by a stroke in the motor cortex impairs ocular 

dominance plasticity in rodents (Greifzu et al. 2011, Pielecka-Fortuna et al. 2015). This influence 

of motor on visual plasticity might reflect a global homeostatic mechanism regulating the 

Excitation/Inhibition balance changes in the entire cortex. 
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Abstract: The visual cortex sends massive corticofugal projection to the brainstem, by which 

this cortical area can modulate the brainstem-mediated functions including innate visual 

behaviors. The roles of corticofugal projection have been actively investigated in past years. We 

recently reported that the corticofugal projection is essential in the plasticity of the optokinetic 

reflex (OKR), an involuntary eye movement to stabilize retinal images. This plasticity allows the 

OKR to be adaptively modified in response to visual experience or relative to other oculo-motor 

reflexes in order to maintain image stability. Fascinatingly, the cortico-fugal projection from the 

visual cortex can enhance its innervation to the brainstem OKR circuit, as a result potentiating 

the OKR behavior. Despite the importance of the cortico-fugal projection in OKR plasticity, the 

underlying mechanisms remain unclear. In this study, we used an interdisciplinary approach to 

examine the response properties and connectivity of the cortico-fugal neurons in the visual 

cortex which project to the brainstem OKR circuit. First, with two-photon calcium imaging we 

found that those cortico-fugal neurons shared a unique temporo-nasal direction bias with their 

postsynaptic targets in the brainstem. Next, we compared the calcium responses of the same 

cortico-fugal neurons before and after the induction of OKR potentiation. Interestingly, 

following OKR potentiation the activity of the neurons that bias temporo-nasal visual motion 

was boosted much more strongly than neurons that bias other directions. These functional 

specific cortico-fugal neurons with temporo-nasal bias enable the visual cortex to efficiently 

enhance its input to the NOT-DTN in support of OKR potentiation. Last, with circuit tracing and 

activity perturbation we found that the corticofugal projection to the brainstem OKR circuit 

primarily originated from anterior V1 and posterior higher visual areas, and it synapsed on a 

single brainstem population. Altogether, our results provide strong evidence that this corticofugal 

projection and its downstream target in the brainstem form a functionally distinct pathway which 

specializes in adaptively modulating the OKR. 
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Abstract: Introduction: Multiple studies have shown that the brain is plastic even at the 

mesoscopic resolution seen by MRI (Draganski et al. 2004; Scholz et al. 2009)). We have been 

able to replicate these results in the mouse using high-field MRI thereby enabling tighter 

experimental control and mechanistic studies (Scholz et al. 2015; Lerch et al. 2011; Cahill et al. 

2015). Yet unresolved is the persistence of this type of plasticity. We set out to answer this 

question by giving mice access to a running wheel for 2 weeks while taking high-resolution MRI 

scans. Methods: 8 C57BL6 male and female adult mice were singly housed. Four received the 

running wheel for 2 weeks before returning to standard caging and 4 were kept in standard 

caging throughout. Mice were scanned before, during and after exercise. Mice were injected with 

a contrast agent (manganese chloride 0.4mmol/kg) 24 hours prior to scanning. We used a high-

resolution MRI at 7T (MGE, 3 echoes, 60μm isotropic). After acquisition the 3 echoes from the 

MGE were averaged and denoised (Manjón et al. 2010). Images were further processed using the 

pydpiper framework (Friedel et al. 2014) and segmented with MAGeT (Chakravarty et al. 2013). 

Volumes were analyzed after normalizing to baseline volume. Results: As expected based on 

prior studies (Cahill et al. 2015) the hippocampus had the most robust response in local volume 

to exercise, increasing by 4% in CA1-3 and 8% in the dentate gyrus. These changes were 

transient; after 1 week without exercise the volume increase compared to controls was just 2%. 

These differences were no longer statistically significant. Discussion: Exercise induces increases 

in hippocampal volume yet these increases quickly reduce to baseline. The study is ongoing and 

as mouse numbers increase we will be able to determine whether there is a residual volume 

change even weeks after exercise, yet it is evident from the data to date that dominant signal in 

brain volume is transient. This largely matches what has been shown at the cellular level, with 

dendritic spines, for example, only increasing transiently (Xu et al. 2009) 
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Abstract: Odors at different concentrations evoke distinct patterns of neural activity both at the 

level of olfactory sensory neurons (OSN) and glomeruli, as well as the next level, mitral/tufted 

(MT) cells. What features of these patterns carry information about odor identity and what are 

the neural mechanisms defining these features? To approach this problem we designed an all-

optical system to monitor the activity of a large number of glomeruli and MT cells with high 

temporal resolution, and developed a method for establishing functional connectivity between 

glomeruli and MT cells. We combined two photon Ca2+ imaging with one photon patterned 

optogenetics in mice expressing a fast calcium indicator (GCaMP6f) in glomeruli and M/T cells, 

and a light-sensitive opsin (ChR2) in OSNs. We found that the earliest activity of glomeruli and 

MT cells most reliably represented odor identity across concentrations. To establish the network 

mechanisms shaping MT cell odor responses, we identified MT cells connected to specific 

glomeruli using optogenetic probing. We found that MT cells connected to early activated 

glomeruli exhibited stereotypic excitatory responses following their parent glomeruli. At the 

same time, the odor responses of MT cells connected to later activated glomeruli were strongly 

affected by the inhibitory network evoked by earlier activated glomeruli. We probed the 

responsiveness of MT cells to glomerulus activation using a short optogenetic pulse in the 

presence of odor stimuli, and found that MT cells connected to later activated glomeruli could 

effectively transmit a glomerulus signal to the cortex only in a short temporal window at the 

beginning of the sniff cycle. Beyond this window, MT cell responses were strongly suppressed 

by inhibition evoked by the presented odor. These findings provide evidence for the previously 

proposed primacy coding model of temporally-dependent concentration invariant odor coding, 

and reveal potential mechanisms supporting this code. 
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Abstract: Selective loss of specific sub-populations of neurons is a hallmark of 

neurodegenerative disease. Around 40% of dopaminergic (DA) neurons in the mouse olfactory 

bulb (OB) undergo cell death after a month of sensory input blockade but the remaining 60% are 

resilient. Furthermore, OB DA neurons are continuously generated throughout life, enabling 

them to fully repopulate after reversal of naris occlusion. OB DA neurons therefore provide an 

ideal model system in which to understand selective vulnerability and how newborn neurons can 

functionally integrate to replace previously lost neurons. Systemically injecting the olfactotoxin 

methimazole enables us to see the impact of rapid elimination followed by gradual restoration of 

sensory input to the OB. We used chronic in vivo 2-photon imaging in DAT-cre;Ai9;Ai162 mice 

that express both a red fluorescent protein and a green genetically encoded calcium indicator to 

track the survival and integration, as well as the odor response properties, of individual DA 

neurons over weeks. We found that loss of DA neurons was significantly elevated during the first 

week after methimazole treatment but then returned to baseline. We are analyzing the 

vulnerability of the previously described large embryonically generated vs. small postnatally 

generated DA neurons and whether there are differences in the odor response characteristics 

between neurons that are vulnerable or resilient to loss of sensory input. We are also quantifying 

the rate of newborn DA neuron integration before and after sensory disruption. Determining 

what distinguishes vulnerable neurons from their resilient neighbors and whether stem cell-

derived neurons can restore circuit function may inform novel targeted therapeutic strategies for 

the treatment of neurodegenerative diseases. 
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Abstract: The piriform cortex (PCx) is believed to play a key role in creating meaningful 

perceptual representations of odors, but how it encodes them remains unclear. We approached 

this question by studying PCx responses to “synthetic odors”, which we generated by 

optogenetically activating spatiotemporal patterns of activity in the olfactory bulb (OB). This 

enables independent and precise control of the neural activity patterns that drive PCx, something 

unattainable with natural odorants. We record PCx responses in naive mice and measure how 

they change in response to parametric perturbations of OB activity. We find that PCx neurons are 

sensitive to spatial and temporal aspects of OB activity, with PCx responses affected more 

strongly when perturbing earlier elements in the OB sequence. We use decoding to assess the 

behavioral relevance of PCx responses by comparing neural predictions to behavioral outputs in 

trained animals. For behavior, we trained animals to discriminate a target (T) from many non-

target (nT) patterns (with the same number of activated spots in the same temporal window). For 

neural decoding, using the same T vs nT task, we found that a linear discriminant analysis of full 

spatiotemporal patterns of PCx responses in naïve animals performs very similar to behavior. 

Furthermore, we compared the generalization to various perturbations of the T pattern both in the 

behavioral task and the neural recordings. Remarkably, for all perturbations, the neural 

predictions closely match the perceptual changes seen in behavior. We proposed that PCx neural 

representation of synthetic odors lies on a smooth convex manifold. On this manifold, 

identification of any one object can be performed as linear discrimination of one pattern versus 

many other patterns. Importantly, the local geometry of this representation explains the 

behavioral generalization performance. The fact that PCx responses to perturbations in naive 

animals can reproduce behavioral reports in trained animals suggests that we are tapping into the 

intrinsic computations that make PCx a key circuit for the perception of odors. 
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Abstract: Animals depend on their senses for survival. Mice, who rely on olfaction to navigate 

the world, can rapidly identify odors within a single sniff across a wide range of concentrations. 

What circuit computations support this ability? In the mouse olfactory bulb, odor information is 

conveyed to the cortex through ~50,000 mitral and tufted cells (MTCs). MTCs differentially 

respond to odors by changing both the rate and timing of spikes relative to inhalation, resulting 

in reliable, odor specific sequences that evolve over a single sniff. Despite the consistency and 

ubiquity of these MTC sequences, how rate and timing-based odor encoding are organized and 

related has yet to be explored. To address this, we presented a large battery of odors at multiple 

concentrations to awake mice while recording odor evoked MTC responses using 2-photon 

calcium imaging. Importantly, we substantially improved the temporal resolution of MTC 

imaging by expressing the recently developed fast calcium indicator jGCaMP8f, allowing us to 

monitor the sub-sniff timing of MTC sequential responses. We found that single-sniff odor 

responses had a low-dimensional embedding which well-preserved the distances in odor tuning 

between neurons, suggesting that neural activity was constrained to a low-dimensional encoding 

subspace. Further, we found that the geometrical structure of these subspaces were preserved 

across mice, meaning that the relationships between odors and MTC tuning were consistent 

across animals and independent MTC populations. Next, we examined the relationship between 

the response magnitude, or ‘tuning’, of MTCs across odors, and the timing of their activation 

sequence for a given odor. We found that sequences propagated across the odor encoding 

subspace according to the distance in tuning between MTCs, with sequences originating in a set 

of similarly tuned neurons, then propagating to more distantly tuned neurons as a linear function 

of latency from inhalation. Lastly, we explored the temporal organization of responses to 

different concentrations of a given odor, finding that while the later MTC responses varied 

substantially across concentrations, the earliest responses in the sequences were consistent, 

defining a temporal window of concentration invariant odor coding. Our results shed new light 

on spatiotemporal neural encoding of olfactory information. Moreover, constructing and 

studying a computational model for sequence-based unsupervised training of synapses from 

MTCs to the piriform cortex reveals that sequential activity permits perceptual generalization for 

novel odors and the transmission of concentration invariant odor representations. 
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Abstract: Stereotyped temporal sequences of neural activity that correlate with features of the 

external world have been identified across a variety of neural circuits. These sequences, which 

generally last on the order of tens to hundreds of milliseconds, are thought to mediate essential 

cognitive processes including navigation, memory encoding and retrieval, and sensory 

discrimination. However, the extent to which the fine temporal structure of neural sequences 

impacts the activity of downstream reader circuits remains relatively unexplored. The rodent 

olfactory system presents an ideal model circuit in which to investigate the sensitivity of cortical 

circuits to precisely timed input sequences. In this system, odors activate stereotyped 

spatiotemporal sequences of olfactory bulb glomeruli that project to downstream piriform cortex 

(PCx). Whether and how the PCx reads out this finely-structured temporal input is unknown. 

Using targeted patterned optogenetic stimulation of glomeruli in mice while recording from large 

populations of PCx neurons, we have revealed that neural population responses in PCx are 

highly sensitive to the specific timing and order of sequences of glomerular inputs stimulated 

over the course of a single sniff cycle (~150 ms). We hypothesized that this temporal sensitivity 

may be conferred by intra-cortical inhibitory circuits, which have been shown to restrict the time 

window for summation of excitatory inputs onto PCx cells in-vitro. To test this hypothesis, we 

stimulated sequences of glomeruli while optogenetically suppressing PCx inhibitory 

interneurons. Surprisingly, our preliminary data suggest that decreasing cortical inhibition 

improves the network’s temporal selectivity by increasing the gain of cortical excitatory 

responses. This suggests that sequence selectivity may instead be primarily computed in the OB, 

then relayed to downstream cortical networks. Together, our findings will provide novel insights 

into the computational principles and mechanisms that govern the encoding and decoding of 

precise neural sequences in cortical circuits. 
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Abstract: Appropriate feeding behavior is the foundation of maintaining homeostasis. Elevated 

feeding rate (binge eating) is a common trait of eating disorders, and it is associated with obesity. 

It is also known that flavor perception has an active role in regulating feeding. However, the 

effects of feeding rate on flavor sensory feedback remain unknown. We developed a liquid food 

delivery system that mice can consume flavored milk with different feeding rates, e.g., slow 

eating mode (4-second interval) and binge eating mode (0.4-second interval). Using miniscope in 

mice, we show that binge eating suppresses neuronal activity in the anterior olfactory (piriform) 

cortex (aPC), while slow eating does not. The strength of binge-induced suppression in the aPC 

predicts animals' consumption and duration of feeding. This suppression is unlikely due to the 

activation of local GABAergic interneurons (PV+ & SOM+) in the aPC. Odor inputs from 

olfactory bulb mitral cells remain stable upon binge eating, suggesting the suppression is not due 

to degraded odor inputs. We further excluded the inhibitory effect from serotonergic modulation 

in the aPC by using in vivo serotonin imaging. Taken together, our results provide clear circuit 

mechanisms of binge-induced flavor modulation, which may contribute to binge-induced 

overeating due to reduced sensory feedback of food items. 
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Abstract: The olfactory system, as opposed to the other sensory systems, does not have a 

primary thalamic relay. However, the mediodorsal thalamus receives inputs from different 

primary olfactory areas including the piriform cortex and has strong reciprocal connection with 

the orbitofrontal cortex, a secondary olfactory area. The mediodorsal thalamus has been shown 

to be involved in some olfactory processing in mammals however only few studies detailed the 

encoding of olfactory information in this structure, especially in monkeys. In addition, given the 

strong relationship between the mediodorsal thalamus and the orbitofrontal cortex, it is essential 

to compare the odor responses in both structures and determine how they interact during odor 

presentation. To do so, we recorded neural signals (single units as well as local field potentials) 

from both structures simultaneously in four male rhesus macaque monkeys during repeated 

presentations of various olfactory stimuli including monomolecular odorants as well as 

biological odorants (i.e. female urine). Here, we present the results of single unit responses in 

these structures. Both mediodorsal thalamus and orbitofrontal cortex contained units that 

responded to one or more of the four odors presented in each session. 
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Abstract: Knowledge affords an organism the ability to appropriate past experience for ongoing 

survival. Gradually and persistently, our memories build an associative network of abstractions 

derived from the statistical regularities existing between episodes. This culminates into a 

practical model of the world that guides prediction and future action. The hippocampus and 

prefrontal cortex have been implicated in knowledge formation and instantiation, yet the cellular 

basis of organization remains enigmatic. We hypothesized that the repeated strengthening of 

neurons encoding similar features across events, serves as an efficient, passive mechanism for 

generalizing the commonalities. The engram is the fundamental unit of memory. Here we show 

that abstract knowledge representations emerge via the iterative process of overlapping engrams. 

We devised a genetic strategy to exclusively label and manipulate the population of neurons 

holding overlapping engrams and demonstrated their functional role in transitive inference, a 

knowledge-dependent form of deductive reasoning. Furthermore, we found that overlapping 

engrams are positioned at a superior hierarchical standing in terms of informational capacity, 

occupying the tail-end of a log-normal rate distribution. Their coordinated activity was met with 

near-simultaneous inhibition of a parallel non-overlapping population and appeared to exhibit the 

dynamical properties of attractors, firing independently of bottom-sensory input. We further 

illustrated how overlapping engrams form sequentially within nested hippocampal-cortical 

feedback loops. Lastly, we reveal the fractal geometry of memory, whereby overlapping engrams 

self-organize into a cauliflower-like manifold possessing a measured fractal dimension of ~2.79. 

Collectively, these data uncover an intuitively understandable biological mechanism for 

knowledge representation in the brain. 
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Abstract: The ability of the nervous system to keep track of time on the scale of seconds to 

minutes (i.e. interval timing) is critical to cognition and behavior. In particular, episodic memory 

(i.e. memories of specific personal events) requires rapid and flexible learning of the duration 

and temporal sequence of events, suggesting brain circuits required for encoding of episodic 



memory could play a critical role in interval timing. Therefore, we hypothesize that medial 

entorhinal cortex (MEC), a circuit well established for spatial and episodic memory, might also 

function as a neural clock to provide timing information specifically during behavior that 

requires rapid, flexible learning of timing information. To address this question we have 

developed a novel temporal delay non-match to sample (tDNMS) paradigm in which mice learn 

to report whether sequentially presented pairs of odor stimuli are the same or different in 

duration. By chemogenetically inactivating MEC, we observe that tDNMS learning is disrupted, 

whereby mice expressing the inhibitory chemogenetic receptor hM4Di behave at chance 

throughout consecutive inactivation training sessions. In a separate series of experiments, using 

high-throughput in vivo cellular resolution Ca2+ imaging, we find that a large fraction of 

neurons in MEC display time-locked activity during this task. Interestingly, we find that many 

time cells display context-dependent, trial specific timing activity, with neural dynamics that 

differentiate trial type precisely at moments during each trial when there is sufficient information 

to discriminate match or mis-match trial type. These results demonstrate that MEC shows a 

robust representation of elapsed time through sequential neural activation. Importantly, we find 

that distinct sequences of MEC neural activity emerge as animals perceive tDNMS trial type, 

suggesting that MEC encodes context specific timing information. We speculate that similar 

circuit architecture and related neural dynamics in MEC used to drive path integration in 

populations of grid cells, may also be used to produce clock-like activity seen in context-

dependent time cell sequences. 
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Abstract: Being able to combine spatial and temporal information in a unique percept is a 

fundamental aspect of our sensory experience of the world and of our capacity to interact with it. 

However, in the human brain whether space and time are processed jointly or independently 



remain elusive. Using high-spatial resolution fMRI (7-Tesla) and a single-interval duration 

discrimination task of visual stimuli varying in both duration (from 0.4 to 0.8 s) and spatial 

location (foveal and parafoveal), we tested different neural response models to investigate how 

different brain areas (from occipital to frontal cortex) encode and represent stimulus durations 

and spatial locations. Results showed that early visual areas (V1-V3) process stimulus duration 

monotonically i.e., the longer the duration the greater the hemodynamic response, while tuned-

like responses became increasingly prevalent in parietal and frontal regions. Moreover, in these 

brain regions temporal maps unfold over spatial maps revealing a tight link between spatial and 

temporal representations. 
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Abstract: Actions span a continuum along multiple dimensions. They may be either 1) entirely 

triggered by external sensory stimuli or internally generated; 2) performed at random moments 

or occur in sequences with exquisite temporal organization; and 3) frequently or sparsely 

reinforced. Actions in the real world are often internally generated, occur in sequences with a 

temporal structure and are sparsely reinforced (e.g., playing music, getting dressed, or playing 

sports). Though the neural basis of action generation has been a subject of key interest in 

neuroscience over many decades, internally generated, temporally organized action sequences 

that are only sparsely reinforced have not been studied in the laboratory. Here, we develop a new 

behavioral task in which head-fixed mice learn to develop an action strategy in which they lick 

metronomically at regular intervals (i.e., temporally organized) in the absence of any external 

sensory cue (i.e., internally generated) with each timed action having a <2% probability of 

reinforcement (i.e., sparsely reinforced). Mice (n=30, both sexes) show evidence of clear 

behavioral learning in this task within ~3 days and reliably produce periodic metronomic licks 

(with a period ranging from 1.5-3 s between individuals) for an entire behavioral session (except 

for consummatory bouts) lasting ~40 minutes. Overall, mice produce >1,000 timed licks within a 



single session, even though they obtain only ~20 sucrose reward drops (5 uL each) over this 

period. Hence, this task is highly valuable to study the basis of internally generated, temporally 

organized action sequences. Using this task, we studied the encoding of such actions by 

mesolimbic dopamine release in the nucleus accumbens. Surprisingly, we found that even though 

the metronomic licking is necessary for obtaining rewards (i.e., it is an operant action), 

mesolimbic dopamine dipped around these actions (n=3 animals, n=5 sessions each after stable 

behavior, p<0.05 in each animal). Interestingly, the magnitude of the dip in dopamine levels 

predicted the moment of the next lick, i.e., the next internally-generated timed action (mean r = -

0.20, p = 6.6E-6, t(14)=-7.0; n=15 sessions from n=3 mice). Such a fast timescale correlation 

between dopamine and ongoing movement is rarely observed and hence, we hypothesize that the 

study of internally generated temporally organized action sequences may be critical to study the 

role of dopamine in movement. Overall, we developed a highly reliable task in mice to study 

internally generated, temporally organized actions with sparse reinforcement, and show that 

mesolimbic dopamine level predicts the upcoming movement time. 
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Abstract: Insights from movement disorders and pharmacological studies have long suggested 

dopamine tunes the pace of the internal clock, but how does the endogenous dopaminergic 

system influence the timing of movement? We examined the relationship between dopaminergic 

signaling and movement timing in mice. Animals were trained to lick after a self-timed interval 

following a start cue; reward was delivered if the animal’s first lick fell within a rewarded 

window (3.3-7 s). The distributions of first-lick timing displayed the scalar property of timing, 



and we leveraged the considerable variability in these distributions to determine how the activity 

of the dopaminergic system related to the animals’ timing. We recorded dopaminergic signals 

with fiber photometry in gender-balanced cohorts of mice as they prepared to initiate self-timed 

movements (GcaMP6f in genetically defined dopamine neurons (n=12); the dopamine indicator 

dLight1.1 (n=5) or DA2m (n=4) in striatal neurons). We found that these dopaminergic signals 

were highly predictive of single-trial movement timing via a slow “ramp-up” that unfolded over 

the course of seconds between the start-timing cue and the self-timed movement, reminiscent of 

a ramp-to-threshold process. This effect was robust even when accounting for spurious 

movements, task variables, and trial history. Rather than directly triggering movement initiation, 

optogenetic activation of dopamine neurons during self-timing caused systematic early-shifting 

of the timing distribution (n=12 mice). Likewise, rather than prevent movement, inhibition 

caused late-shifting (n=4 mice), and no-opsin stimulation caused no consistent behavioral effect 

(n=5 mice). Optogenetic stimuli were also subthreshold for generating/preventing movement 

outside the task. Altogether, these results suggest that rather than directly driving movement 

initiation (e.g., like a motor neuron), dopaminergic activity instead modulates movement onset 

by adjusting the moment-to-moment probability of unleashing a planned movement, possibly via 

dopamine’s push-pull influence over the ongoing activity of the downstream direct and indirect 

pathways. Consistent with this view, the dynamics of the endogenous dopaminergic signals 

quantitatively predicted the moment-to-moment probability of movement initiation during self-

timing and recapitulated the hazard function of the movement timing distribution. We conclude 

that ramping dopaminergic signals, possibly reflecting changes in reward expectation leading up 

to the timed movement, probabilistically modulate the moment-to-moment decision of when to 

move. 
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Abstract: When faced with a strict deadline, how does the brain adjust its decision processes to 

take account of the passage of time? Computational modeling and electrophysiological 

investigations have pointed to a key role for dynamic ‘urgency’ processes that serve to 

progressively reduce the quantity of evidence required to reach commitment as time elapses. To 

date, such urgency dynamics have been observed exclusively in neural signals that accumulate 

evidence for a specific motor plan, taking the form of an additional time-dependent build-up 

component. Here, using data from two complementary experiments manipulating time and 

accuracy demands, we demonstrate that a long-studied component of the human event-related 

potential, the contingent negative variation (CNV), traces urgency in a movement-independent 

fashion. In correspondence with dynamic urgency effects identified through accumulation-to-

bound model fits, the CNV builds over time until choice commitment with an onset and rate that 

is modulated by speed pressure. The CNV exhibits two additional properties not observed in 

previously reported urgency signals: First, it provides a discrete representation of urgency, 

growing only as a function of time and not evidence strength. Second, when choice reports must 

be withheld until stimulus offset, the CNV peaks and decays long before response execution on 

trials with low difficulty, mirroring the dynamics of motor-independent evidence accumulation 

signals. These properties suggest that the brain uses urgency signals not only to expedite motor 

planning but also to hasten cognitive deliberation. 
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Abstract: Multisensory integration, the ability of the brain to integrate information from 

different sensory modalities, is critical for responding to environmental stimuli. While older 

adults show changes in multisensory integration with age, the impact of allostatic load (AL) (i.e. 



the effect of exposure to chronic stress, which can accelerate ageing) on multisensory perception 

remains understudied. AL is inversely associated with general physical and cognitive functioning 

in older adults. Gamma-aminobutyric acid (GABA) level shapes individual differences in audio-

visual integration and perception. In turn, GABA neurotransmission modulates AL. We explored 

the relationship between multisensory integration and AL in 1307 adults aged 50+ from The Irish 

Longitudinal Study on Ageing. The Sound Induced Flash Illusion (SIFI) was used to test 

multisensory integration at multiple audio-visual temporal asynchronies. The AL score was 

created using a battery of 12 biomarkers representing the activity of four major physiological 

systems: immunological, cardiovascular, metabolic, and renal. The number of factors for which a 

participant was 473bstract473ed in the highest risk quartile using sex-specific cutoffs was used 

to produce an overall AL score. We also included medication use when calculating our AL score. 

We analysed the accuracy to illusion trials in SIFI with a 473bstract473ed logistic mixed effects 

regression model, adjusted for age, education, self-reported vision and audition, visual acuity 

score, number of cardiac diseases, MoCA score, physical activity, accuracy on multisensory 

congruent and unimodal trials, and pre-post condition. Considering known differences between 

males and females in both AL and multisensory literature, our analyses were conducted 

separately for each sex. Results revealed that lower accuracy in integration (i.e., higher SIFI 

susceptibility with larger temporal asynchronies) was associated with higher AL in women but 

not men. These findings suggest that AL is associated with distinct patterns of multisensory 

integration in ageing, particularly in women. The modulation of neurotransmitter GABA – 

associated with Gamma Band activity, which is registered during SIFI perception – by AL is a 

potential mechanism at play deserving further investigation. 
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Abstract: While time is an entity above and beyond each sensory modality, its inputs are 

constrained to sensory modalities. When we perceive the duration of an external stimulus, it is 

first encoded in the modality-specific cortex and then becomes available for cognitive 

processing. In such hierarchical processing, the duration information encoded in multiple 

modalities must be integrated. Moreover, it has been proposed that our neural system represents 

an474bstractt magnitude that is common to the perception of time, number, and space, thus 

indicating that time is further integrated with other domains (number and space). 

The present study examined how information is integrated between modalities (visual and 

auditory) and domains (time and numerosity) and proposed models that could explain the 

integrations. 

First, we examined the duration integration of visual and auditory modalities. We conducted an 

experiment where we presented visual flickers and auditory flutters in synchrony and instructed 

the participants to attend to the visual modality, the auditory modality, or both. After confirming 

that the attended modality modulated the point of subjective equivalence, we applied Bayesian 

hierarchical modeling to evaluate how attention could change the weights placed on each 

modality. The model showed that attention can increase the weight placed on the attended 

modality and that the auditory stimulus received more weighs even after controlling for 

reliabilities. 

Second, we examined the integration of time and numerosity information. In the experiment, we 

presented time and numerosity information simultaneously and instructed the participants to 

judge the magnitude of time, numerosity, or both domains. We systematically manipulated the 

stimuli reliability and calculated just noticeable differences. The results were partially consistent 

with the Maximum Likelihood Estimation account; time and numerosity information was 

integrated in a statistically optimal fashion in the sense that the integrated estimate was found to 

be most reliable. 

Our results suggest that integrations of magnitude information across modalities and across 

domains may differ in terms of the roles of the reliabilities. We will further discuss how 

integrations may be achieved by employing different strategies in hierarchical cortical 

processing. 
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Abstract: Cognitive models of interval timing can be formulated as an accumulation-to-bound 

processes. However, the physiological manifestation of such an accumulation process has not yet 

been identified. We measured electroencephalography (EEG) of participants while they 

performed a temporal-bisection task in which they were requested to categorize the duration of 

visual stimuli as short or long. We found that the stimulus-offset and response-locked activity 

depends both on stimulus duration and the participants’ decision. To relate this activity to the 

underlying cognitive processes, we used a drift-diffusion model. The model includes a noisy 

accumulator starting with the stimulus onset, and a decision threshold. According to the model, a 

stimulus duration will be categorized as “long” if the accumulator reaches the threshold during 

stimulus presentation. Otherwise, it will be categorized as “short.” We found that, at the offset of 

stimulus presentation, an EEG response marks the distance of the accumulator from the 

threshold. Therefore, this model offers an accurate description of our behavioral data as well as 

the EEG response using the same two model parameters. We then replicated this finding in an 

identical experiment conducted in the tactile domain. We also extended this finding to two 

different temporal ranges (sub- and supra-second). Taken together, the work provides a new way 

to study the cognitive processes underlying temporal decisions, using a combination of behavior, 

EEG and modeling. 

Disclosures:  A.N. Landau: None. N. Ofir: None. 

Nanosymposium 

430. Neurobiological Basis of Timing 

Location: SDCC 33 

Time: Tuesday, November 15, 2022, 8:00 AM – 11:30 AM 

Presentation Number: 430.09 

Topic: H.08. Learning and Memory 

Support: Hessian initiative for the development of scientific and economic excellence 

(LOEWE) Neuronal Coordination Research Focus Frankfurt (NeFF) 

Title: Predictive coding explains increased reliance on perceptual priors in older adults and ASD 

– a magnetoencephalography study 

Authors: *J. CHAN1, M. WIBRAL2, P. WOLLSTADT3, M. SINIATCHKIN4, M. J. 

NAUMER5, C. M. FREITAG6, J. KAISER7;  
1Univ. Col. Cork, Cork, Ireland; 2Göttingen Grad. Ctr. For Neurosciences, Biophysics, and Mol. 

Biosci., Georg-August University, Göttingen, Göttingen, Germany; 3MEG Unit, Brain Imaging 

Ctr., Frankfurt, Germany; 4Universitätsklinik für Kinder- und Jugendpsychiatrie und 

Psychotherapie, Univ. Clin. Owl, Bielefeld, Germany; 5Univ. Koblenz · Landau, Koblenz, 

Germany; 6Goethe Univ. Frankfurt, Frankfurt/Main, Germany; 7Inst. Of Med. Psychology, 

Goethe-University Frankfurt, Frankfurt am Main, Germany 



Abstract: The multisensory temporal binding window (TBW) is a period when stimuli from 

different sensory modalities are combined into a single percept. The sound-induced flash illusion 

(SiFI) exploits this TBW to create an illusory second flash when presented with two rapid beeps 

along with a single flash. Despite the bottom-up sensory information there is also a top-down 

expectation that is required to perceive the illusion. Older adults and different patient groups 

(e.g., ASD and older adults with MCI) with different symptomology exhibit an extended TBW 

and thus perceive more illusions compared to age-matched controls. The aim was to determine if 

there are similar different neurological networks under pinning this behavior between groups. 

Two studies were conducted: Study 1 compared older adults (N = 28) to young adults (N = 25). 

Study 2 compared ASD (N = 17) to aged-matched typically developed (TD) adults (N = 15). In 

both studies, participants were presented the SiFI while inside a 275-channel MEG. Anatomical 

MRIs were also acquired for source analyses. After artifact rejection, neural oscillations were 

calculated using frequency-dependent Morlet wavelet between 2-60 Hz. Linear beamforming 

was used to solve the inverse problem and estimate source locations. Furthermore, by using a 

combination of transfer entropy (TE) and dynamic causal modeling (DCM) the information 

transfer for each group and condition was estimated. In Study 1, there was increased overall beta 

band activity (12-25 Hz) in older adults compared to young adults with more top-down 

information from the middle frontal gyrus to the fusiform areas in older compared to young. In 

Study 2, we found greater alpha (8-12Hz) and beta-band activity in ASD participants compared 

to TD for illusions compared to no illusions with similar brain areas being the source of the 

activity. We interpret this data from a predictive coding perspective. As we age, our unisensory 

acuity declines, and we increasingly rely multisensory perception. The increased template that a 

sound and visual stimulus should occur can be driving the increased illusions. People with ASD 

are more rule-based and therefore have a greater expectation that multisensory stimuli have 

spatial and temporal congruency. 
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Abstract: Error monitoring is an essential human ability underlying learning and metacognition. 

In the time domain, humans possess a remarkable ability to learn and adapt to temporal intervals, 

yet the neural mechanisms underlying this are not well understood. Here, we describe a series of 

experiments designed to elucidate error monitoring for time intervals in humans. We employed a 

modified version of a visual time reproduction task with random suprasecond intervals (1-5s) in 

which, crucially, subjects were allowed to “re-do” each trial after receiving adaptive feedback on 

their performance. Further, feedback was nondirectional, and so provided no details on whether 

subjects had over or under-estimated the target interval. Remarkably, subjects (n=20) improved 

performance on re-do trials by increasing both accuracy and precision, suggesting a 

metacognitive awareness of time errors. Removing feedback in a second group (n=20) still led to 

improvements in accuracy, but no increase in precision. In a further experiment (n=50), changing 

the frequency of re-do trials had no impact on improvement. Finally, a fourth group of subjects 

(n=24) performed this task while recording fMRI responses. Here, we observed that estimating 

duration on initial trials led to activation in timing network regions such as the supplementary 

motor area (SMA), basal ganglia, and inferior parietal lobe (IPL), whereas during re-do trials, 

activation of the default mode network (DMN), including posterior cingulate, precuneus, and 

superior frontal gyrus (SFG). Additionally, when reproducing on re-do trials, only the SMA and 

SFG became active. These findings suggest that humans maintain an awareness of their own 

timing that relies on interactions between the default-mode and timing networks, such that errors 

can be flexibly adapted to update time representations. 
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Abstract: The Striatal Beat Frequency model (Matell & Meck, 2004) suggests that multiple 

cortical oscillators contribute to human temporal cognition. Based on the theory, the current 

study examined the interactions between interval timing and neural oscillations, as predicted by 

timing deficits found in neuropsychiatric conditions. The interaction is predicted to manifest in 

frontal-midline theta and occipital alpha oscillations, which are two important cortical oscillatory 

sources engaged in working memory and time perception. Therefore, the main goal of the study 

is to examine how depression and anxiety modulate frontal-midline theta and occipital data 

during the encoding of sub- and supra-second intervals. In the current study, participants 



reproduced sub- (400, 600, 800ms) and supra-second (1600, 1800, 2000ms) intervals while they 

underwent scalp EEG recordings. Anxiety and depression levels were measured via self-report 

psychometrics. We found that higher levels of self-reported anxiety and depression were 

associated with shorter reproduction of lengths of durations. Further, time-frequency analysis of 

scalp EEG revealed a dissociation where state anxiety altered the links between frontal-midline 

theta power and sub-second interval reproduction, while depression and trait anxiety altered the 

association between occipital alpha power and supra-second interval reproduction. Our results 

suggest that anxiety and depression alter time perception, and this differentially relates to frontal-

midline theta and occipital alpha as substrates for sub- and supra-second interval timing. 
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Abstract: It has been recently reported that a sensorimotor mechanism is employed by the brain 

to track time in mice, in which the secondary auditory cortex transduces self-generated 

audiomotor feedback to control action timing (Cook et al. 2022). Animals have been often 

observed to develop a stereotyped pattern of behavior (generally referred as ‘waiting-period 

actions’ here) during timekeeping. Traditionally, these waiting-period behaviors have been 

viewed as superstitious or compulsive, with such actions being merely collateral to or reflective 

of timekeeping. However, the recently discovered sensorimotor mechanism underlying action 

timing suggests these behaviors may serve as a pacemaker for the internal clock, used to count 

but not kill time (Cook et al. 2022). Here, we took an optogenetic approach to precisely 

manipulate actions antecedent to timing decision and causally test this sensorimotor theory of 

timing. It was found that optogenetic stimulations of different cell types in various brain regions 

including dorsal striatum, thalamic nuclei and midbrain during the waiting period result in 



significant changes in both animal’s action and timing. Importantly, bidirectional regulation of 

actions during the waiting period leads to corresponding temporal shifts of timing, with a strong 

negative correlation between changes in the amount of waiting-period actions and the timing 

duration. Notably, manipulation of nigrostriatal dopamine affects timing if, and only if, when 

waiting-period actions were also regulated. These effects can be quantitatively reproduced in a 

computational model of action timing based on the recently discovered sensorimotor mechanism. 

Together, these results further support the sensorimotor theory of action timing, in which the 

waiting-period actions serve as the pacemaker for the internal clock, and suggest that certain 

brain regions are involved in interval timing via control of action, rather than due to a non-motor, 

dedicated role in time perception. 
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Abstract: How the brain integrates and represents muti-item sequences, and retrieves this 

information from memory, is one of the most foundational problems in psychology and 

neuroscience (Lashley, 1950). A key aspect of sequence processing is the ability to encode and 

subsequently recall the relative order of items or past events, independent of their timing 

(Lewandowsky & Murdock, 1989). This capacity, referred to as temporal order memory (ToM), 

is a hallmark of episodic memory, allowing us to anticipate impending events and to guide our 

future actions (Davachi & Dubrow, 2015). It has long been recognized that our existing semantic 

knowledge has a direct impact on our ability to retain new information (Craik & Lockhart, 

1972). However, the influence of semantic knowledge on our ability to remember ordered 

sequences is largely unexplored. To address this question, we administered a sequence memory 

paradigm, in which participants listened to lists of spoken words, where each set of six 

consecutive words belong to a distinct semantic category before transitioning to a new semantic 

category. Following each list, participants were given a temporal order memory test within and 

across semantic categories. We parameterized semantic similarity across our word stimuli using 

an autoencoder model (Google Word2Vec). Using this approach, we show that semantic 



similarity within-categories strongly drives temporal order memory performance (n = 28; R2 = 

.43; P < 0.001). Next, we evaluated how prior semantic knowledge may interact with our 

encoding of temporal order over time. To this end, we computed semantic similarity across word 

pairs based on their serial position during encoding. This analysis revealed that only certain word 

pairs – i.e., those occupying the middle serial positions of a categorical event – reliably predict 

subsequent temporal order recall. Furthermore, we found that item pairs at the boundary between 

categories predict ToM as a function of semantic dissimilarity, indicating a semantically defined 

event boundary. Together, these findings suggest the possibility that the accumulation of 

semantic information serves to bind items into composite events in memory and additionally 

serves to critically inform neural models of sequence memory. 
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Abstract: Sensory signals are inherently variable, but the central nervous system minimizes the 

impact of sensory noise by integrating signals with prior knowledge. Successful Bayesian 

integration in complex environments relies on the ability to acquire multiple prior distributions. 

Recently, our research group found that in a coincidence timing task, participants can 

concurrently learn two prior distributions when they are assigned to two different motor effectors 

(e.g., left hand vs. right hand) (Matsumura et al., FENS2020). However, in practice, associating a 

distinct motor effector to each new prior distribution would quickly become infeasible. Inspired 

by findings from bimanual motor learning studies (Noazaki et al., 2006, Nat Neurosci), we 

hypothesized that in a timing task, multiple prior acquisition might be supported by the addition 

of a supplementary motor response. To test this hypothesis, we conducted psychophysical 

experiments where three sequential visual stimuli (S1, S2, and S3) were presented either on one 

side (corresponding to the participant’s dominant hand) or both sides (left and right) of a fixation 



point. Time intervals for S1-S2 and S2-S3 were identical in each trial. Across trials, intervals for 

one-side and two-side presentation conditions were randomly sampled from either short-time 

(424-988 ms) or long-time (1129-1694 ms) prior distributions. Participants were asked to 

anticipate the appearance of S3 based on the S1-S2 interval and press a key to coincide with its 

onset. When participants used their dominant index finger to respond on all trials, they were 

unable to concurrently learn both short-time and long-time priors. In contrast, participants who 

responded to one-side presentations with one finger and both-side presentations with both fingers 

successfully acquired both priors. These results indicate that the addition of a supplementary 

motor response can aid the acquisition of multiple prior distributions, even when using the same 

motor effector in a coincidence timing task. 
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Abstract: Neural-vascular coupling (NVC), the delivery of oxygen and nutrients to 

metabolically active neuronal tissue by vasculature, varies with brain state and is affected in 



healthy aging. Calibrated fMRI (cfMRI) allows separate characterization of BOLD signal and its 

constituents, cerebral blood flow (CBF) and cerebral metabolic rate of oxygen (CMRO2), 

providing a more complete picture of changes to the NVC system with age and stimulus 

intensity. Combining measurement of CBF (using pseudo-continuous arterial spin labeling) with 

estimation of baseline deoxyhemoglobin (using hypercapnia calibration) permitted us to 

calculate CMRO2, which in turn permitted estimation of NVC. 33 younger and 27 older 

participants underwent cfMRI scanning during both an attention-controlled visual stimulation 

task in which participants periodically viewed checkerboards flickering at either 2Hz, 4Hz, or 

8Hz. Our results replicated prior results from our lab, namely: (1) significantly greater task-

evoked BOLD signal in younger relative to older adults, (2) no significant age-group difference 

in task-evoked CBF, and (3) significantly greater task-evoked CMRO2 in older relative to 

younger adults. Most importantly, we observed a significant Age-Group × Stimulus-Intensity 

interaction in the NVC ratio. Specifically, with increasing stimulus intensity, the NVC ratio 

increased monotonically in younger adults while it remained unchanged in older adults. We also 

explored relationships between individual cognitive performance and the task-evoked 

neurometabolic and neurovascular parameters. Taken together, these results support the 

hypothesis that NVC mechanisms are adversely affected in aging. 
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Abstract: Normal aging populations experience, though subtle, cognitive changes associated 

with hippocampal atrophy. However, the molecular mechanisms underlying hippocampal 



abnormality in normative aging remain unclear. Ghrelin and the receptor growth hormone 

secretagogue receptor 1a (GHSR1a) plays a pivotal role in regulating hippocampal synaptic 

function. Liver expressed antimicrobial peptide 2 (LEAP2) is an endogenous GHSR1a antagonist 

that modulate GHSR1a activity with ghrelin. Here, we report an age-dependent increase of 

circulating LEAP2 in cognitive norms, resulting in imbalanced ghrelin and LEAP2 and 

associated hippocampal pathology in the tested subjects. Further examination shows elevated 

LEAP2 in aging wildtype (wt) mice, which is in accordance with hippocampal lesions 

resembling GHSR null mice. Consistent with the deleterious impact of LEAP2 against ghrelin-

induced GHSR1a activity, LEAP2 inhibits ghrelin signaling-mediated hippocampal synaptic 

activation. Moreover, acute hippocampal slices from aging mice exhibit blunted response to 

GHSR1a agonist stimulation. These findings suggest that LEAP2 deregulation is an age effect 

that contributes to GHSR1a dysfunction and associated with hippocampal dysfunction in 

normative aging. Targeting LEAP2 will hold promise to preserve cognitive function during 

aging and prevent a transition from normative to pathological aging. 
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Abstract: Aging is an inevitable stage of lifecycle and closely associated with a spectrum of 

disorders including Alzheimer’s disease (AD). Although the mechanistic links between brain 

aging and AD remain largely unresolved, increasing evidence suggests that the two conditions 

are tied to mitochondrial dysfunction. However, current translation of aging-related 

mitochondrial defects into an AD context is complicated by an interplay between mitochondria 

and AD-associated pathological molecules including amyloid beta (Aβ) and pathological tau. 

Previous findings from aging mice with excess Aβ production and/or tau pathology raise a 



question of whether the observed mitochondrial deficits are bona fide pathological alterations of 

degenerative aging or, in fact, a result of superlative toxicity of Aβ and/or tau. In contrast, aging 

wildtype rodents, due to their lack of AD-related key pathophysiological factors, do not fully 

represent individuals at AD risk. In this context, mice expressing human form of Aβ at 

physiological levels (hAβ-KI mice) hold potential to reconcile this dilemma. Here, we report that 

hAβ-KI mice undergo aging-related deficits in synaptic mitochondrial function including 

compromised bioenergetics, decreased calcium retention capacity, altered morphological control 

towards mitochondrial fission, as well as increased oxidative damages as compared with their 

counterparts from age- and gender-matched nontransgenic (nonTg) controls. Moreover, aging 

hAβ-KI mice exhibit increased accumulation of Aβ42 in their synaptic mitochondria, which 

correlates with mitochondrial dysfunction. In contrast, nonsynaptic mitochondria from aging 

hAβ-KI mice are relatively resistant to human Aβ. Lastly, synaptic mitochondrial defects in 

aging hAβ-KI mice correlate with decreased synaptic density, increased synapse elimination by 

microglia, and impaired recognition memory. Our findings indicate synaptic mitochondrial 

vulnerability in abnormal aging, in which aging factors and Aβ toxicity converge. Furthermore, 

hAβ-KI mice may constitute a novel mouse model for the study of mitochondrial abnormalities 

in the elderly at AD risk. 
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Abstract: Recognizing a stimulus as previously encountered is a crucial capacity in everyday 

life that frequently deteriorates with aging. Nonetheless, cognitive decline is not an inevitable 

feature of growing old. Rodent models faithfully recapitulate this hallmark of aging, reliably 

demonstrating increased interindividual variability in memory relative to younger adults. To 

investigate the differential recruitment of medial temporal lobe circuits in relation to cognitive 

outcome in aging, we developed an olfactory recognition task for young and aged Long-Evans 

rats that directly varies memory demand (short- and long-term retention). Animals were 



euthanized immediately after the retention test, and quantification of cFos immunolabeled cells 

was used to map the distribution of memory-induced neuronal activation. We found that aged 

rats performed on par with young on the short-term memory test, displaying robust odor 

recognition and significant medial temporal lobe activation. In stark contrast, on the long-term 

odor recognition test aged rats displayed substantial interindividual variability that strongly 

correlated with spatial learning capacities measured in the water maze. The pattern of cFos+ 

induction was also prominently affected, such that the number of activated cells was blunted in 

the dentate gyrus, entorhinal, perirhinal, and postrhinal cortices, and tightly correlated with 

poorer recognition performance in aged animals. Most notably, cross-correlation network 

analyses revealed coherence patterns between brain regions that were vastly different across 

groups. Despite scoring as well as young, aged rats with intact memory displayed an enhanced 

network density of increased interregional correlation coefficients, including greater intra-

hippocampal correlations, and elevated parahippocampal correlations with the piriform cortex. In 

contrast, aged animals with impaired memory failed to engage intrahippocampal connections and 

had reduced coherence with the piriform area. These data signal that, alongside brain 

maintenance and other potential accounts, a process of dynamic neuroadaptive network 

reorganization may be among the mechanisms that supports positive cognitive outcomes in 

aging. 
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Abstract: Functional connectivity (FC) in brain networks important for cognitive control 

decreases during adult aging. Physical activity (PA) may help optimize FC in these brain 

networks. However, the relationship between daily PA and resting state FC of the aging brain 

remains poorly understood. We evaluated the associations between total and bouted moderate-to-

vigorous PA (m-vPA) and FC in 118 seniors (Mage = 64.8 ± 1.71 yrs, 84 females) using baseline 

data from the Fit & Active Seniors Trial (NCT01472744). Total daily m-vPA (all 60 s epochs 

recording > 1040 accelerometer counts per minute; min/d) and bouted m-vPA (time in m-vPA 

bouts lasting ≥ 10 consecutive minutes; min/d) were measured with an ActiGraph GT3X 

accelerometer. We hypothesized that m-vPA variables would be associated with voxel seeds in 

cognitively salient brain networks: dorsal attention (DAN), ventral attention (VAN), 

frontoparietal (FPN), and the default mode network (DMN). We expected enhanced FC between 

total and bouted m-vPA-related seeds and voxel clusters in the DAN, VAN, and FPN. DMN 

analyses were considered exploratory. Multivariate pattern analysis, implemented in CONN 

toolbox, was used to identify multivariate patterns of voxel clusters associated with m-vPA 

variables. To determine which FC patterns explained the main results, clusters with > 50 voxels 

related to m-vPA variables were used as seeds in the post hoc seed-to-voxel analyses. 

Controlling for accelerometer wear time, age, sex, education, and aerobic fitness, bouted m-vPA 

was associated with one cluster with a peak region in the left posterior middle temporal gyrus, a 

part of the DMN (voxel threshold p < 0.001, FWE-corrected cluster threshold, p < 0.05). In the 

post hoc analyses, bouted m-vPA was associated with correlations between its seed cluster in the 

DMN and two clusters primarily comprising regions within cognitively salient brain networks: 

DAN, VAN, DMN, and FPN, and a cluster in the somatosensory network. Bouted m-vPA was 

associated with negative correlations between its seed cluster in the DMN and voxels in the 

DAN and FPN. Conversely, bouted m-vPA was related to positive correlations between its seed, 

and voxels in the DMN, and somatosensory network. Correlations between the seed cluster and 

VAN were inconsistent (positive and negative). Our preliminary findings suggest that bouted m-

vPA may help (i) attenuate age-related decline in anticorrelations between the DMN and DAN, 

an indicator of age-related network dedifferentiation linked to poorer cognitive performance; and 

(ii) enhance within-network FC in the DMN, suggestive of greater network segregation 

previously linked to better cognitive performance. 
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Abstract: Objective: Prior research has demonstrated the importance of a healthy lifestyle to 

enhance cognition and diminish dementia risk in later life. Therefore, understanding the 

mechanisms underlying lifestyle engagement, particularly in older adults at risk for Alzheimer’s 

Disease (AD) can give insights in providing efficient behavioral change interventions for those 

in need. Cognition and personality are key for facilitating health behaviors. Additionally, 

multimodal measures with behavior and functional and structural brain have previously been 

shown to predict exercise adherence. We hypothesize that multimodal measures will predict 

multidomain lifestyle behaviors in older adults. Methods: 175 cognitively normal older adults 

with a family history of AD from the Prevent-AD longitudinal aging cohort were included 

(age=66.3±5, 130 female, education years=15.5±3). Self-reported physical activity engagement, 

cognitive activity engagement, diet adherence, and social support were entered into k-means 

clustering, in an attempt to phenotype participants based on their combined lifestyle behaviors. 

Two groups were identified for overall healthier and riskier lifestyle. Three classification 

prediction models were applied to distinguish people within the two lifestyle risk groups (i.e., 

healthier and riskier groups), within a final sample of 139 participants: Functional connectivity 

matrices and grey matter brain features (model 1), behavioral measure assessing cognitive 

function and personality (model 2), and a combination of behavioral measures and neuroimaging 

features (model 3). Support Vector Machine (SVM) learning algorithms were used for the 

classification in a nested cross-validation manner. Averaged coefficients for features were 

extracted and ranked to indicate the importance of each feature in the final model. Results:The 

SVM classifier was 81% accurate in separating groups in model 1, 60 % accurate in model 2, 

and 83 % accurate in model 3. In model 3, the first 10 features with the highest absolute 

coefficients included a delayed memory task score, and functional connectivity among default 

mode network, dorsal attentional network, somatomotor network, and ventral attention network. 

Conclusion:Neuroimaging features, especially functional connectivity, are able to provide more 

precise prediction of older adults’ healthy behavior, compared to behavioral measures alone. Our 

results provide preliminary evidence of neural mechanisms that distinguish those who engage in 

healthy lifestyle habits to those who do not. 
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Abstract: Cortical networks that dynamically reconfigure are essential to memory and may be 

vulnerable to the effects of aging and Alzheimer’s disease (AD). While functional connectivity 

(FC) has traditionally been measured by averaging across the entire time series in resting state 

fMRI (rsfMRI), recent analytic advances now enable characterization of dynamic brain states 

that fluctuate over the duration of the rsfMRI scan. We tested if brain state dynamics change 

with age and severity of clinical status across the AD continuum. Using rsfMRI data from the 

Alzheimer’s Disease Neuroimaging Initiative, we performed dynamic FC analyses on 86 older 

adults (76 ± 7 yrs, 41 F) ranging from cognitively unimpaired (CU; n = 46), low cognitive 

impairment (CI-; n = 21; subjective memory complaints or early mild cognitive 

impairment/MCI) or high cognitive impairment (CI+; n = 21; MCI or AD). Data were 

preprocessed with the CONN Toolbox. Mean time series were extracted from 246 Brainnetome 

Atlas ROIs. K-means clustering identified six reliable brain states that explained the most 

variance. We characterized fractional occupancy (% of scan frames assigned to a state), 

appearance rate (# of times a state occurs/minute), and dwell time (mean duration of a 

continuous state) for each brain state. Older age was associated with lower fractional occupancy 

and appearance rate of a brain state corresponding to a positive limbic network (Fig 1A). 

Fractional occupancy, appearance rate, and dwell time of this positive limbic network were 

reduced in CI+ compared to CU participants (Fig 1B), independent of age. There was also a 

trend towards a reduction in fractional occupancy and dwell time in CI+ compared to CI-. These 

results suggest that brain states reflecting connectivity within the limbic network, which includes 

temporal lobe regions critical to memory and vulnerable to AD pathology, are particularly 

disrupted with age and impaired clinical status. Future work will assess the role of AD pathology 

and structural integrity on brain state characteristics and how dysfunctional brain states may 

contribute to memory decline. 
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Abstract: Transcranial magnetic stimulation (TMS) is increasingly used as a noninvasive 

technique for neuromodulation in both research models and humans. Clinically, it is FDA 

cleared for depression, smoking cessation, migraines, and obsessive-compulsive disorder, with 

clinical trials underway for many other neuropsychiatric disorders. It is also increasingly used as 

an experimental tool. The neurophysiological effects of TMS in animal models have been 

investigated extensively. However, efforts to understand the physiological effects of TMS in 

humans have been hampered by methodological limitations, specifically the lack of either spatial 

or temporal resolution, such as with surface electroencephalography (EEG) and functional 

magnetic resonance imaging (fMRI), respectively. 

Here, we present the first in-human study evaluating the effects of TMS using intracranial 

electrocorticography (iEEG) in neurosurgical patients with high spatiotemporal resolution (Fig. 

A). We evaluate brain-wide intracranial responses to single pulses of TMS to the dorsolateral 

prefrontal cortex (dlPFC), the therapeutic target for depression and other neuropsychiatric 

disorders (N=10, 1414 electrodes). First, we demonstrate that TMS induces evoked potentials 

that are specific to TMS compared to sham stimulation (Fig. B). These iTEPs are induced locally 

within the dlPFC at sites with higher electric field strength (r = 0.44, p &lt 0.001) (Fig. C). We 

also show that downstream targets functionally connected to the dlPFC are also activated by 

single pulses of TMS, including regions central to depression such as the anterior cingulate and 

anterior insular cortex (Fig. D). We find that areas that are functionally connected to the dlPFC 

per fMRI are more likely to be activated by TMS to the dlPFC (2-Sample Student’s T-test, p &lt 

0.001). Together, these findings show that 1) TMS-iEEG is a safe and viable tool for studying 

the electrophysiological effects of TMS on the human brain and that 2) TMS induces responses 

both locally and in functionally connected downstream neuronal populations in humans. 
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Abstract: Neuropsychiatric disorders are the number one cause of disability and health-related 

economic burden in the United States. Established therapies primarily focus on diagnostic labels, 

however a more robust approach would be to use objective constructs such as brain circuitry 

underlying functional deficits. Cognitive control is often compromised across mood and anxiety 

disorders and can be estimated with an interference task where subjects must suppress a natural 

response to overcome response conflict. Conflict evokes robust electrophysiologic signatures, 

such as theta (4-8 Hz) oscillations in the prefrontal cortex (PFC). However, we do not know 

much about how depressed/anxious (A/D) mental states modulate such circuits/rhythms. 

Furthermore, there is little indication about the role of lateral temporal lobe (LTL) in higher 

executive function. The objective of this work is to determine the neural signatures of PFC and 

LTL modulating cognitive control in healthy and A/D states. We recorded intracranial EEG 

(iEEG) from PFC and LTL of 16 human subjects with intractable epilepsy undergoing invasive 

monitoring while they performed a multi-source interference task (MSIT). Based on 

neuropsychological evaluation, we labeled the subjects’ mental state as healthy or A/D. We 

estimated power in theta, alpha (8-15 Hz), beta (13-30 Hz), gamma (30-55 Hz) and high gamma 

(65-110 Hz) frequency bands. For each frequency band and brain region of interest, we fit a 

generalized linear mixed effects model (GLME): Response ~ Conflict + State + (1|Subject) 

where Conflict and State are binary variables coding the trial conflict and mental state of a 

participant respectively. We observed temporal differences in PFC and LTL spectrograms of 

healthy and A/D states, and fit subsequent GLMEs: Response ~ Conflict + State +Time + 

State*Time + (1|Subject) to examine interactions between mental state and time following 

stimulus presentation. In our first GLMEs, Conflict type was a significant predictor of theta 

power in dorsolateral PFC (dlPFC) and LTL, theta, alpha, and beta power in the dorsomedial 

PFC (dmPFC), and alpha power in dorsal anterior cingulate cortex (dACC). Mental state was a 

significant predictor of beta power in dACC. Our subsequent GLMEs found significant 

State*Time interactions on theta power in the dlPFC and LTL, and theta and alpha power in 

dmPFC and dACC. Our results demonstrate roles of both PFC and LTL in conflict encoding 

independent of mental state. A/D state influenced temporal features of PFC and LTL response, 

encouraging future exploration of time-dependent effects of mental state on conflict evoked 

oscillations. 

Disclosures:  A. Shekara: None. A.C. Paulk: None. S.S. Cash: None. A.S. Widge: None. J. 

Sheehy: None. I. Basu: None. 

Nanosymposium 

432. Real Time Monitoring of Human Brain Networks During Therapeutic 

Neuromodulation 



Location: SDCC 24 

Time: Tuesday, November 15, 2022, 8:00 AM - 11:15 AM 

Presentation Number: 432.03 

Topic: I.05. Biomarker, Drug Discovery, and Experimental Therapeutics 

Support: R01MH124761 

UH3NS107673 

F31MH127922 

Title: Discovering and Tracking Targets for Closed Loop Responsive Neurostimulation in 

Treatment-Resistant Post Traumatic Stress Disorder 

Authors: *J. GILL1, J. SCHNEIDERS2, M. STANGL2, Z. AGHAJAN2, S. HILLER2, U. 

TOPALOVIC3, M. VALLEJO4, C. S. INMAN8, D. VILLAROMAN2, A. BARI2, A. 

ADHIKARI5, V. R. RAO9, M. S. FANSELOW10, M. CRASKE2, S. E. KRAHL11, J. W. CHEN6, 

M. VICK12, N. R. HASULAK13, J. C. KAO2, R. KOEK11, N. A. SUTHANA7, J.-P. 

LANGEVIN2;  
1Univ. of California Los Angeles, West Hollywood, CA; 2UCLA, Los Angeles, CA; 3UCLA, 

Los Angeles, CA, CA; 4neurology, 5Psychology, 6Dept Neurol, 7Neurosurg. / Psychiatry / 

Bioengineering, UCLA, Los Angeles, CA; 8Psychology, Univ. of Utah, Salt Lake Cty, UT; 
9Neurol., Univ. of California, San Francisco, San Francisco, CA; 10Dept Psychol, UCLA 

Chapter, Los Angeles, CA; 11Veterans Affairs, Greater Los Angeles, Los Angeles, CA; 
12NeuroPace Inc, Mountain View, CA; 13NeuroPace, Mountain View, CA 

Abstract: [Objective] Though threat detection systems are critical for survival, they may lead to 

maladaptive behaviors if overactive following trauma. Identifying the neurophysiological 

correlates of these mechanisms in individuals with post-traumatic stress disorder (PTSD) is 

critical for the development of neural therapies, such as closed-loop responsive neurostimulation 

(RNS). In a first-of-its-kind study, we characterize the neurophysiological correlates of aversive 

stimulus processing and how it is modified using RNS therapy delivered to the 

amygdala.[Methods] 2 participants were implanted with the NeuroPace RNS System targeting 

the amygdala bilaterally for the purposes of treatment-resistant PTSD (TR-PTSD). Intracranial 

electroencephalography (iEEG) was collected during 1) presentation of unpleasant visual and 

audio laboratory stimuli (emotional image task and fear conditioning) and 2) at-home periods of 

symptom exacerbation. Additionally, iEEG activity of the amygdala was recorded in 6 human 

epilepsy participants without TR-PTSD who had the RNS device implanted during identical 

laboratory tasks.[Results] Analysis revealed that theta power was elevated during experimental 

and clinical aversive events in TR-PTSD. These changes were less pronounced following 

chronic RNS therapy. We found that negative stimulus-induced theta increases were reduced in 

epilepsy subjects without TR-PTSD. [Implications] We present the first identification of 

amygdala theta power as an ecologically valid signal that relates to self-reported, at-home 

symptom exacerbations and aversive laboratory stimuli in TR-PTSD. The TR-PTSD specific 

theta increase found in the present study may reflect disease-related alterations in amygdala 

circuitry. Lastly, we demonstrate that negative stimulus induced theta activity may be reduced 



following chronic RNS therapy, identifying closed-loop stimulation of the amygdala as a 

potentially effective treatment strategy for PTSD. 
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Abstract: A third of patients with major depressive disorder (MDD) are refractory to standard 

therapies. Progress in therapeutic neuromodulation for depression has been challenging because 

of the widespread, network basis of mood and lack of neurophysiologic biomarkers. 

Neuroimaging studies of depression demonstrate increased connectivity within the default mode 

network (DMN), which subserves internal processes such as self-reflection, mind wandering, and 

memory. Invasive electrophysiology in the resting state has demonstrated that DMN connectivity 

corresponds to correlations in theta-band power. DMN activity is anti-correlated with the dorsal 

attention network (DAN), which, in contrast, subserves externally oriented cognition (i.e., top-

down attention), and demonstrates alpha-specific resting-state correlations. We investigated the 

relationship between frequency-specific activity within functional networks and mood 

fluctuations under the hypothesis that mood-specific electrophysiologic power fluctuations are 

theta-specific within the DMN and alpha-specific within the DAN. We used hourly, self-reported 

measures of mood and video facial affect recognition to estimate mood valence in patients 

undergoing invasive stereotactic electroencephalography for seizure monitoring. We analyzed 

power spectra and functional connectivity (via band-limited power correlations) in epochs 

corresponding to mood estimates. Depressed mood was correlated with increased theta power, 



most significantly in electrodes within the posterior cingulate cortex, a key hub of the DMN. 

Conversely, alpha power was increased during elevated mood, most significantly in the 

intraparietal sulcus (a DAN region). Concordant with power changes, theta connectivity within 

the DMN was correlated with depressed mood and whereas alpha connectivity (in the DAN 

among other networks) was correlated with elevated mood. Our results recapitulate the 

frequency specificity of resting-state functional connectivity. Theta and alpha power within 

DMN and DAN networks, respectively, represent important biomarkers of mood and may guide 

neuromodulatory therapies. Future studies of the neural correlates of mood should consider 

adopting a network-based perspective of depression neurophysiology informed by resting-state 

physiology. 
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Abstract: Background. Deep brain stimulation (DBS) of the subcallosal cingulate (SCC) region 

is an emerging therapy for treatment-resistant depression. Imaging studies have identified four 

white-matter tracts adjacent to the SCC that are activated during symptom-reducing DBS. Of 

these four, the forceps minor (FM) and bilateral cingulum bundles (CBs) are activated in the 

greatest proportions at therapeutic stimulation settings. Activating these bundles produces a 

reliable 150 ms cortical response. However, it is yet unknown which bundle activations drive this 

DBS-evoked potential (DBS-EP). The objective of this study is to characterize the SCC DBS-EP 



of bundle-specific activations. Methods. Connectomic models of bilateral SCC DBS were 

constructed for seven patients. Stimulation parameters were optimized in silico to maximize 

unilateral stimulation of either the ipsilateral CB, or the adjacent aspect of the FM bundle in 

isolation. Low frequency (2 Hz) unilateral stimulation was performed at each of these bundle-

specific settings. Control stimulation was also performed at 2 Hz at contacts used for therapeutic 

stimulation. The subsequent DBS-EPs were recorded using a 256-sensor scalp 

electroencephalography (EEG) system. Results. We observed two distinct DBS-EPs: FM-

specific and control stimulation produced a similar 150 ms response that was symmetric across 

hemispheres based on visual inspection and calculation of a scalar metric of inter-hemispheric 

symmetry. This symmetry held true regardless of the side of stimulation. Unilateral CB 

stimulation produced a 30 ms asymmetric response in the hemisphere of stimulation that was 

significantly more asymmetric than the control DBS-EP, again without differences between L 

and R stimulation (p < 0.001 at 30 and 60 ms). DBS-EP magnitudes and transit times were not 

well predicted by the degree of pathway activations (all R2 < 0.16). However, CB DBS-EPs were 

linearly separable from FM and control DBS-EPs through application of a support vector 

machine (SVM). This SVM utilized the degrees of FM and CB activation, as well as a scalar 

metric of inter-hemispheric symmetry, to accurately classify 83.3% of DBS-EPs. These distinct 

EEG responses evoked by bundle-specific stimulation outline two potential circuits modulated 

by SCC DBS. Further investigation is needed to clarify the role of these circuits in the 

therapeutic response to SCC DBS. Impact. DBS-EPs from track-specific and control stimulation 

provide insight into underlying circuit architecture of various white matter bundles around the 

SCC DBS target region. These findings demonstrate that the SCC DBS-EP can be tuned through 

differential FM and CB activation. 
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Abstract: Background Open-label studies of SCC DBS for TRD have demonstrated sustained 

response and remission rates that are clinically significant. A patient-specific tractography-based 

targeting approach has further streamlined lead implantation surgery with improved clinical 

outcomes. This is in contrast to the halted multi-site, double-blind, randomized sham-controlled 

clinical trial (BROADEN). Heterogeneity in patient selection, as well as variability in targeting, 

accuracy of lead placement, and programming are potential contributors for the halted trial. As 

subjects in BROADEN were implanted using anatomical rather than tractography methods, we 

hypothesize that response variability may be explained by differences in WM activation 

pathways (WMAP) impacted by trial-and-error adjustments during the open-label follow-up 

period. We test this hypothesis here using a retrospective normative tractography analysis. 

MethodsFifty-five patients (of 90 enrolled) completed 2 years of open-label SCC DBS. WMAP 

was calculated for 47 patients (with adequate imaging data) using Lead DBS (https://www.lead-

dbs.org). All 47 patients were assigned to one of four outcome groups: remitter (HDRS-17 &lt7, 

n=16), responder (HDRS-17 improvement &gt40%, n=8), low-responders (HDRS-17 

improvement &lt40%, n=13), and non-responders (no HDRS-17 improvement at any time over 2 

years, n=10). Standard imaging processing pipelines were used for generating common WM 

activation pathways. The anatomical location of active contacts was first compared among four 

groups. Then, common activation pathways were calculated using the HCP dMRI dataset, 

producing whole-brain common group activation pathways by Lead Group Analysis.  

ResultsThere were no anatomical location differences in active stimulation contacts among the 

groups. Group tracts explained differences in outcomes. Remitters show complete WMAP of 

three bundles: forceps minor (FM), uncinate fasciculus (UF), and cingulum bundle (CB). 

Responders show similar CB and UF to remitters, but incomplete FM activation. Critically, non-

responders showed no activation and low-responders showed incomplete activation of the left 

CB. 

ConclusionsThese findings provide evidence that poor outcomes in BROADEN were due to 

suboptimal lead implantation that could not be appreciated by anatomical location alone. As with 

independent experimental studies, patient-specific tractography-based targeting may be 

necessary to standardize and optimize SCC DBS. 
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Abstract: Obsessive compulsive disorder (OCD) has been repeatedly linked to hyper-

connectivity of cortico-striatal-thalamo-cortical (CSTC) loops, which may be reflected in hyper-

synchrony (or coherence) of neural firing between loop structures. Deep brain stimulation (DBS) 

of the ventral capsule/ventral striatum (VC/VS) has shown promise for treating OCD, but could 

be improved through targeted network disruption of multiple sites on the CSTC circuit. In our 

Early Feasibility study (https://clinicaltrials.gov/ct2/show/NCT03184454), we showed changes 

in coherence with combined stimulation of VC/VS and the supplementary motor area (SMA), 

which were linked to subjective feelings of symptom improvement in one patient with OCD. In 

preparation for our next patient, we have collected local field potential (LFP) recordings from 

Medtronic Percept in two patients receiving VC/VS DBS for OCD throughout their treatment. 

Early results show broadband increases in power with stimulation, which are related to 

improvement in OCD symptoms for the patient who responded to the treatment. We hope to 

leverage the knowledge gained from these single-site recordings for our second patient in the 

combined stimulation study. 
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Abstract: Deep brain stimulation (DBS) of the subcallosal cingulate (SCC) white matter is a 

promising new treatment for treatment resistant depression. The aim of this project is the 

development of brain-based biomarkers that can track antidepressant response and guide clinical 

decisions including type and timing of parameter adjustments. The resting state EEG is the only 

clinical non-invasive recording technique able to directly measure the summation of large 

populations of neurons firing in the cortex, reflecting underlying cortical networks and circuitry. 

Thus, the resting EEG can be used to index basal brain activity and will give us insight into the 

dynamics of whole brain networks changing in these patients. Here, progress towards these goals 

is reported. We have begun analyses of the completed PC+S cohort (n=10), as well as a new 

ongoing cohort using the RC+S system (n=7). All patients are followed on a monthly basis at 8 

time points: before implantation of the electrodes; after 4 weeks of implantation without 

stimulation; once a month following active stimulation for six months. Recordings consist of 5-

minute eyes open and eyes closed resting EEG data (EGI, 256 channels), collected with bilateral 

stimulation both ON and OFF. Results suggest that patients show significant changes in their 

EEG over the course of treatment. The most consistent differences appear in the alpha and beta 

frequency band, either a shift in frequency, or a significant power change (increase or decrease). 

We find that enroute to wellness, the brain passes through multiple states which can be tracked 

using the resting state EEG. These findings demonstrate that the resting EEG can track 

fundamental changes in the brain demonstrating both short and long-term changes induced by 

the therapy. These findings invite further consideration of underlying biological mechanisms 

associated with the alteration of corticothalamic network activities reflected in the EEG. 
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Abstract: Deficits in cognitive control, defined as the ability to adjust response or attention in 

the face of competing or changing demands, are thought to be responsible for the inflexible 

behaviors observed in neuropsychiatric diseases. Here, we investigated frontotemporal networks 

underlying dysfunctional cognitive function using intracranial stereo-EEG (sEEG) recordings 

and deep brain stimulation (DBS) in human subjects with treatment-resistant depression (TRD). 

We employed a forced two-choice cognitive control task that parametrically and independently 

varied the strength of the target and the distractor interference of a visual stimulus, resulting in 

granular variation in response congruence. This task was performed in 13 total subjects, 10 of 

whom underwent sEEG implants for epilepsy monitoring, whereas 3 subjects were participating 

in a clinical trial of DBS for TRD and were additionally implanted with DBS leads in the ventral 

capsule/ventral striatum and subcallosal cingulate. As expected, reaction time (RT) and accuracy 

worsened with increasing levels of conflict across all subjects (Cohen’s daccuracy=0.7,and Cohen’s 

dRT= 0.2). Single-trial regression analyses of sEEG recordings revealed a parametric effect of 

task conflict with increasing theta-band (4-7 Hz) power across contacts in the dorsolateral 

prefrontal cortex (dlPFC), dorsal anterior cingulate cortex (dACC), orbitofrontal cortex (OFC), 

insula and the posterior cingulate cortex across all subjects. In subjects with TRD, high 

frequency stimulation (130 Hz) improved behavioral performance demonstrated by a reduction 

in RT from 1080土10ms SEM to 840土50ms SEM, and improved accuracy from 70土9.8% 

SEM to 90土5% SEM. While we observed an overall increase in theta-band power across 

contacts in the dlPFC and dACC in two TRD participants following DBS, the effect of conflict 

in theta-band power was reversed (i.e. theta-band power decreased with increasing conflict in the 

dlPFC and OFC). Further, we observed differences in the spatial distribution of contacts that 

exhibited increased theta band power as a function of conflict from pre- to post-DBS states. 

Finally, we investigated differential encoding of target vs. distractor dimensions across regions 

of interest using representational similarity analysis. Leveraging this unique behavioral paradigm 

with concurrent distributed intracranial recordings and causal manipulation broadens our 

understanding of neural substrates of controlled decision-making as well as the mechanisms of 

therapeutic action of DBS for TRD and other psychiatric disorders. 
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Abstract: Continuous DBS (cDBS) is an effective treatment for the motor symptoms of PD at 

fixed stimulation parameters independent of patient state. However adaptive deep brain 

stimulation (aDBS) may offer both better symptom control for fluctuating patient state and side 

effects reduction. But aDBS biomarker measurement and control parameter selection add 

considerable complexity, requiring additional expertise and time to tune. Further, the embedded 

controller available on present implantable pulse generators may not be optimal for simultaneous 

control of multiple neural biomarkers. In a trial cohort of six patients with PD with leads 

implanted in both subthalamic nucleus (STN) and globus pallidus (GP) bilaterally connected to a 

single Medtronic Summit RC+S implantable pulse generator (IPG) we implemented an external 

proportional plus integral (PI) controller and developed an experimental pipeline to determine 

aDBS parameters. All study activities were approved by the FDA and Duke IRB and all 

participants provided informed consent. 

We first established STN beta amplitude as a biomarker for bradykinesia in 5 of the 6 

participants. In random amplitude experiments, the range of possible aDBS amplitudes (between 

0 and 100% of clinical amplitude) was randomly sampled in short time windows. All participants 

had at least one brain region with high correlation between beta amplitude and stimulation 

amplitude. The beta frequencies most responsive to DBS but free of artifacts were selected as the 

beta band input to the controller. We then selected an initial setpoint of the controller to match 

the mean beta amplitude in response to 70% of stimulation amplitude, using manual tuning of the 

proportional and integral gains. These initial aDBS parameters provided a similar level of 

symptom control as continuous DBS (cDBS) on the Unified Parkinson’s Disease Rating Scale in 

all participants. In 5 participants stimulation power was reduced by >20%. We then applied PI 

aDBS in the home setting for one tremor-dominant participant, comparing 14 hours of PI aDBS 

and 47 hours of cDBS. In such a setting, the probability of tremor (>1mm) within a one minute 

window averaged 13.1% [-2.25 to 28.5%, 95% confidence interval] with PI aDBS control 

compared to 0.43% [-0.70% to 1.56%] on cDBS. During PI aDBS control the average 

stimulation power was reduced by 20.5% [3.98% to 37.1%] compared to cDBS. In the future PI 

aDBS could be embedded within IPGs to provide a more effective strategy for managing 



fluctuating symptoms than the highly limited internal controllers now available. This work was 

supported by UH3 NS103468 and devices were donated by Medtronic PLC. 
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Abstract: Despite the success of deep brain stimulation (DBS) for treatment of refractory 

obsessive-compulsive disorder (OCD), there are currently no robust neural signatures for 

obsessive-compulsive (OC) symptoms or initial mood and energy improvements often associated 

with DBS. This may be due to limited opportunities available for conducting intracranial 

electrophysiological recordings in natural environments where fluctuations in symptoms take 

place. Recently available DBS platforms offer a way over this hurdle, allowing for streaming of 

intracranial neural activity both at home and in the clinic. Here, our goal was to identify neural 

correlates of both OC symptom intensity and acute changes in mood and energy. We conducted 

longitudinal intracranial recordings in nine participants with refractory OCD implanted with 

recording-capable DBS devices targeted to ventral capsule/ventral striatum (VC/VS). Four of the 

nine participants were implanted with additional sensing electrodes placed over the orbitofrontal 

cortex. We captured local field potentials at home during naturalistic exposures to OCD triggers, 

and in the clinic during variations in stimulation amplitude. All five participants who completed 



the study were clinical responders to DBS therapy. Using the intracranial data collected during 

OCD exposures, we computed correlations between spectral power and OCD symptom severity. 

We identified low delta-band power as a candidate neural biomarker of OC symptom intensity 

during symptom provocations in one participant (left VC/VS: R=-0.59, p=0.01; right VC/VS: 

R=-0.56, p=0.04). Electrophysiological analysis of acute response to stimulation revealed a peak 

in VC/VS alpha band activity that was suppressed with optimal DBS. In OFC, we found a native 

beta band peak that shifted to alpha band with optimal DBS. We consider these VC/VS and OFC 

spectral changes in alpha and beta bands as preliminary biomarkers of the initial changes in 

mood and energy commonly seen during VC/VS DBS. These signals have potential utility for 

classification of symptom intensity and increased mood and energy in adaptive DBS systems for 

OCD. Continued opportunities for long-term, naturalistic intracranial electrophysiological 

recordings will propel biomarker discovery for OCD and other psychiatric disorders. 
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Abstract: Subcallosal cingulate deep brain stimulation (SCC DBS) has effectively treated 

patients with treatment-resistant depression (TRD). While gold standard clinical assessments are 

effective in determining when patients reach stable recovery, they do not help distinguish 

impending relapse from transient fluctuations in mood or emotional state, thereby impeding 

clinical decisions such as dose adjustment. Thus, there is a need for a biomarker that 

differentiates momentary instabilities from relapse. To address this gap, we aimed to identify 

features of SCC dynamics underlying stable recovery from local field potentials (LFP). 

LFPs were acquired weekly during the first 6 months of therapeutic SCC stimulation using 

Medtronic Activa PC+S. We used a neural network classifier to differentiate the beginning and 

the end of the 6 months using spectral features extracted from LFPs. We used a novel 

explainable artificial intelligence (xAI) tool to identify ‘spectral discriminative factors (SDCs)’ 

that identified the feature changes that explained the classifier performance. Depression severity 

was measured using Hamilton Depression Rating Scale (HDRS). Instead of tracking weekly 

HDRS scores, we binarized the HDRS into ‘sick’ and ‘stable response’ states and compared 

them to the states derived from SDC to verify that the SDC tracked this critical clinical outcome. 

The neural network classifier LFP was able to differentiate the early and late stages of DBS 

treatment (Area under ROC curve: 0.87 ± 0.09). The binarized states (‘sick’ and ‘stable 

response’) derived from SDC predicted corresponding states derived from HDRS (Area under 

ROC curve: 0.94 ± 0.04). In addition, the SDC predicted relapse in a participant whose LFP data 

was not used for training the classifier or the xAI model, suggesting that SDC generalizes 

beyond the training dataset. Notably, the SDC was significantly affected by changes in 

stimulation dose. 

The results indicate that the SDC satisfies two essential requirements for a biomarker - tracking 

relevant changes in disease state and responding to intervention. Thus, the SDC may be a 

potential biomarker for SCC DBS, enhancing scalability in the DBS approach and reducing 

variability in outcomes. 
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Title: Comparing cortical and thalamic signals for closing the loop on deep brain stimulation for 

essential tremor 
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Abstract: Essential tremor (ET) is a neurological disorder that is predominantly characterized by 

action-kinetic tremor of the bilateral upper limbs and is one of the most common neurological 

disorders. While medication can reduce these tremors, medication may not work for everyone or 

it may produce severe side effects. Deep brain stimulation (DBS) of the ventral intermediate 

nucleus (Vim) region of the thalamus in an open loop setting is a potential surgical strategy for 

tremor control. Continuous stimulation when there is no tremor to reduce may lead to side effects 

such as speech impairment or gait/balance issues, and may prematurely deplete the battery. 

Closed-loop DBS (CL-DBS) is a method of recording neurophysiology and triggering 

stimulation on when a specific biomarker, or surrogate biomarker, is detected. During clinical 

care, a depth lead is placed within the VIM region for delivering stimulation. Our study also 

places a cortical strip over the primary motor/somatosensory cortex, specifically targeted at the 

hand knob region. Using an investigational bidirectional neurostimulator (Summit RC+S, 

Medtronic PLC), we recorded movement-related changes in spectral content from the cortical 

strip and the depth lead simultaneously to implement cortical-based closed-loop (CL_C-DBS), 

and depth-based closed-loop (CL_D-DBS). The frequency band was independently chosen for 

each channel based on statistical testing and power analysis. During online classification, power 

values are calculated at selected intervals and compared to a given threshold, and stimulation is 

dynamically triggered on or off based on the power data. Here we show data collected from four 

patients with up to 18 months of follow-up post-surgery. CL_C-DBS is shown to be effective at 

turning on stimulation during continuous movement at all visits, while CL_D-DBS is more 

sporadic in its feasibility. When the closed-loop paradigm is tested, clinical efficacy for both is 

similar to conventional open-loop DBS, as determined by the Fahn-Tolosa-Marin tremor rating 

scale (TRS) score. We have shown that there is potential to use the depth lead alone for 

recording neurological signals and subsequently triggering stimulation on/off, but more research 

is required to understand the variability in separability between spectral components in different 

conditions. Translating these results to a broader population may decrease number of battery 

placement surgeries while maintaining clinical benefit. 
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Title: Dopamine compartmentalization defects initiate auxilin-linked Parkinson’s disease 
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Abstract: Background: Auxilin, a co-chaperone, participates in the uncoating of clathrin-coated 

vesicles (CCVs) and facilitates synaptic vesicle (SV) regeneration at presynapses. Auxilin 

(DNAJC6/PARK19) loss-of-function mutations cause early-onset Parkinson’s disease (PD). 

Here, we utilized auxilin knockout (KO) mice to elucidate the mechanisms through which 

auxilin deficiency and clathrin-uncoating deficits lead to PD. Methods: We performed 

longitudinal behavioral and histopathological analysis of wildtype (WT) and auxilin KO mice 

and evaluated development of PD characteristics. To obtain unbiased insights into mechanisms, 

we performed proteomic analysis of the whole brain, synaptosomes, and CCVs derived from 3-

month-old auxilin KO and WT mice. Taking cues from the proteomic results, we performed 

neurochemical analyses to measure levels of dopamine and its metabolites, and in vivo fast-scan 

cyclic voltammetry along with a new computational analysis to quantitate striatal dopamine 

release and reuptake kinetics. Dopamine transporters (DAT) membrane localization was 

evaluated by immunostaining, novel dichloropane-based ex-vivo imaging, and conventional and 

immuno-electron microscopy (EM). Monoaminergic neurotransmitter transporters and endocytic 

proteins were also evaluated by immunostaining. The SVs, CCVs and autophagic vacuoles in the 

dorsal striatum were evaluated using EM. Results: We show that auxilin KO mice display the 

cardinal features of PD, including progressive motor deficits, α-synuclein pathology, nigral 

dopaminergic neuron loss, decreased striatal dopamine levels, and gliosis. Through proteomic 

and neurochemical analyses, we demonstrate that dopamine homeostasis is disrupted in auxilin 

KO brains, including slower dopamine reuptake kinetics in vivo, an effect associated with DAT 

misrouting into axonal membrane deformities in the dorsal striatum. We also show that elevated 

macroautophagy and defective SV protein sorting contribute to ineffective dopamine 

sequestration and homeostasis, ultimately leading to neurodegeneration. Conclusions: Our 

findings indicate that auxilin mutations and clathrin uncoating deficits lead to PD through four 

distinct mechanisms: cytoplasmic dopamine accumulation, DAT mis-trafficking, SV sorting 

deficits and autophagic overload, which collectively lead to dopamine compartmentalization 

defects. This study advances our knowledge of how presynaptic endocytosis deficits lead to 

dopaminergic vulnerability and pathogenesis of PD. 
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Abstract: Objectives: Parkinson’s disease is an age-related neurodegenerative disease 

characterized clinically as a movement disorder. Motor symptoms in PD are caused by the 

selective degeneration of dopaminergic neurons in the ventral midbrain’s Substantia nigra (SN), 

which depletes dopamine levels in the striatum. Rotenone is involved in the degeneration of 

dopaminergic neurons, and curcumin may prevent or effectively slow the progression of 

Parkinson’s disease . The present study involves investigation of rotenone-induced histological 

changes in the brain area, hippocampus using Nissl staining after 35 day of subcutaneous 

injection of rotenone in adult male rats Methods:. The link between electrophysiological 

characteristics and neuronal morphology has not been found yet. To investigate these issues, we 

recorded and classified the electrical activity of individual SNc neurons in the control, Rotenone 

and Curcumin-treated PD rat models. Then, we analyzed the spike activity and the 

morphological changes in the SNc following a rotenone-induced degeneration. Results: In this 

manner, the electrophysiological impairments could be related to the morphological alterations in 

the SNc in the pathophysiology of PD. We sought to determine whether curcumin could protect 

against rotenone-induced dopaminergic neurotoxicity in a rat model by in vivo electrical 

recording from Substantia nigra pars compacta (SNc). Conclusion: Results obtained show that 

Curcumin administered through the i.p. route provides substantial protection to SN DA neurons 

in a rotenone rat model of PD. Our study provides evidence for the therapy of PD as well as the 

underlying mechanism of Curcumin’s neuroprotective activity. Given the intricacy of molecular 

and neurological systems, more research is needed to pinpoint the precise process. Curcumin 

treatment significantly improved electrical activity of neurons in the SNc Keywords Curcumin • 

Rotenone • Substantia nigra pars compacta • In vivo electrophysiology 
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Abstract: There are currently no effective disease modifying treatments for Parkinson’s disease 

(PD) which continues to increase in prevalence globally with an ageing population. Chronic 

immune and inflammasome activation are pathological hallmarks of PD which are thought to 

drive progressive dopaminergic neuron loss and synuclein pathology leading to disease 

progression. RRx-001, a small molecule anticancer and chemoprotective agent in Phase 3 

clinical trials, was recently confirmed to be a covalent NLRP3 inflammasome inhibitor (IC50 = 

117 nM) that, in animal models, is effective in mitigating inflammatory pathology. We 

hypothesized that RRx-001 crosses the blood brain barrier and could inhibit chronic 

inflammasome activation, neuroinflammation and neuronal death in the Central Nervous System 

(CNS). To evaluate the CNS uptake of RRx-001, a quantitative whole-body autoradiography 

(QWBA) study was performed with 10 mg/kg of 14C-labeled RRx-001 administered to 3 male 

Hanover Wistar rats over 10 time points from 0.083 hour (h) to 72h. NLRP3 inflammasome 

activation was evaluated with RRx-001 in vitro using primary microglia and RAW-Blue NF-κB 

reporter cells stimulated with inflammasome activators relevant to Parkinson’s disease (PD). We 

also evaluated the neuroprotective efficacy of RRx-001 in preclinical models of PD. From 24 to 

168 hours, significant increases in the concentration of radioactivity were observed in meninges 

(23-fold) and pituitary gland (8-fold) as well as the meninges and brain choroid plexus, 

indicating that drug-derived radioactivity crossed the blood-brain barrier. Our results showed that 

RRx-001 was not cytotoxic in macrophages or microglial cells and significantly reduced 

inflammasome activation and neuroinflammation markers in experimental models of PD 

pathology. Additionally, our mechanistic studies in dopaminergic neuronal cultures suggest that 

RRx-001 can prevent mitochondrial dysfunction and fragmentation induced by the Parkinsonian 

neurotoxicant MPP+. Together, our data demonstrates that RRx-001 crosses the blood brain 

barrier and can mitigate inflammasome activation in microglia and macrophages. This highlights 

the neuroprotective properties of RRx-001 as a novel disease-modifying agent for PD and other 

neurodegenerative diseases linked to NLRP3-driven pathology. 
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Abstract: Parkinson’s disease (PD) is the second most common neurodegenerative disorder, 

characterized by various motor and non-motor symptoms in patients. One of the main hallmarks 

of the disease is the loss of dopaminergic neurons in the substantia nigra pars compacta (SNc). 

The second hallmark is the accumulation of alpha-synuclein (aSyn) in so called Lewy bodies. 

However, there is still no cure for PD and current treatments only alleviate the symptoms of the 

disease. Therefore, there is an unmet need to provide new therapeutic targets. We performed a 

CRISPR-based, genome-wide screen to identify new target genes rescuing the degeneration of 

dopaminergic neurons. From our screen, we identified several new targets and one of them is the 

Flcn gene. Flcn is implicated in the mTOR pathway, able to regulate autophagy and to interact 

with several Rab GTPases involved in endocytic trafficking. Furthermore, Flcn was shown to 

regulate mitochondrial biogenesis. Importantly, when exposed to oxidative stress, Flcn KO 

increases the viability of dopaminergic neurons in vitro. To understand the physiological role of 

Flcn in DA neurons and validate its potential neuroprotective effect, we knocked out Flcn in 

mouse dopamine neurons of the SNc. For modelling PD, we used AAV-mediated expression of 

human aSyn in the SNc. We performed locomotor assessment and histological analysis of the 

brain 16 weeks after the injection of the AAVs. Flcn KO in SNc dopamine neurons ameliorates 

the motor deficits induced by aSyn overexpression. Furthermore, Flcn KO rescues the loss of 

dopaminergic neurons in the midbrain and their terminals in the striatum. Interestingly, Flcn KO 

also modulates the levels of phosphorylated aSyn in the SNc. To validate our results, we used 

iPSC-derived dopaminergic neurons as a model of human PD in vitro. To account for biological 

variability, iPSC lines with PD-related mutations were used with their respective isogenic 

controls. Preliminary results indicate that the Flcn KO in human dopaminergic neurons rescues 

mitochondrial function deficits, reduced reactive oxygen species and the modulates the number 

of autophagosomes/lysosomes. In this study, we used an unbiased screening method to identify 

new neuroprotective targets for PD. Following target validation, we will try to identify drugs 

capable of modulating Flcn expression and test their efficacy to modify disease onset and/or 

progression. 
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Abstract: Our group has been developing a high-throughput screening (HTS) drug discovery 

pipeline that target the pathological misfolding of intrinsically disordered proteins (IDP) 

associated with neurodegenerative diseases. Our successful HTS campaigns targeting alpha-

synuclein (aSyn), tau, and Huntington protein have identified hit compounds capable of rescuing 

cellular pathological phenotypes in orthogonal secondary assays, while displaying direct target 

engagement. We have continued the evolution of our cellular fluorescence lifetime FRET (FLT-

FRET) biosensors to improve the signal response, reduce false-positives from interfering 

compounds, and increase the scalability of our HTS models.With these improvements we have 

begun to explore heterogenous protein biosensors and organelle specific FLT-FRET systems, 

thereby targeting specific IDP populations and protein-protein interactions for aSyn and tau. 

Coupling these efforts with hit compounds identified from small compound libraries with known 

mechanisms of action (MOA) provides insight into the direct or indirect cellular pathways that 

are involved in modulating aSyn and tau misfolding. Lastly, we are expanding our drug 

discovery pipeline to include phenotypic cellular screening (e.g., dysfunctional protein 

trafficking, proteasomal and autophagic dysfunction) as well as computational docking and 

biophysical assays to identify novel hit compounds and further elucidate the MOA of current 

hits. 
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Abstract: Parkinson’s disease (PD) is a progressive and debilitating neurodegenerative disorder 

that is characterized by severe movement dysfunction. The primary pathological mechanism of 

the disease is the loss of dopaminergic neurons and associated signaling in the substantia nigra. 

Hepatocyte growth factor (HGF) and its receptor MET form a neurotrophic system with potent 

neuroprotective properties supporting neurite outgrowth and synaptogenesis. Here we evaluate 

the efficacy of fosgonimeton, a small molecule positive modulator of HGF/MET, in reducing 

pathological markers of PD in vitro and in vivo. PD can be modeled preclinically using the 

dopaminergic neuron-specific toxin 6-hydroxydopamine (6-OHDA). In primary cultures of 

mesencephalic neurons, exposure to 6-OHDA precipitates a loss of tyrosine hydroxylase-positive 

(TH+) dopaminergic neurons, diminished TH+ neurite networks, and accumulation of alpha-

synuclein protein. In the current work, treatment of primary mesencephalic cultures with 

concentrations of fosgo-AM (the active metabolite of fosgonimeton) ranging from 1 nM to 1 µM 

led to a statistically significant prevention of all assessed 6-OHDA-induced effects. In vivo, a 

unilateral striatal injection of 6-OHDA results in loss of dopaminergic neurons in the substantia 

nigra, extensive reductions in striatal dopaminergic projections and neurite networks, and 

subsequent deficits in motor function. Daily fosgonimeton administration at 0.25 mg/kg (s.c.) 

beginning 2 weeks following 6-OHDA lesioning in rats ameliorated motor function deficits 

across several behavioral assessments, including the cylinder test, apomorphine induced rotation, 

grip strength, and rotarod. Immunohistochemical evaluation suggests that these beneficial effects 

may be mediated by protection of dopaminergic neurons in the striatum, as evidenced by 

preserved TH+ staining. In summary, at clinically relevant concentrations, fosgonimeton exerts 

therapeutic effects against PD-related pathology in vitro and in vivo, with benefits ranging from 

neuroprotection of dopaminergic neurons, to a mitigation of alpha synuclein accumulation, to 

functional improvements in motor performance. These findings highlight the potential value of 

fosgonimeton in the treatment of clinical PD. Fosgonimeton is currently being evaluated in 

SHAPE, a phase 2 clinical study for Parkinson’s disease dementia and dementia with Lewy 

bodies (NCT04831281), and LIFT-AD, a phase 3 study for Alzheimer’s disease 

(NCT04488419), with recently reported topline data in ACT-AD, a phase 2 study for 

Alzheimer’s disease (NCT04491006). 
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Abstract: The hallmark of PD pathology includes the accumulation of misfolded α-syn, a 

component of Lewy bodies. Alpha-synuclein (α-syn) can self-assemble to form fibrillar 

aggregates and induces neuroinflammation. Natural killer (NK) cells belong to innate immune 

cells and are reported increased in numbers and decreased in the expression of the inhibitory 

receptor (NKG2A) in PD patient blood. Our recent studies demonstrated that NK cells are 

present in the parenchyma of PD, are capable of clearing α-syn, and the depletion of NK cells 

resulted in exacerbated motor deficits and increased insoluble α-syn deposits in a preclinical 

mouse PD model. To assess the role of NK cells in peripheral synuclein pathologies, NK cells 

were depleted in the preformed fibril α-syn-induced PD mice and we assessed a fecal output 

assay and water contents. To characterize NK phenotypes in PD. We performed flow analysis on 



cryopreserved PBMC from PD patients and measured the NK subsets (CD56 and CD16) and the 

phenotypic expression of inhibitory, activating, and homing receptors on their surface. Our data 

suggests that PFF α-syn injection induced progressive impairment of gut motility in M83 Tg 

mice, however, there was no significant differences on gut motility in NK cell depleted mice. 

Our data showed that there were no major differences in leukocytes composition between PD 

and controls and the frequencies of CD56bright, CD56dim, CD56- NK subsets between PD and 

controls. Importantly, within the disease group, we found that the frequencies of NKG2D 

expressing CD56bright and CD56dim NK subsets were significantly increased upon disease 

severity. The frequencies of NKG2A expressing CD56bright NK subset was significantly 

increased upon disease severity. Our data implicate that the neuroprotective phenotype of NK 

cells is presented in the CNS and periphery and highlight the potential capability of NK 

characterization as a potential biomarker for the early diagnosis of PD. 
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Abstract: The reversal potential of GABA receptors (EGABA) is dependent upon the chloride 

concentrations on both sides of the neuronal membrane. The chloride on the extracellular aspect 

of the membrane ([Cl-]o) is canonically considered to equal the chloride in the bulk cerebrospinal 

fluid. However, neurons are surrounded by an extracellular matrix (ECM) comprised of variably 



sulfated glycosaminoglycans that can alter local chloride concentration and can be hydrolyzed by 

active matrix metalloproteinases released by tissue injury. Having synthesized a single-

wavelength, pH-insensitive chloride-sensitive fluorophore and constrained it to the extracellular 

space by conjugation with 10 kilodalton dextran, we used 2-photon Fluorescence Lifetime 

IMaging (FLIM) to measure extracellular chloride in acute and organotypic hippocampal slices, 

and in vivo cortex. We first tested whether the extracellular sulfate moieties change the baseline 

local chloride concentration. We found that [Cl-]o between neurons in the depths of acute 

hippocampal slices and at all depths of organotypic hippocampal slice cultures was only half of 

the bulk CSF chloride. We next measured [Cl-]o after the sulfate moieties in the matrix were 

freed by endogenous matrix metalloproteinases (MMPs) after brain injury. We found a strong 

dependence of [Cl-]o vs distance from injury, with Cl concentration increasing to the ACSF 

levels near the injured surface of acute slices or proximity to photolysed neurons in organotypic 

slices, respectively. These changes in [Cl-]o should also alter the neuronal intracellular chloride 

([Cl-]i) via the activity of the high-velocity equilibrative membrane chloride transporters. We 

have previously reported such changes in slices and confirmed them in both injury models here, 

in addition to in vivo mouse and piglet models presented here. If the injury-induced increases in 

[Cl-]o and [Cl-]i were due to release of extracellular sulfates and replacement by chloride, these 

sulfates should be released to the perfusate, and we confirmed this using colorimetric assays of 

chondroitin sulfate. Finally, the release of sulfates should be inhibited by MMP antagonists, 

which we confirmed with both broad-spectrum and more specific inhibition (ZX-1 or SB3CT, 

respectively) each of which reduced [Cl-]o and [Cl-]i and neuronal volume at the surface of cut 

slices and in proximity to photolysed neurons. We conclude that [Cl-]o is partially displaced by 

sulfates in the (ECM) and that damage to ECM following brain injury alters the transmembrane 

chloride distribution. These findings have immediate implications for the treatment of cytotoxic 

edema and seizures after acute brain injury. 

Disclosures:  K. Normoyle: None. V. Dhzala: None. K. Lillis: None. K. Egawa: None. J. 

Glykys: None. N. Rahmati: None. K. Staley: None. 

Nanosymposium 

512. Traumatic Injury: Repair and Mechanisms 

Location: SDCC 31ABC 

Time: Tuesday, November 15, 2022, 1:00 PM - 3:00 PM 

Presentation Number: 512.02 

Topic: C.10. Brain Injury and Trauma 

Support: Department of Veterans Affairs (Veterans Health Administration, Office of 

Research and Development, Biomedical Laboratory Research and Development 

(I01BX005015)) 

Department of Veterans Affairs (Veterans Health Administration, Office of 

Research and Development, Rehabilitation Research and Development 

(I01RX001520)) 

Department of Veterans Affairs (Veterans Health Administration, Office of 

Research and Development, Rehabilitation Research and Development 



(IK2RX003253)) 

Department of Veterans Affairs (Veterans Health Administration, Office of 

Research and Development, Biomedical Laboratory Research and Development 

(I01BX004561)) 

The Veterans Bio-Medical Research Institute. 

Title: Responses to mild blast-induced traumatic brain injury in mice 

Authors: *B. A. CITRON1,3,4, K. E. MURRAY1,4, V. A. STIRITZ2,4, T. P. COMINSKI2, A. R. 

RAVULA5, B. J. PFISTER5, K. D. BECK2,3,4, V. DELIC1,3,4;  
1Lab. of Mol Biol, R&D, 2Neurobehavioral Res. Lab, R&D, VA New Jersey Hlth. Care Syst., 

East Orange, NJ; 3Pharmacology, Physiol. and Neurosci., Rutgers- NJMS, Newark, NJ; 4Sch. of 

Grad. Studies, Rutgers Univ., Newark, NJ; 5Ctr. for Injury Biomechanics, Materials and Med., 

New Jersey Inst. of Technol., Newark, NJ 

Abstract: Approximately 400,000 traumatic brain injuries (TBIs), most of them mild, have been 

sustained among the 2 million service personnel deployed from 2000 to 2020. In training and 

combat zones, TBIs are typically caused by exposure to blast waves from a variety of sources, 

and long-term neurodegenerative deficits can develop without an effective treatment. Additional 

attention is needed to better understand genetic predispositions for susceptibility vs. resilience 

and repair. Our injury model utilizes a well-established blast tube system designed to mimic 

pressure waves experienced during a field explosive detonation. With a variety of genetically 

distinct mouse strains, batteries of behavioral tests are executed at baseline prior to the injury and 

into chronic phases after blast exposure to assess the role of genetics in recovery of functional 

outcomes while we also compare TBI-induced regional changes in markers of neurodegeneration 

and alterations in gene expression. We found that the acoustic startle response, a three-synapse 

reflex reflecting brain sensorimotor processing, indicated sex differences. At 30 days after mild 

blast exposure (with ears protected), the magnitude of the response was reduced 55% compared 

to sham male mice but only reduced 41% in injured females compared to sham females. This 

indicates that there are differential deficits in sensorimotor function. There were no differences 

between groups at lower level intensities of the acoustic stimulus. This research represents a 

multi-level examination of how certain genes may influence blast-induced TBI and recovery and 

provides an essential foundation for understanding how these genes play roles in the post-injury 

outcomes in order to advance the identification of therapeutic targets that could be modulated to 

improve the health of Veterans and others with histories of blast exposures. 
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Abstract: How mature CNS neurons can survive acquire a growth-permissive state after being 

damaged is a central question in the field of neural repair. A specific cell state ultimately 

represents the readout of specific gene expression programs, whose transcription are driven by 

chromatin regulatory mechanisms. We hypothesize that chromatin regulations of survival- and 

growth-associated gene programs play a major role in setting the permissive or non-permissive 

growth state of CNS-injured neurons. Here, we leveraged state-of-the-art functional genomics 

approaches to gain insight into chromatin state changes driving gene regulation in response to 

CNS injury. Joint profiling of ATAC-seq and RNA-seq in RGCs following optic nerve injury 

revealed widespread but correlative chromatin accessibility and gene expression changes, 

potentially driven by a set of injury-reactive transcriptional factors (TFs). To further define these 

TFs’ actions, we intersected with our recent genome-scale, in vivo loss-of-function CRISPR 

screens of ~1,800 TFs critical for injury-induced neuro-degeneration or regeneration. This 

analysis converged on two distinct sets of TF regulators critical for RGC cell death and axon 

regeneration, which are essentially non-overlapping. The degeneration screens converged on 

ATF3/4, C/EBPγ and CHOP as repressors of RGC survival, which act as two groups 

(ATF3/CHOP and ATF4/C/EBPγ) to activate two distinct, but complementary, pro-death gene 

programs. Co-deletion of one TF from each of the two complementary sub-groups results in 

higher survival compared to a single deletion, achieving nearly full neuroprotection. In the 

regeneration screen, we identified two groups of TFs as negative regulators of axon regeneration, 

predicted to act on complementary growth-associated gene programs. One group of TFs consists 

of CTCF, SIN3A/REST, TCF3, TGIF1 and EBF3, binding to genes involved in neuronal 

maturation, synaptic function and neurotransmission. The other group of TFs includes LHX2 and 

LHX6, targeting genes important for cell migration and motility. The core transcriptional 

interactions of these regeneration-associated TFs are currently under investigation. Together, 

these findings reveal key chromatin regulators of neuronal survival and axon regeneration, 

advancing our understanding of chromatin regulatory mechanisms that underlie CNS injury and 

repair. 
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Abstract: Axon shafts mediate unidirectional conduction of action potentials and long-distance 

transport of proteins and organelles from neuronal soma to its synaptic terminals. How these 

long slender structures are mechanically regulated remains poorly understood. Combining 

confocal microscopy and cryo-electron tomography (Cryo-ET) with in vivo and in vitro systems, 

we report that non-uniform mechanical interactions with microenvironment can lead to more 

than 10-fold diameter enlargement in an axon of the central nervous system (CNS). In the normal 

brain of adult transgenic mice with some neurons expressing yellow fluorescent protein (YFP), 

individual axons in the cortex displayed significantly higher diameter variation than those in the 

corpus callosum. When being cultured on lacey carbon film coated electron microscopy (EM) 

grids, CNS axons formed varicosities almost exclusively in holes, with enriched mitochondria, 

multivesicular bodies (MVBs) and small vesicles, similar to axonal varicosities induced by mild 

fluid puffing. Microtubules (MTs) remained constant in axonal varicosities induced by non-

uniform support, and MT bundles were unevenly split at axon branch points often containing MT 

free ends. When axons were fasciculated mimicking in vivo axonal bundles in white matter, 

varicosity levels reduced. Taken together, the results reveal these novel features of three 

dimensional ultrastructures of central axons in response to the mechanical microenvironment. 
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Abstract: Traumatic brain injury (TBI) results in systemic complications, including the 

cardiovascular system, that influence long-term outcomes. Here we characterized the 

inflammasome-mediated inflammatory response in the brain and heart as well as the composition 

of extracellular vesicles (EV) in serum after TBI in mice. TBI induced elevations in the levels of 

inflammasome signaling proteins (AIM2, ASC, Caspases-1, -8 and -11) in the atrium of injured 

mice at 3 days after TBI, while IL-1β was elevated in the ventricles. In addition, significant 

elevation in the levels of the inflammasome signaling proteins (IL-1β, ASC, caspases-1, -8 and -

11) were measured in the cortices of injured mice at 3 days after injury and compared to sham 

uninjured animals. EV from serum at 3 days after injury were characterized for size, 

concentration and protein profile using nanoparticle tracking analysis (NTA) and 

immunoblotting. Serum-derived EV from injured animals contained an elevation in 

inflammasome signaling proteins when compared to sham animals. Thus, our results indicate 

that inflammasome activation occurs primarily in the atrium of the heart following TBI, and that 

the systemic inflammatory response following TBI is contributed in part by the release of EV 

containing a cargo of inflammasome signaling proteins into serum. 
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Abstract: Mild traumatic brain injury (mTBI) is the most common type of traumatic brain 

injury, and it leads to temporary memory impairment as well as an excitotoxic response in the 

brain, particularly the hippocampus. Much emphasis has been placed on studying the expression 

of astrocytes and microglia as neuroinflammatory markers of injury in the hippocampus. 

However, the extent of the inflammation response in relation to memory impairment has not 

been thoroughly investigated. Wayne State modified weight drop rat model of mTBI accurately 

recapitulates the elements of a sport-related injury, as well as the excitotoxic response in the 

hippocampus. Is this study, we measured the expression of astrocytes and microglia 24hr 

following mTBI in sprague-dawley rats. The rats underwent either a weight drop or sham 

treatment using the Wayne State model. We measured the expression of astrocytes and microglia 

by quantifying five parameters of individual cells using the Leica LAS X microscope software: 

roundness, perimeter, area, length, and shape factor. Astrocytes in the weight drop group were 

significantly different than the sham group on all five parameters (p < 0.01). Microglia in the 

weight drop group were also significantly different than the sham group on all five parameters (p 

< 0.001). In future studies, we will conduct a time-course to track the expression of astrocytes 

and microglia in the dentate gyrus of the hippocampus of rats. 
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Abstract: The generation and integration of new neurons (neurogenesis) is important for several 

aspects of learning and memory and is also thought to facilitate cognitive recovery after 

traumatic brain injury (TBI). Neurogenesis robustly increases in response to several different 



types of TBI models. In the controlled cortical impact (CCI) mouse model however, the neurons 

generated shortly after injury are not the same as those observed the hippocampus of non-injured 

mice. Neurons generated after CCI mislocalize and have aberrant dendritic morphologies, 

questioning their functional contributions within their network. Previously we showed that 

administration of the GABA-A agonist, diazepam, immediately after CCI, prevents CCI-induced 

increases in neurogenesis and normalizes the morphology of new neurons. To determine how 

inhibiting atypical post-CCI neurogenesis affects hippocampal-dependent memories, male and 

female wild-type mice received a sham or CCI and were immediately implanted with osmotic 

pumps containing diazepam or vehicle for one week. One month after surgery, mice were tested 

on the reversal water maze task. Deficits in neurogenesis-sensitive strategy flexibility were 

observed in CCI-vehicle treated mice whereas mice treated with diazepam immediately after CCI 

had no deficits and performed comparable to non-injured mice. These results suggest that 

neurons born after a moderate TBI have a maladaptive versus beneficial role in hippocampal 

recovery. 
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Abstract: Following traumatic brain injury (TBI), downstream cascades, including deranged 

brain metabolism and inflammation, contribute to secondary injury. Unfavourable patient 

outcome correlates with a high brain extracellular lactate/pyruvate ratio (LPR), indicating 



reduced mitochondrial activity and increased glycolysis. Previous in-vitro studies with rat mixed 

glia showed that succinate partially protected them against rotenone-induced metabolic 

dysfunction. Rotenone is an inhibitor of complex I of the mitochondrial electron transport chain 

(ETC), whilst succinate is an intermediate of the tricarboxylic acid cycle that interacts with 

complex II of the ETC, bypassing complex I. We studied the metabolic dysfunction induced by 

rotenone in both human induced neurons (iNs) and human induced astrocytes (iAs) as a model 

for TBI secondary injuries, investigating disodium succinate for its possible metabolic protective 

effects on these cells. Using “Optimised Inducible Overexpression”, an established cellular 

reprogramming protocol, we produced iNs and iAs through transcription factor overexpression. 

Following differentiation, these cell cultures were treated with carefully selected concentrations 

of rotenone and succinate and evaluated at 12-, 24- and 48-hour time points. Cell viability was 

quantified using propidium iodide and Hoechst 33342 live cell staining, whilst metabolism was 

evaluated through analysis of LPR in the extracellular medium by ISCUSflex. We observed 

significant increases in LPR in both iNs and iAs following treatment with rotenone, indicating 

the expected metabolic dysfunction. However, succinate did not protect the iNs against rotenone 

at any of the concentrations or timepoints we tested. The effect of succinate as a putative rescue 

agent on rotenone-treated iAs is currently being evaluated. We have shown that by using 

rotenone, neurons’ mitochondria are inhibited, emulating some of the secondary injuries of TBI. 

However, succinate did not protect neurons against rotenone. We postulate a mechanism 

whereby an interaction between neurons and glia may allow succinate to provide rescue. Further 

investigation is ongoing. 
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Abstract: Retinal implants have been shown to provide artificial visual percept to blind people 

in clinical trials. However, due to technical limitations resulting in low spatial and temporal 

resolution and a small field of view, existing implants failed to provide a vision that proved 

useful in the daily life of a blind patient. We have shown that among several implant parameters, 

the field of view has the most significant impact on performance, but its minimum required size 

remains unclear. Wide-field and high-resolution retinal implants have been developed to improve 

artificial vision. Here, we aim to determine which field of view is required for a retinal implant 

to be useful in daily life. Two augmented reality studies were conducted in an artificial street 

environment. A patient’s performance and level of effort were assessed by exposing normally 

sighted subjects to a simulation of the POLYRETINA implant where the field of view varied 

between 20° (the widest field of view in current implants) and 45° (POLYRETINA’s maximum 

field of view). In the first study, 29 subjects were required to complete the following set of tasks 

in less than 10 min: post a letter, retrieve money from the ATM and return home. Performance, 

time taken, trajectories, and time spent in dangerous locations (i.e., not on footpaths) were used 

as measures to compare the field of view conditions. In a second experiment, we adapted the 

study to make it suitable for EEG as an indicator of the effort required to perform daily tasks 

under the different field of view conditions. For this study, 8 subjects were instructed to identify 

a digit on an ATM grid and to touch it once they found it. We hypothesised that a 45° field of 

view would result in better performance and less effort in these naturalistic tasks than a 20° field 

of view. Preliminary behavioural analyses support this hypothesis. POLYRETINA's 45° field of 

view allows participants to perform faster, more accurately, and more safely in their environment 

than the present implants' largest 20° field of view. The combination of simulated prosthetic 

vision with the naturalistic setup pioneers an approach for the challenge of testing the usefulness 

of artificial vision in real-life scenarios. 
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Abstract: Neuronal activity in the primary visual cortex (V1) is governed by feedforward 

information processing in each neuron’s receptive field (RF) and by contextual information from 

surrounding regions. Ongoing feedforward responses are rapidly influenced by contextual inputs, 

so it is challenging to dissociate their functional roles. We used full and occluded views of 

natural scenes to reveal the impact of contextual mechanisms on V1 representations in the 

absence of information in the RF. We presented partially occluded and full (non-occluded) 

natural scenes while recording V1 activity from monkeys using electrophysiology (Fig.1A: 24 

images per condition; 211 sites in two macaques). In the absence of visual stimulation in their 

RFs, V1 neurons were modulated by contextual influences that encoded the stimulus identity 

from ~85ms after stimulus onset (Fig. 1B). We successfully decoded stimulus identity from V1 

activity without visual stimulation within neuronal RFs. The representation of contextual 

influences was similar when feedforward information was either available or absent, but the 

latency of modulation was longer when feedforward input was absent. We compared V1 

representations of occluded scenes between electrophysiology in monkeys and fMRI in 18 

human subjects and found a strong correlation between the two species in the sustained phase of 

the response (Fig. 1C). These results reveal the presence of contextual influences on V1 spiking 

activity and lay the groundwork for future research on the precise contextual features that 

contribute to the complexity of this extra-classical RF response. 
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Abstract: The idea of temporal straightening was proposed as a way to make prediction of the 

next frame possible in natural movie sequences, thus contiguous movie frames should ideally be 

represented by a linear trajectory in the underlying neural feature space. Prior work established 

straightening in neural representations of the primate primary visual cortex (V1) and perceptual 

straightening in human behavior relative to trajectories of movies in the intensity domain. In 

contrast to biological vision, artificial feedforward neural networks (ANNs) did not demonstrate 

this phenomenon as they were not explicitly optimized to produce smooth representations over 

time and are typically not trained on natural movies. Thus, it remained unclear whether and how 

such straightened representations could be produced in computational models and whether this 

would indeed lead to models that better predict brain data. Here, we show that standard 

feedforward ANNs can indeed produce straightened representations of natural movies under 

certain forms of training for robustness to input noise - using static images without any natural 

movie exposure. Furthermore, these improvements in a model’s representational straightening 

metric correlated with increased predictivity of neural data in primate V1 whereas other 

previously proposed metrics for brainlike representations, such as adversarial robustness, were 

not as strongly correlated with V1 neural predictivity. Thus, this work demonstrates that a 

proposed hallmark of biological vision, temporal straightening, is particularly diagnostic of the 

most brain-like models of early visual cortex and perhaps surprisingly, straightening of movie 

sequences comparable to primate V1 can be realized in ANN models without fundamentally 

changing their architecture or direct training on natural movie statistics; rather, a simple bio-

plausible constraint such as robustness to input noise can lead to learning a manifold geometry 

for natural stimuli which exhibits brain-like behavior. 
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Abstract: Humans and monkeys can effortlessly recognize objects in natural scenes. This ability 

relies on neural computations in the ventral stream of visual cortex. Neurons in primary visual 

cortex (V1) do not distinguish natural images from synthetic ones with the same spatial 

frequency content, while neurons in temporal visual areas (IT) respond selectively to natural 

scenes and objects. The intermediate computations in V2 and V4 that lead to IT object selectivity 

are not well understood, but previous studies in both macaque neurophysiology (Rust & DiCarlo, 

2010, JNeurosci) and human fMRI (Movshon & Simoncelli, 2014, CSHL) implicate V4 as an 

early site of selectivity for object shape. To explore the mechanisms of this selectivity, we 

generated “scrambled” textures from natural images using techniques that preserve the local 

statistics of original natural images while discarding information about scene and shape (Portilla 

& Simoncelli, 2000, IJCV). To create a continuum of images that smoothly vary between 

scrambled textures and natural images, we varied the size of scrambling regions from the whole 

image to small fractions of the image; the scrambling regions always tessellated the whole image 

and abutted each other seamlessly. We measured the responses of single units in awake macaque 

V4 to these images. On average, V4 neurons responded more vigorously to natural than 

scrambled images. In some cases responses were proportional to the size of the scrambling 

regions, such that images which more closely approximate natural images (smaller regions) 

evoked progressively stronger responses. Even though images with the smallest pooling regions 

(~1 deg, or ~¼ the diameter of the typical V4 receptive field) appear similar to the original 

natural images, V4 cells reliably preferred unscrambled images. That is, even perceptually subtle 

alterations to natural images can strongly modulate firing rates in V4. We wondered whether 

response dynamics might help uncover the neural circuits responsible. Selectivity for natural 

images emerged roughly 80 ms after the onset of visual response. This suggests that selectivity 

does not simply depend on feedforward pooling of signals in V4, but relies instead on recurrent 

neural circuits throughout the ventral stream whose computations are more extended in time. 
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Abstract: Object perception is remarkably stable, even though saccades move visual input 

across the retina several times per second. O’Herron and von der Heydt (2009, 2013) discovered 

a potential neural correlate of this stability: the assignment of a border in the classical receptive 

field (cRF) to a foreground object (border ownership, BO) in visual cortical area V2 persists for 

more than a second even after removing the contextual information that determined BO, and 

these persistent signals can transfer to other BO neurons across saccades. The grouping cell 

hypothesis proposes that these different phenomena are due to cortico-cortical feedback from 

grouping cells in a higher area. Such cells would show persistent object signals in response to an 

ambiguous border if it used to be owned by an object on the side of the cRF center prior to the 

loss of context (in contrast to BO neurons, whose preferred side of ownership does not depend 

on the position of the cRF center). In addition, these same cells would also inherit such persistent 

object signals after saccades. Here we tested whether area V4, the main source of cortico-cortical 

feedback to V2, contains such persistent object neurons (PONs). Using 32-channel laminar 

electrodes we recorded single units during fixation, while presenting a central border at different 

positions in the cRF. BO of this border was initially indicated by a contour outlining a square 

object (typically 4º x 4º), but then we removed this contour except for the central border, 

rendering BO ambiguous. In a subset of trials the border was only positioned in the cRF after a 

saccade that occurred following displacement of the fixation point (250 ms after removal of the 

object contour). Spike count differences (>200 ms after the removal of contextual cues in non-

saccade trials, or >100 ms after the saccade in saccade trials) were evaluated between trials with 

an identical central border in the ambiguous phase but an opposite location of the initial square 



object relative to that border. On non-saccade trials, we find that the number of neurons that 

spike more to an ambiguous border if that border used to be owned by the side closest to the cRF 

center (PONs), is larger than expected by chance. On saccade trials, this same population of 

PONs (classified as such on non-saccade trials) shows a statistically significant object 

persistence signal after the saccade brings the ambiguous border in their cRF, as opposed to the 

neurons that do not classify as PONs in non-saccade trials. Together, our data are consistent with 

the predictions of the grouping cell model. PONs in V4 may underlie persistent BOS in V2 

through cortico-cortical feedback. 
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Abstract: To interact with various objects in the environment, primates must accurately estimate 

their sizes. Results from Hong, Yamins, Majaj & DiCarlo (2016) support a linear readout of 

object size from the population activity across the macaque inferior temporal (IT) cortex. 

Importantly, object size estimates from macaque IT-based neural decodes, as well as from 

specific artificial neural network (ANN) models of primate IT were consistent with human 

behavioral size estimates. However, in their study perceived and retinal sizes were highly 

correlated. Does the linear IT-readout model predict perceived or retinal size? In the real world, 

perceived and retinal size can diverge drastically. This phenomenon becomes apparent in the 

Ponzo illusion, in which two objects with identical retinal sizes differ in perceived size when 

embedded at different locations along a linear perspective. Here, we exploit the Ponzo illusion to 

test whether the population activity in IT reflects the retinal or perceived size of objects and 

whether artificial neural networks (ANNs) as state-of-the-art models of the ventral stream reflect 

the same size. For this purpose, we created a stimulus set of 200 images in which objects were 

either placed near, far, or randomly along a linear perspective. In a corresponding set of 200 



control images, identical objects were placed at the same image position but on a background 

without linear perspective. A behavioral experiment with 34 human participants confirmed a 

discrepancy between the retinal and perceived size in our stimulus set even for brief image 

presentation times (100 ms). Next, to probe the neural mechanisms, we performed large-scale 

multi-electrode recordings across the macaque V4 (96 sites, 1 monkey), IT (288 sites, 2 

monkeys), and ventrolateral prefrontal cortices (vlPFC; 288 sites, 2 monkeys) while the monkeys 

fixated the images for 100 ms. Preliminary analyses show that the population activity in IT (and 

not V4 and vlPFC) reflects perceived size rather than retinal size. Therefore, their neural 

responses can account for the Ponzo illusion effect as observed in humans. In contrast, we found 

that the linear readout from the several object-recognition pretrained ANNs (AlexNet, ResNet50, 

CORnet-S/Z/RT) does not predict the Ponzo illusion. Instead, ANN responses better correspond 

to the retinal rather than the perceived size of objects. Furthermore, we found that ANNs 

pretrained on depth estimation and fusion models (that combine features of object recognition 

and depth estimation models) do not predict the Ponzo illusion. Thus, our results expose a 

significant explanatory gap in current ANNs as models of primate vision. 
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Abstract: Primates seamlessly integrate dynamic visual information of moving objects to 

navigate their daily activities. However, we currently lack a neurally mechanistic understanding 

of how the brain supports the joint representation of object identity and position across time, 

leading to a unified perception of a moving object. Building on previous reports of behaviorally 

explicit object identity (Majaj et al., 2015; Kar et al., 2019) and object position information 

(Hong et al., 2016) in the macaque inferior temporal (IT) cortex, here we first explicitly tested 

whether we could approximate object velocities from the distributed IT population activity. We 

showed 600 movies (300ms long) that contained objects (one of ten) moving in specific 

directions (one of eight), at varying speeds, to monkeys (n=3) that passively fixated a central dot. 



We simultaneously measured large-scale neural activity (using chronic multielectrode arrays) 

from areas V4 (155 sites), IT (212 sites), and ventrolateral PFC (174 sites) across these monkeys. 

First, we observed that a nonlinear temporal integration model could dynamically transform V4, 

IT, and vlPFC population activity into object-velocity readouts. Interestingly, however, unlike 

V4 and vlPFC-based decodes, object-velocity could also be decoded linearly from instantaneous 

(~10ms) IT population activity (peaking ~300ms post-movie onset), supporting the notion of a 

pre-computed velocity signal in the IT population activity pattern. Consistent with previous 

studies, the corresponding object identity decodes from IT significantly preceded (~150ms) these 

motion signals. To gather correlational evidence on whether the motion information available in 

IT is used for object-motion related behaviors, we trained two monkeys on an object-motion 

velocity discrimination task. Preliminary results show that IT responses can significantly predict 

the movie-by-movie behavioral error patterns of the monkeys, implicating IT in these behaviors. 

In addition, we observed that IT-like layers from two-stream convolutional neural network 

models (of action recognition) also support linear readouts of object identity and velocity - 

establishing these as good baseline hypotheses to model object motion processing. These results 

challenge the common functional segregation of primate visual processing into the ventral 

(“what”) and dorsal (“where”) pathways and motivate the development of integrated 

(dorsal+ventral) models to study dynamic scene perception. 
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Abstract: The visual system groups image elements into objects, segregates those objects from 

their background, and employs selective attention to highlight behaviorally relevant objects for 

preferential neural processing. The mechanisms underlying selective visual attention are thought 

to involve frontoparietal control areas modulating the neuronal representation of visual objects in 

more posterior areas of the brain through feedback connections. Here we used a curve-tracing 

paradigm combined with fMRI in awake behaving macaque monkeys to localize the full 

distributed network of brain regions involved in the attentional selection of objects. In the curve-

tracing paradigm, monkeys mentally trace a target curve from a central fixation dot to a response 

indicator while ignoring distractor curves. Previous electrophysiological studies from our lab 

have shown enhanced neuronal responses for the attended target curve relative to the ignored 

distractor curve in early visual areas. With whole-brain fMRI, we now reveal a distributed 

network of brain areas involved in this type of object-based attentional selection that stretches 

beyond these posterior visual areas. Significant attention-related increases in the BOLD response 

were observed in posterior visual areas like V1, V2 and V4, as well as frontoparietal areas like 

the frontal eye fields (FEF) and the lateral intraparietal cortex (LIP). Interestingly, we also 

identified a distinct region in the temporal cortex (mid-STS) where activity was significantly 

modulated by attention. This area has previously been implicated in spatial attention and 

prioritization in macaques. With population receptive field mapping techniques, we were able to 

reconstruct not only the visual stimulus from the BOLD responses, but also the spatial profile of 

selective visual attention in several nodes of the distributed object-based attention network. 

These reconstruction results suggest a functional specialization within the attention network that 

could be further investigated at the neuronal level and causally probed with perturbation methods 

in future experiments. 
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Abstract: It is widely accepted that the coordinated activity of neuron populations in motor 

cortex generates voluntary movement, yet much remains unknown about which aspects are truly 

necessary to plan and produce the desired behavior. Insightful experiments using temporary 

manipulations of recorded neuron activity (e.g., microstimulation and optogenetics) suggest that 

low-dimensional structure in the activity of large populations plays a meaningful role. Although 

compelling, these reversible manipulations are difficult to sustain over long timescales; thus, the 

field of motor systems neuroscience still lacks the complementary evidence provided by 

permanent neuronal inactivation (i.e., termination of neurons). To this end, we performed 

fourteen electrolytic lesions through chronically implanted microelectrode arrays in the motor 

cortex of two adult male rhesus macaques (11-14 years of age). Since no surgical procedure is 

required, recordings of the same population can continue after repeated millimetre-scale lesions 

that target the neuronal correlates of behavior. 

During daily recording sessions, animals participated in a reaching task with a sham lesion 

performed during a short break. On lesion day, a targeted 150uA of steady direct current of was 

passed through two array electrodes for 30 or 45 seconds. Up to 72 measures of reach 

performance were examined using a false detection rate analysis that rigorously protects against 

false positives without sacrificing statistical sensitivity. Tracking these measures over the days 

following a lesion demonstrated impaired reaching that largely recovered alongside changes in 

the recorded local field potential and spiking activity of the remaining population. Despite 

repeated termination of individual task-responsive neurons, low-dimensional structure in the 

population re-emerged alongside behavior. Although different measures of brain activity clearly 

reflected the injury, only changes in the neuronal state provided a reliable biomarker of reaching 

deficit. Given the injury's histological likeness to salvageable human tissue, we argue that 

lesioning cortex through implanted microelectrode arrays offers unique translational 

opportunities while enabling new causal insight into the neuronal basis of behavior. 
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Abstract: While lesion studies have proven key in establishing causal connections between brain 

and behavior, they stand to provide additional insight if integrated with multielectrode 

techniques from systems neuroscience. Here we present a platform for creating electrolytic 

lesions in awake-behaving animals through chronically implanted, intracortical microelectrode 

arrays without compromising electrophysiology. Stable current is delivered to cortex through 

two electrodes of the array, using a custom direct-current source that allows for controlled, 

repeatable lesions. Device parameters were calibrated through ex vivo and in vivo testing in 

sheep and pigs (61 lesions total). Histology from one lesion (150µA of DC current, 45 seconds) 

in an adult male rhesus macaque shows an ablated and necrotic core surrounded by rarefied 

tissue (visible damage contained within 1.2mm3). Fourteen subsequent lesions (targeting 150µA 

of DC current, 30 or 45 seconds) were performed over a year and a half in two awake-behaving 

adult male rhesus macaques, resulting in a behavioral deficit during reaching from which the 

animals recover typically within days. Stable current traces confirm the delivery of controlled 

direct current from the lesioning device. Comparisons of recorded electrophysiology before and 

after lesioning demonstrate that the microelectrode arrays continue to record stable neuronal 

activity. Although the majority of waveforms were unaltered, suggesting that an acute damage 

response did not affect the stability of the electrophysiological recording, a small percentage of 

the waveforms did appear to change significantly, either through neuron damage or through an 

adaptive response of the neuronal circuit to lesioning. We compared the relative change in daily 

turnover of recorded neurons in the days following a lesion. The percentage of neuron 

waveforms that matched before and after lesioning was significantly lower than the percentage 

of matching waveforms across the pre lesion days (**, p = 0.0002), providing a proxy measure 

of neuron loss by electrolytic lesioning. The percentage of matching neurons trends back towards 

the expected percentage of matching neurons in the pre-lesion period with behavioral recovery, 

despite still being significantly decreased (*, p = 0.002). It is possible that the recorded 

electrophysiology could be used to decode a neuronal recovery timecourse distinct from that of 

behavioral recovery, providing insight into local reorganization after neuronal loss to support 

known motor system dynamics. 

Disclosures:  I.E. Bray: None. S.E. Clarke: None. P. Nuyujukian: None. 

Nanosymposium 

514. Post-Lesion Cortical Dynamics During Reaching 

Location: SDCC 7 

Time: Tuesday, November 15, 2022, 1:00 PM - 2:45 PM 

Presentation Number: 514.03 



Topic: E.04. Voluntary Movements 

Support: R01NS112424 

Title: Changes in somatosensory and premotor cortex neurophysiology during recovery of 

reach-to-grasp control following motor cortex stroke 

Authors: *I. S. HEIMBUCH1, P. KHANNA1, L. NOVIK2, R. J. MORECRAFT3, K. 

GANGULY1;  
1Neurol., UCSF, San Francisco, CA; 2California Natl. Primate Res. Ctr., UC Davis, Davis, CA; 
3Univ. of South Dakota, Vermillion, SD 

Abstract: Somatosensory cortex plays an important role in motor function, with inactivation of 

primary somatosensory cortex (S1) leading to motor deficits [1, 2]. Its role in motor function is 

also highlighted in the case of stroke. Non-human primates that retain S1 following primary 

motor cortex (M1) stroke show reduced deficits compared to animals with stroke in both S1 and 

M1 [3]. Translationally, middle cerebral artery stroke is a common site of stroke in humans and 

leads to M1 & S1 injury. Stroke patients often demonstrate impaired somatosensation. 

Anatomically, it is known that there is extensive cortical rewiring, including across distant areas 

of the sensorimotor network [4]. This anatomical rewiring likely facilitates partial recovery of 

motor dexterity, even following the loss of a crucial node like M1. However, how the 

somatomotor network changes functionally to facilitate recovery of precise hand control is 

poorly understood. / We present electrophysiology data showing changes in somatosensory 

cortex responses in non-human primates (rhesus macaque) over the course of recovery after a 

M1 stroke. These cortical responses were measured using a chronic 64-channel microwire 

electrode array (Tucker-Davis Technologies) implanted in area 2 of S1 while subjects performed 

a reach-to-grasp task that is likely dependent on touch and proprioception of the hand and arm. 

By binning sessions by subject performance relative to pre-stroke metrics, we can compare 

cortical responses for days when the subject was still in the early phase of behavioral recovery to 

days when the animal had behaviorally recovered from stroke. We report changes in physical 

contact-related responses in somatosensory cortex over the course of recovery. We also 

examined changes in coupling to premotor areas with recovery of prehension. / These data 

illuminate post-stroke dynamics in the somatosensory cortex and its communication with 

premotor areas that could potentially be indicative of, or directly involved in, systems-level 

restructuring of somatomotor processing that underlies recovery of dexterity following cortical 

injury. / References: 1) Hikosaka et al., 1985. Deficits in manipulative behaviors induced by 

local injections of muscimol in the first somatosensory cortex of the conscious monkey. 2) 

Brochier et al., 1999. The effects of muscimol inactivation of small regions of motor and 

somatosensory cortex on independent finger movements and force control in the precision grip. 

3) Darling et al., 2016. Sensorimotor cortex injury effects on recovery of contralesional 

dexterous movements in Macaca mulatta. 4) Dancause et al., 2005. Extensive cortical rewiring 

after brain injury. 
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Abstract: Dexterous movements rely on coordinated cortical and subcortical networks, but how 

these networks supports recovery of movement after stroke is unknown. Many studies have 

focused on the role of perilesional motor cortex (pMoCtx) in vicariation, but little is known 

about how pMoCtx regains coordination with perilesional subcortical networks (pSubCtx). This 

process is likely critical as recent work across hundreds of patients demonstrates that atrophy to 

subcortical gray matter structures is strongly associated with poor sensorimotor outcomes (Liew 

et al., 2021). Uncovering how functional cortical-subcortical interactions re-emerge following 

recovery from stroke may lay the foundation for novel approaches to multi-area neuromodulation 

to improve movement control after stroke. To investigate how cortical-subcortical interactions 

are re-established in pMoCtx and pSubCtx to support hand control following stroke, we trained 

rhesus macaques to perform a reach-to-grasp task. To model a stroke, aspiration was used to 

remove the forelimb region of primary motor cortex unilaterally after cauterization of the 

primary arterial supply. In the same surgery, chronic microwire electrodes were implanted into 

ventral premotor cortex (pMoCtx) and a chronic linear microelectrode probe was implanted 

subcortically targeting motor thalamus (pSubCtx). Here, we report on how pMoCtx - pSubCtx 

dynamics change as animals recover dexterity following the lesion. We find that immediately 

following the lesion, pMoCtx and pSubCtx exhibit neural oscillations in 13-30 Hz range (beta 

band oscillations) that are remarkably coordinated. With behavioral recovery, beta band 

oscillations in pMoCtx becomes less coherent spatially, and less coherent with pSubCtx activity. 

These results may reflect cortical-subcortical interactions that are pathologically synchronized 

early after stroke, and become flexibly coupled or uncoupled depending on behavioral phase 

after recovery from stroke. Further, these observations may support a role for spatially and 

temporally segregated bursts of beta activity rather than a single synchronous sensorimotor beta 

oscillation in healthy movement control. 
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Abstract: Brain stimulation has emerged as a novel therapy for ischemic stroke, a major cause 

of brain injury that often results in lifelong disability. Although previous in vitro and rodent 

studies have demonstrated neuroprotection using electrical or sensory stimulation acutely after 

stroke, few of these results have been replicated in humans due to significant scale and 

anatomical differences, in addition to a limited understanding of stimulation-induced network 

changes. Therefore, we combined electrophysiology and histology to study the effects of 

electrical stimulation following cortical ischemic stroke in non-human primates (NHPs). To 

produce controlled focal lesions, we used the photothrombotic method to induce targeted 

vasculature damage in the sensorimotor cortices of two macaques while collecting 

electrocorticography (ECoG) signals bilaterally. In another two macaques, we followed the same 

lesioning procedures and applied repeated electrical stimulation via an ECoG electrode medial to 

the lesion. We investigated the protective effects of stimulation on neural dynamics using a 

variety of electrophysiological markers such as ECoG signal power and coherence. In addition, 

we performed histological analysis including Nissl and immunohistochemistry staining to 

evaluate the differences in lesion volume, neuronal death, and neuroinflammatory response. In 

comparison to controls, the ECoG signals showed decreased gamma power across the 

sensorimotor cortex in stimulated animals. Meanwhile, histology revealed smaller lesion 

volumes for the stimulated group, suggesting that electrical stimulation may exert 

neuroprotection by suppressing post-ischemic neural activity and reducing excitotoxicity. With 

the similarity between NHP and human brains, this study paves the path for developing effective 

stimulation-based therapy for acute stroke in clinical studies. 
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Abstract: Stroke is a leading cause of adult long-term disability in the United States. Despite its 

prevalence, little progress has been made in recent decades to develop treatments addressing the 

multitude of functional deficits following stroke. Electrical stimulation near the site of injury is 

one proposed novel treatment method to capitalize on increased plasticity observed in 

perilesional areas and promote functional recovery. However, previous unsuccessful efforts to 

translate preclinical successes of rodent studies to the clinic have revealed the importance of non-

human primate preclinical studies in developing effective novel treatments for complex 

neurological disorders such as stroke. Here, we address these issues by utilizing our previously 

published toolbox (Khateeb et al. 2022) to investigate network physiological dynamics following 

cortical lesioning and subsequent electrical stimulation in four adult macaques. With our toolbox, 

we induced unilateral targeted focal ischemic lesions in sensorimotor cortex using the 

photothrombotic method while bilaterally recording electrocorticographic (ECoG) signals 

before, during, and up to three hours after lesion induction with our implanted ECoG array. In 

two of the four monkeys, we tested the effects of approximately one hour of perilesional 

electrical stimulation one hour after lesion induction using our ECoG array. To investigate 

network neurophysiological dynamics over the time course of lesion induction and subsequent 

lesioning, we analyzed changes in signal power, current source density, and phase-amplitude 

coupling. Through power analysis, we observed differential changes in post-lesion neural 

activity across the network in non-stimulated animals while neural activity levels were 

consistently reduced in stimulated animals. Current source density analysis revealed stabilizing 

effects of stimulation on the network. Additionally, through phase-amplitude coupling analysis 

we observed frequency-dependent changes in network coordination. By enhancing our 

understanding of acute network dynamics following injury and the effects of subsequent 



stimulation on the network in an animal model with high clinical relevance, we can drive the 

development of effective therapies for neurological disorders such as stroke. 
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Abstract: Beta oscillations are a well-known feature of movement preparation and have been 

clinically used to track motor recovery. Moreover, it is increasingly clear that the movement-

related spatial and temporal dynamics of population spiking activity in the motor cortex are 

important for movement control. Changes in population spiking are also known to track motor 

recovery and can be a target for neuromodulation using electrical stimulation. However, it 

remains unclear how beta oscillations and movement-related population spiking activity interact. 

The goal of this study was to characterize how beta oscillations and neural population dynamics 

interact and to develop a model for neuromodulation that accounts for their interaction. We 

measured local field potentials (LFP) and population spiking activity in the motor cortex of non-

human primates performing reach and grasp tasks. We also performed such recordings from the 

premotor cortex in animals recovering from an M1 lesion. We tracked spiking activity and 

behavior throughout the recovery process. We then analyzed the interactions between changes in 

beta power and spiking activity during movements In general, we found that in expert animals 

there were rapid and sharp transitions from population spiking to changes in beta power. We 

characterized this process using a model of bistability, which is characterized as the presence of 

two states that can rapidly transition from one to the other. We also found that the reemergence 

of bistability correlated closely with the recovery of reach and grasp function. Notably, we found 

that low frequency alternating current electrical stimulation could modulate the bistable 

relationship between beta and population spiking. We also developed a computational model that 

could inform how best to deliver stimulation for a bistable process. Overall, our results indicate a 

close relationship between cortical beta oscillations and population spiking activity during 



skilled (recovered) reach and grasp behaviors. The bistable nature of this relationship suggests 

rapid transitions between states that are important to consider for movement control and for 

neuromodulation. 
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Abstract: Our external senses of sight, smell, sound, touch, and taste enable us to perceive the 

external world. In addition, our internal sensory system monitors the physiological states of 

peripheral organs, such as mechanical and chemical cues from ingested food, irritants in the 

airway that induce cough, and inflammatory cues that signal tissue damage. In comparison to 

external sensory systems, the principles that define visceral sensory processing remain poorly 

defined. Here, we developed an in vivo two-photon calcium imaging preparation to understand 

internal organ representations in the nucleus of the solitary tract (NTS), a sensory gateway in the 

brainstem that receives vagus and other inputs from the body. Combining the imaging platform 

with stimulation of visceral organs, we uncover diverse neuronal responses to internal stimuli, 

while functionally defined cell types are highly organized within the NTS. Combining functional 

imaging with pharmacogenetic manipulations and viral tracing from genetically defined vagal 

sensory cell types, we show that the highly organized representations of internal senses are 

generated by vagal axon sorting and higher-order sensory processing within the NTS. Ongoing 

work will connect the response profiles of NTS neurons to the connectivity to downstream target 

areas. Together, our study reveals basic coding principles used by the brain to process visceral 

inputs and may shed light on the treatment of viscerosensory and autonomic dysfunctions. 
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Abstract: The central nervous system (CNS) plays the key role in the sense-and-respond system 

responsible for regulating energy balance. However, the molecular, cellular, and circuit 

mechanisms through which the CNS achieves this goal is incompletely understood. We recently 

identified the dorsal raphe nucleus (DRN) as an important node within the CNS, that is capable 

of regulating numerous aspects of energy balance. Diverse cell types within the DRN potently 

regulate food intake, and various aspects of energy expenditure, such as thermogenesis and 

locomotor activity. Critically, prolonged changes in the activity of these neurons can ultimately 

drive changes in body weight. Until recently, the marked molecular heterogeneity of the DRN 

had limited our understanding of how its component cell types regulate energy balance. Here, we 

describe new molecular profiling studies, in which we dissect the role of distinct subpopulations 

of glutamatergic and GABAergic neurons in the DRN to regulate food intake and thermogenesis. 

We find that these subpopulations are capable of regulating various aspects of energy 

homeostasis, and together begin to explain the complex and parallel mechanisms through which 

this nucleus potently controls body weight. Together, this work represents an important step 

towards understanding the principles through which the brain regulates peripheral metabolism. 
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Abstract: The CNS is strongly reliant on a continuous supply of blood for proper function. Its 

high metabolic needs at the cellular level and its inability to properly store sufficient amounts of 

energy necessitate tightly coupled neuronal and vascular functions. Alterations in blood flow 

compromise neuronal function/survival, while changes in neuronal activity profoundly curb 

hemodynamics. Consequently, many neurological disorders have a vascular component. It is thus 

imperative to use large-scale, integrative, and quantitative analysis of both brain vasculature and 

neuronal function to understand the impact of vascular topology on neuronal circuits. Here, I 

applied this rationale to a specific pathophysiologic state with reported alterations in both central 

neuronal and vascular components, obesity. Obesity is reaching pandemic levels in western 

societies and its incidence is increasing at alarming rates worldwide. Obesity is directly 

associated with Type 2 diabetes (insulin resistance (IR)). Moreover, obesity and its associated 

metabolic impairments are primary factors for neurological disorders in both the CNS and 

peripheral nervous systems. Interestingly, obesity and IR are underlying causes of stroke and 

different forms of dementia, exhibiting thus neurovascular alterations associated to canonical 

neurovascular impairments. However, while obesity research has extensively studied the central 

circuits regulating energy balance and has identified many molecular components impaired upon 

dietary shifts; it has missed an explanation for how different metabolic environments upon 

obesity can underlie defects in the neurovascular unit. We combined tissue clearing methods 

with whole-mount IHC and computational mapping to a registered atlas (Allen Brain Institute) 

for unbiased high-throughput mapping between different biological conditions. Using such 

methods, we were able to screen for changes in neuronal activity using early activated genes 

(Fos) (Fos-Maps), neuronal projections (Projection-Maps), and the fine-penetrating vascular 

network of brain capillaries and arteries (Vascular-Maps). As a result, these sets of studies 

resulted in static pictures of either the structure/activity of the neuronal/glial/vascular network. 

Those studies revealed that the LHA undergoes structure-activity impairments suggestive of 

reduced vascular density while the DRN reveals angiogenic radial vessel growth, confirming 

nutritionally driven neurovascular plasticity in adult states. Both centers have a key role in 

energy balance control. Thus, these new findings will revisit the canonical circuitry regulating 

weight. 
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Abstract: Neurons transmit electrical signals at millisecond timescales, yet behavioral states 

such as hunger, nausea, and chronic pain persist for minutes to hours. Such states are likely 

driven by longer timescale changes in neural activity, yet how these persistent shifts in activity 

occur remains poorly understood. G protein-coupled receptors (GPCRs) are a potential 

mechanism by which neurotransmitters can cause longer lasting changes in neuronal activity. 

Recent work from our lab suggests that activation of Gs-coupled GPCRs can result in persistent 

changes in behavior via the production of cyclic adenosine monophosphate (cAMP). Here, we 

examine cAMP dynamics and their relationship to intracellular calcium levels in the parabrachial 

nucleus (PBN), a brain region known to express a wide variety of GPCRs and to be crucial in 

regulating pain and ingestive behavior. Using optical tools to measure and manipulate cAMP 

levels, we show that photostimulation of cAMP production results in rapid increases in neuronal 

calcium activity that can persist for multiple minutes. The increase in calcium activity reflected 

increased action potential firing and did not depend on protein kinase A (PKA) or 

hyperpolarization-activated cyclic nucleotide-gated (HCN) channels. Moreover, cAMP-driven 

activity did not require synaptic transmission, suggesting that cAMP functions via a cell-

autonomous mechanism. Finally, brief photostimulation of cAMP production in the PBN was 

sufficient to suppress feeding for up to 45 seconds, whereas constitutive reduction of PBN cAMP 

levels led to weight gain. Taken together, our results describe a direct role for PBN cAMP in 

controlling feeding behaviors and neural circuit activity over the timescale of minutes. 
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Abstract: Obesity affects about 34% of the U.S. population and is a major contributing factor 

associated with health risks such as cancer, heart disease, and diabetes. Understanding the 

neurobiology of obesity is crucial for responding to the etiology of this disease. The 

hypothalamus is responsible for controlling food intake and numerous studies have observed 

altered hypothalamic gene regulation in obesity models. However, little is known about the 

mechanisms controlling persistent changes in gene expression in the hypothalamus during 

obesity. Epigenetic mechanisms, such as DNA methylation, serves as powerful mechanisms of 

persistently controlling gene transcription throughout the lifetime of the individual. Yet little is 

known about whether hypothalamic DNA methylation changes contribute to the development of 

obesity. Here, we found that rats fed a high fat diet over the course of 7 weeks gained more 

bodyweight compared to rats that were fed standard rat chow, which was associated with 

reduced DNA 5-hydroxymethylation (5-hmC), a potent transcriptional activator, in the 

hypothalamus of males, but not females. Correlational analyses revealed that within the 

hypothalamus of the male, but not female, rats fed a high fat diet there was an inverse 

relationship between body weight and DNA 5-hmC levels whereas the latter decreased, 

bodyweight increased. Consistent with this, only 3 weeks of exposure to the high fat diet, which 

was not sufficient to cause abnormal weight gain, decreased 5-hmC levels in the hypothalamus 

of male rats, suggesting that the decreases in DNA 5-hmC preceded significant weight gain. 

CRISPR-dCas9-VP64 mediated increases in expression of the DNA 5-hmC enzymes (Tet1/2/3) 

in the hypothalamus slowed weight gain in male, but not female, rats fed a high fat diet relative 

to control injected animals, which resulted in a lower percentage of bodyweight gained over 7 

weeks on the high fat diet. However, CRISPR-dCas9-KRAB-MECP2 mediated reductions in the 

expression of DNA 5-hmC enzymes in the hypothalamus of males did not facilitate abnormal 

weight gain in rats fed a standard chow diet, suggesting that reductions in DNA 5-hmC are not 

sufficient to induce significant weight gain. Collectively, these results suggest that decreases in 

hypothalamic DNA 5-hmC are an important factor in facilitating weight gain during the 

development of obesity in a sex-specific manner. Current experiments are underway to 

determine whether altered DNA 5-hmC occurs at genes that specifically regulate appetite. 
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Abstract: Glucagon-like peptide-1 (GLP-1) receptor (GLP-1R) agonists and fibroblast growth 

factor 21 (FGF21) both act on the central nervous system to regulate energy balance. GLP-1R 

agonists activate GLP-1R in several regions of the brain to induce anorexia and weight loss 

while central nervous system (CNS) expression of beta-klotho (KLB), an obligate co-receptor of 

FGF21, is required for the suppressive effect of FGF21 on carbohydrate consumption. Prior 

studies reported that GLP-1R agonists induce FGF21. We show that the GLP-1R agonist 

liraglutide increases FGF21 independently of reduced food intake, a driver for FGF21 

production, and that FGF21 contributes to the weight loss induced by liraglutide when mice are 

fed carbohydrate-rich diets. Given the metabolic benefits of GLP-1R agonists and FGF21, the 

therapeutic potential of a GLP-1R-FGF21 axis merits investigation. While FGF21 is primarily 

produced in the liver, hepatic expression of the GLP-1R has not been consistently demonstrated. 

Given the known actions of GLP-1R agonists and FGF21 in the brain, we hypothesize that (1) 

liraglutide acts on GLP-1R in the brain to stimulate hepatic FGF21 production and (2) 

liraglutide-induced FGF21 engages CNS KLB to mediate the food intake and weight lowering 

effects of liraglutide. To test hypothesis (1), we administered vehicle and liraglutide to fasted 

control mice and mice lacking the GLP-1R in glutamatergic neurons (VGLUT2+ neuron-Glp1r 

knockout), which have been shown to be resistant to Liraglutide-induced anorexia and weight 

loss. Liraglutide failed to induce fasting FGF21 in VGLUT2+ neuron-Glp1r knockout mice, 

suggesting that GLP-1R expression in glutamatergic neurons is required for liraglutide to 

stimulate FGF21. To address hypothesis (2), we chronically administered vehicle or liraglutide to 

chow-fed control and mice lacking Klb expression in neurons targeted by CamK2a-Cre. 

CAMK2A+ neuron-Klb knockout mice show partial resistance to the weight-lowering actions of 

liraglutide. In sum, our studies demonstrate that liraglutide acts centrally to induce circulating 

FGF21, which in turn signals through KLB expressed in CAMK2A+ neurons to facilitate the 

weight lowering effect of liraglutide. These findings support a novel role for a GLP-1R-FGF21 

axis in mediating carbohydrate consumption via its actions in the CNS. 
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Abstract: The endocannabinoid (eCB) system is an endogenous lipid signaling system that 

controls food intake and energy balance. In diet-induced obese (DIO) mice, overactivation of 

cannabinoid receptor subtype-1 (CB1R) in the small-intestinal epithelium (SI) inhibits nutrient-

induced release of satiation peptides and promotes hyperphagia. We tested the hypothesis that 

parasympathetic signaling at muscarinic acetylcholine receptors (mAChRs) leads to increased 

biosynthesis of the eCB 2-arachidonoyl-sn-glycerol (2-AG) in the SI epithelium in DIO, which 

drives overeating via local CB1Rs. Male mice were maintained on a high-fat/high-sucrose 

western-style diet (WD) for 60 days to induce DIO. Mice received IP injections of 

methylhomatropine bromide (ATR, a peripheralized mAChR antagonist), DAU5884 (DAU, a 

selective m3 mAChR antagonist), or pirenzepine (PIR, a selective m1 mAChR antagonist) 30 

minutes prior to tissue harvest. Levels of 2-AG and its precursor, 1-stearoyl-2-arachidonoyl-sn-

glycerol (SAG), in the SI were quantitated by UPLC-MS/MS. Ex-vivo activity of the synthetic 

and degradative enzymes for 2-AG, diacylglycerol lipase (DGL) and monoacylglycerol lipase 

(MGL), respectively, in the SI were also analyzed. Food intake, water intake, and ambulation 

were recorded with automated feeding chambers. DIO mice exhibited elevated levels of SAG, 2-

AG, and DGL activity in the SI, when compared to lean controls maintained on standard chow. 

These effects were blocked by ATR, DAU, or PIR. Furthermore, ATR, DAU, or AM6545 (a 

peripheralized CB1R neutral antagonist) reduced caloric intake in DIO mice to levels found in 

lean mice during a 24 h test. A second group of male mice conditionally lacking CB1Rs in the SI 

(IntCB1-/-) and controls (IntCB1+/+) were maintained on WD for 60 days. Mice received single 

IP injections of ATR or AM6545 and caloric intakes were recorded for 24 h. ATR and AM6545, 

independently and combined, reduced caloric intake in IntCB1+/+ DIO mice for up to 24 h but 

had no effect on intake in IntCB1-/- mice. These results suggest that in DIO, hyperactivity at Gq-

coupled mAChRs in the periphery increases the PLC-dependent generation of SAG, which is 

then converted to 2-AG by DGL in the SI and activates local CB1Rs to drive hyperphagia. 
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Abstract: While sufficient acute stress responses are crucial to learning, development, and 

adaptation to the environment in both model animal systems and humans, severe acute and 

prolonged chronic stress drive maladaptive changes in an organism that drive the progression of 

several chronic diseases, including obesity, diabetes, vascular disease, neurodegenerative 

dementias, aging, substance use disorders, and depression, among several other disease 

processes. Stress metabolism is largely governed by two cascades. Corticotropin-Releasing 

Factor (CRF), synthesized and released from several brain nuclei in response to stressful 

stimulus, signals directly to neuronal circuits that directly impact behavior, cognition, 

metabolism, and several other processes. In parallel, CRF synthesis and release is greatest in the 

Paraventricular Nucleus (PVN) of the hypothalamus, where it travels along descending neurons 

that stimulate Adrenocorticotropic Hormone (ACTH) release from the pituitary gland, which 

enters circulation to stimulate cortisol/corticosterone synthesis and release from the adrenal 

gland. While the relationship between stressors, stress metabolism, and several disease processes 

has been characterized, attempts to develop therapeutics that intervene in or interrupt the 

progressive contributions of stress to clinical disease have been underwhelming. This may be due 

to the fact that small molecule therapeutics have often had only a modest impact basal stress 

metabolite levels. Additionally, candidates have had relatively short half-lives. We have 

developed a picomolar-affinity monoclonal antibody against CRF that suppresses both basal and 

stress-induced glucocorticoid levels, demonstrating a half-life of approximately 7 days. Using 

metabolic phenotyping paired with transcriptomic/proteomic analysis, we have demonstrated that 

longitudinal treatment of multiple animal models with this antibody has demonstrated durable 

therapeutic effect in diet and age-induced metabolic dysfunction, resulting in reduced body 

weight, reduced food intake, improved glucose tolerance, and improved body composition. This 

results in a 30-50% reduction in the weight and fat gained in multiple models challenged with 

diet-induced obesity, with more a favorable distribution of adipose tissue and addition of lean 

mass observed compared to landmark GLP1RA candidates. These effects are especially 

prominent in older animals. These endpoint targets represent a novel approach to targeting stress 

pathways in chronic metabolic disease and may represent primary or adjunctive therapies for 

several pervasive clinical diseases. 
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Abstract: Cognitive control enables flexible mapping from diverse inputs to outputs. Theories of 

control posit a representation in PFC which enables this mapping, but the relationship between 

task structure and the geometry of control representations is poorly understood. We focus on the 

geometric property of dimensionality, or the number of unique components required to specify 

all points in neural firing space across task conditions. Theoretical work has highlighted the 

computational properties of dimensionality, and studies of non-human primate physiology have 

observed its relationship with controlled behavior. One hypothesis motivated by these studies is 

that the PFC will generally favor separable, high dimensional representations independent of task 

demands in order to enhance flexibility. However, prior experiments have not manipulated the 

task demands most impactful for dimensionality. This leaves open an alternative hypothesis that 

the dimensionality of control representations may expand or compress based on task, and 

evidence from animal studies indicates that dynamic changes in geometry are possible. We tested 

these alternatives in humans by estimating the geometry of control representations during two 

tasks which differ in rule structure. Using a within-subject deep sampling (5 days X task X 

participant) approach to fMRI, we measured brain activity to estimate dimensionality while 

participants performed the two tasks. Across participants the tasks used the same stimulus sets, 

stimulus arrangements, and response options, but critically differed in the structure of the rules 

that map the stimuli to responses. One task used hierarchically structured rules but the other had 

a non-linear, flat rule mapping. Therefore, while the hierarchical task can be solved with a low 

dimensional geometry, the flat task requires a high dimensional geometry. To measure 

dimensionality we utilized a multi-pronged analysis approach, leveraging, in parallel, novel 

within-voxel repetition suppression effects and across-voxel multivariate pattern similarity. 

Preliminary results from N=8 (target N=20) provide evidence that task rule structure influences 

geometry. Specifically, multi-voxel pattern analysis has provided evidence for a more 

hierarchical representational geometry, i.e., a lower dimensionality, in the right posterior frontal 

cortex during the hierarchical task relative to the flat task. This study provides preliminary 



evidence that task rule structure affects the geometry of control representations in PFC with 

dimensionality changing in accord with task demands. 
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Abstract: A core aspect of human cognition is our ability to resist taking courses of actions 

naturally engendered by our behavioral environments, and via control representations encoded 

within PFC, to instead pursue goals that we have maintained internally. But, as our environments 

are liable to change, our control strategies must also be flexible enough to adapt. Such flexibility 

is clearly evident within classical “response conflict” paradigms such as Stroop, as performance 

depends strongly on the history of congruency: that is, people tend to be more effective at 

resisting the influence of distracting information after having recently performed several 

incongruent, rather than congruent, trials. While a multitude of neural control strategies could 

implement this performance enhancement — for example, enhancing prefrontal target 

representations, enhancing prefrontal distractor representations, or both — the mechanisms 

remain unclear. Leveraging retrospective RSA and decoding analyses of an extant multi-session 

color-word Stroop fMRI dataset (N = 73), we attempted to identify putatively mediating neural 

representations. Although we found that, during “mostly congruent” versus “mostly 

incongruent” sessions, neural Stroop effects within prefrontal cortex were enhanced (paralleling 

the behavioral Stroop effect), as well as distractor representations within early visual cortex 

(suggesting subjects encoded the word form more strongly), we did not find clear evidence for a 

systematic impact of congruency history on target or distractor coding in PFC. Results suggest 

the difficulty in identifying unbiased history-driven enhancements within stimulus-dependent 

representations (target, distractor) in PFC, as well as in retrofitting fMRI datasets for 

representational analyses. In an ongoing follow-up study, we are using a tailored Stroop task-

switching design and EEG (current N = 8) to examine a more comprehensive spatiotemporal 

cascade of neural coding, including of pre-trial rules. 
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Abstract: People flexibly adapt neural information processing to achieve their goals through an 

array of different strategies. Our previous research has found robust behavioral markers of 

independent attentional control over target and distractor processing in a novel task (Ritz & 

Shenhav, 2021). Here, we examine whether this independent control is mirrored by independent 

neural representations of targets and distractors. Human participants (N=29) performed a random 

dot color-motion task during fMRI. In the critical condition, they made a left/right keypress 

indicating which dot color was in the majority, ignoring dot motion. We parametrically varied 

target difficulty (% dots in majority color), and distractor congruence (% dots moving in the 

same or opposite direction as the color response). Consistent with our previous work, 

participants’ task performance depended on both targets and distractors (ps < .0001). We first 

tested whether task difficulty representations in dorsal anterior cingulate cortex reflect overall 

difficulty or differentiate targets from distractors. We found a rostrocaudal axis, with caudal 

encoding of target difficulty and rostral encoding of distractor difficulty. Targets and distractors 

were encoded orthogonally (patterns were uncorrelated), consistent with the monitoring of 

multiple control demands. We next tested whether representations of feature strength (absolute 

coherence) reflected global salience or feature-specific attentional priority. In parietal cortex, we 

found encoding of both targets and distractors, with a mediolateral dissociation. Whereas target 

and distractor patterns were negatively correlated in superior parietal lobule (cross-validated), 

they were orthogonal in intraparietal sulcus (Bayesian t-test). We further tested whether feature 

strength representations depend on task performance and control demands, as indices of 

cognitive control. Compared against patterns encoding RT and accuracy, across the 

frontoparietal network we found target strength patterns were aligned with better performance, 

whereas distractor strength patterns were aligned with poorer performance. We manipulated 

control demands by having participants view identical stimuli but respond to motion, which 

previous work has shown is more automatic. During these more automatic blocks, task-relevant 

regions similarly encoded response evidence (whether a feature supports a left vs right choice), 

but no longer encoded feature strength. Together, we find that independent control over target 

and distractor processing is mirrored by orthogonal neural representations of task difficulty and 

stimulus information. 
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Abstract: Intelligent behavior requires adapting to changes in the environment; we must be able 

to learn new rules and flexibly switch between known rules. To understand the mechanisms 

underlying this flexibility, we trained monkeys to switch between three different rules. Each rule 

required the animal to categorize either the shape or the color of the stimulus and then respond 

by making the associated eye movement along either one of two different response axes (rule 1: 

respond to shape on axis 1, rule 2: respond to color on axis 2, rule 3: respond to color on axis 1). 

Monkeys combined both fast and slow learning: they rapidly switched to the correct response 

axis, while, within each axis, the monkeys slowly relearned the category-response mapping on 

each block. Behavioral modeling favored a class of hybrid models that included both Bayesian 

inference and incremental learning: animals used Bayesian inference to infer the current axis of 

response and incremental learning to continuously re-estimate the stimulus features associated 

with each response within the axis. These two learning processes are thought to use two systems: 

inference relies on prior knowledge of the task structure to infer which rule applies while 

incremental learning relies on feedback to learn associations. While recent evidence has shown 

that fast inference is associated with dynamics of the prefrontal cortex, slow incremental learning 

has long been associated with dopamine and the basal ganglia. A complete theory of learning 

involves an interaction between these two classes of learning modes. To assess how the neural 

representation of task parameters emerges in these two systems during learning, we used large-

scale simultaneous recordings across the fronto-parietal network, basal ganglia and inferior 

temporal cortex. Preliminary analyses revealed multidimensional encoding of task variables 

across all three areas: while stimulus features were represented in the inferior temporal cortex 

(IT), rule and reward information were represented in prefrontal (PFC) and basal ganglia, 

respectively. Our results show behavioral effects of inferential and incremental learning systems 

in a single task setting and reveal complementary contributions of fronto-parietal network and 

basal ganglia in rule learning and rule switching. 
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Abstract: On a working-memory (WM)-plus-visual-discrimination dual task experiment, 

behavioral performance suggests that conflict between WM and perception triggers two modes 

of flexible control: a reactive mechanism that suppresses perceptual information to protect the 

contents of WM (captured by two effects on the subsequent trial: feature-specific impairment of 

recall precision, and a repulsive serial bias); and a proactive mechanism that increases 

preparedness for the upcoming trial (captured by a Gratton effect; Teng et al., under revision). To 

identify the neural correlates of these two control processes, we replicated this behavioral 

procedure while concurrently recording EEG (N=25). Each trial began with the presentation of 

an oriented Gabor (“memorandum”), followed by a delay period in which a second Gabor 

(“discriminandum”) required a clockwise/counterclockwise judgment (50% congruent in 

orientation with the memorandum), followed by recall of the memorandum. We operationalized 

control using two parameters from the Flexible Control Model (FCM; Jiang et al., 2014, 2015): a 

control prediction error (control PE) parameter dependent on memorandum-discriminandum 

congruity; and a predicted conflict parameter that captures the tonic level of proactive control, 

and is adjusted in response to each trial’s control PE. Model-based analyses indicated that, 

following a string of congruent trials, when trial n’s discriminandum was incongruent with its 

memorandum, the magnitude of the resultant control PE was tracked by a phasic frontal 

positivity beginning at roughly 175ms. This triggered reactive suppression of the 

discriminandum, as evidenced by a flipping of its reconstruction with multivariate inverted 

encoding modeling (IEM). This control PE also triggered an increase in predicted conflict, which 

was tracked by an adjustment of the level of midline frontal theta power that persisted across the 

ITI and into trial n+1, leading to enhanced IEM reconstruction of trial n+1’s memorandum. One 

account of repulsive serial bias is that information from trial n is unintentionally reactivated 

during trial n+1, and exerts an influence on trial n+1’s memorandum. Our data do not support 



this, showing no evidence for reactivation of the memorandum from trial n at the beginning of 

trial n+1. Instead, we observed a reinstatement of the flipped IEM reconstruction of the 

discriminandum from trial n. This supports a control-based account, whereby a residual 

“negative template” produced by reactive suppression during trial n has spillover consequences 

for trial n+1: the feature-specific impairment of recall precision, and a repulsive serial bias. 
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Abstract: The now-classic goal gradient hypothesis posits that an organism increases effort 

expenditure as a function of proximity to a goal—for instance, a rat’s tendency to run faster 

towards a nearby reward (approach) or away from a painful stimulus (avoidance). Despite nearly 

a century having passed since its original formulation, goal gradient-like behaviour in humans 

remains poorly understood both in the approach and avoidance domains. Recently, the goal 

gradient hypothesis has found support in the domain of human cognitive control—individuals are 

willing to exert higher levels of cognitive control in service of proximal versus distal goals. 

However, thus far these results have been limited to appetitive (i.e., approach) goals and the 

computational mechanisms for the effects of goal proximity on effortful control—that is, 

whether goal proximity affects fidelity of stimulus encoding, evidence accumulation thresholds, 

or other identifiable mechanisms governing speed and accuracy—are far from clear. Here, in two 

experiments using an attentionally demanding oddball task, we rigorously examined approach 

and avoidance goal gradient sensitivity in humans, which, importantly allow us to probe the 

specific cognitive mechanisms underpinning these goal gradient effects using hierarchical drift-

diffusion modelling (HDDM). In Experiment 1 (N = 40), we find that subjects responded more 

quickly, but not less accurately, when rewards were proximal (fewer correct responses were 

needed to obtain the reward) than when they were distal. Critically, this effect was only observed 

when subjects were given information about goal proximity. In Experiment 2 (N = 40), we 

replicated this pattern of response for aversive stimuli—subjects responded more quickly, but not 

less accurately, when the threat of physical shock was proximal vs. distal. Fitting HDDMs to 

behavior, we found that this pattern of behaviour—speeded, but nevertheless accurate, 

responding as a function of stimulus proximity—was driven by increased drift rates and non-



decision times near the motivating stimulus, be it appetitive (Experiment 1: rewards) or aversive 

(Experiment 2: pain). Together, our results support and extend classical research on goal 

gradients documented in animals by empirically testing key postulates of the theory in two 

incentive domains, as well as propose a basic cognitive mechanism underlying goal gradient 

adaptations in human behaviour. 
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Abstract: Primate social behavior depends on a network of brain regions specialized for 

processing social information. One such region—the anterior cingulate cortex (ACC)—is 

broadly implicated in social cognition by virtue of its connections with the amygdala, the 

orbitofrontal cortex, and the temporal-parietal junction, among other regions. Our previous 

research has demonstrated that ACC damage blunts learning of prosocial preferences in a 

vicarious reinforcement paradigm (Basile et al., 2020). The present study further investigates the 

role of the ACC by measuring explicit choice of neutral stimuli that predict the onset of social 

stimuli in adult male rhesus monkeys (Macaca mulatta) with selective, excitotoxic lesions of the 

ACC (n = 3) and unoperated controls (n = 3). All monkeys were postoperatively trained to 

perform a computerized behavioral task that probed their preference for viewing images with 

social (conspecific faces) or nonsocial (inanimate objects) content. On each trial, the monkeys 

were required to choose via eye fixation one of two neutral antecedent stimuli that predicted the 

subsequent presentation of either a social or nonsocial image. All monkeys exhibited a slight but 

statistically significant preference for choosing the antecedent that predicted social images. ACC 

lesions did not reduce preferences for viewing social images; however, monkeys with ACC 

lesions tended to commit more errors in maintaining fixation before making a choice compared 

to unoperated controls. These findings suggest that monkeys with ACC damage experience 

greater difficulty than controls evaluating deliberate actions associated with social outcomes but 

have no difficulty assessing the inherent value of social stimuli per se. 
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Abstract: Metacognition allows us to monitor our decisions, mainly by estimating our 

confidence in them, and then use those estimates to control subsequent decision-making. 

While some studies have investigated the relationship between metacognitive monitoring 

and control, little is known about their neural relationship, including the overlapping or 

independence of the neural substrates behind both processes. To investigate that issue, we 

used a context in which high low confidence in a first perceptual decision was likely to relax 

enhance metacognitive control, resulting in less more resources being devoted to process 

subsequent evidence, with this in turn reducing increasing changes of mind for that 

decision. We then identified which brain areas represented a metric for metacognitive 

monitoring, in this case initial confidence, and how this metric influenced activation in a 

candidate area for metacognitive control. In our functional magnetic resonance imaging 

(fMRI) experiment, 34 subjects performed a perceptual decision-making task. Within a 

single trial, subjects saw two circular stimuli on the screen, indicated which stimulus was 

larger, and rated their confidence in this decision; then they saw the same stimuli again, 

and again made the size decision followed by a confidence rating in this second decision. 

Across trials, four difficulty levels (differences in size between the two circles) were 

presented. For each subject, within each difficulty level all trials were median-split 

according to confidence in the first decision (high vs low confidence). We then calculated, 

for each confidence level, the probability of subjects changing their mind (first and second 

decisions being different). Subjects were more likely to change their mind when confidence 

in the first decision was low, hinting at metacognitive monitoring influencing subsequent 

control. The fMRI analyses revealed, during the time of the first decision, higher activity in 

the medial frontopolar area when confidence for that first decision was also higher. This 

area representing confidence, and thus reflecting metacognitive monitoring, is consistent 



with previous studies (Fleming et al., 2010; 2012). Dorsal anterior cingulate cortex (dACC) 

was closely related to metacognitive control, as its activation showed the influence of the 

first decision’s confidence, with higher activity when confidence in the first decision was 

low. Moreover, dACC was more active during the second decision when that decision 

represented a change of mind. Our results suggest that the neural substrates of 

metacognitive monitoring and control are anatomically dissociable but closely interacting 

neural systems. 
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Abstract: During visually guided behavior, the prefrontal cortex plays a pivotal role in mapping 

sensory inputs onto appropriate motor plans. When the sensory input is ambiguous, this involves 

deliberation. It is not known whether the deliberation concerns the most likely interpretation of 

the stimulus, or the motor response that is most likely to be appropriate. To distinguish between 

these hypotheses, we used multi-electrode arrays to record neural population activity in the 

prearcuate gyrus (PAG) of two macaque monkeys while the animals performed perceptual 

inference in a 2-AFC discrimination task. The monkeys judged the orientation of a stimulus 

presented in the near-periphery and communicated their judgment by means of a saccadic eye 

movement towards one of two choice targets. The meaning of the response options was not 

derived from their spatial position (one was placed within the neurons’ motor response field, the 

other on the opposite side of the fixation mark), but from a visual feature (one was oriented 

clockwise, the other counterclockwise). This dissociation of the meaning of the choice targets 

from the direction of the saccade the monkey used to indicate his choice enabled us to 

distinguish the neural correlates of perceptual inference from those of action selection. 

Importantly, the choice targets were presented to the monkeys 250 ms before the onset of the 

stimulus and remained on until the end of the trial. Stimulus-focused deliberation and response-

focused deliberation were therefore both viable decision-making strategies. We then built a 



population decoder optimized to predict the monkey’s perceptual choice and corresponding 

motor action. We found that the resulting decision variable (DV) trajectories exhibited an initial 

excursion along the perceptual dimension, followed by an excursion along the motor dimension. 

This suggests that choice formation took place in an abstract perceptual space, and was then 

mapped onto a motor response. Consistent with this interpretation, we found that all task 

variables that influenced the choice behavior influenced the perceptual DV, but not the motor 

DV. Specifically, stimulus orientation, contrast, and frequency impacted the perceptual DV, but 

not the motor DV. Together, our results provide strong support for the hypothesis that neural 

activity in the prefrontal cortex can reflect the evaluation of evidence that bears on a decision in 

a task-specific abstract representation space. The subsequent representation of a motor plan 

reflects the outcome of this process, not the deliberation itself. 
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Abstract: Understanding complex human brain functions is critically informed by studying such 

functions during development. Our research addresses gaps in human memory models by 

leveraging rare direct electrophysiological recordings from children, adolescents, and young 

adults. Here, we investigated medial temporal lobe (MTL) mechanisms in 13 female and 15 male 

neurosurgical patients aged 6-30 years as they performed an established scene memory task. 

MTL is crucial for memory and is posited to support memory in children, but the 

neurophysiological mechanisms are largely unknown. To address this unknown, we analyzed 

data from the study phase, during which patients viewed scenes (3 s each) and indicated whether 

each was indoor/outdoor, as a function of subsequent recognition performance (i.e., subsequent 



memory effects in hit vs. miss trials). Previous studies in adults suggest a regional division of 

labor, such that cortical regions involved in information encoding exhibit negative low-frequency 

power effects (hit < miss) and the hippocampus and other regions involved in binding 

information into episodes exhibit positive effects (hit > miss). However, different brain regions 

mature at different rates, suggesting that this division of labor may manifest across a protracted 

maturational trajectory, even within MTL. First, we present published data from subdural 

recordings of parahippocampal and rhinal cortices (80 electrodes; Johnson et al., 2022, Current 

Biology), which reveal: 1) distinct slow and fast theta oscillations that separate in frequency 

across development and 2) negative theta power effects around the indoor/outdoor response, 

consistent with information encoding. Second, we present new data from stereotactic recordings 

of the hippocampus (28 electrodes) in a non-overlapping subsample. Analyses suggest: 1) age-

invariant slow theta oscillations and two slow theta signatures of memory formation, 2) one 

replicating the negative power effect observed in parahippocampal and rhinal cortices and, the 

other, 3) a distinct set of positive power and phase resetting effects beginning before scene onset. 

In addition, we demonstrate: 4) positive effects in the coupling of local population activity 

(indexed by high-frequency broadband amplitude) to slow theta phase between scene onset and 

the indoor/outdoor response, consistent with information binding. Our findings reveal 

spatiotemporally precise signatures of memory formation in MTL subregions and suggest that 

hippocampal slow theta mechanisms are mature in children. 
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Abstract: Beta range oscillations (20-30 Hz) are proposed to mediate positive feedback 

signaling in the human brain. This proposal is based on increased scalp EEG beta power 

following the correct trials in a variety of behavioral paradigms. We analyzed the anatomical and 

mechanistic underpinnings of beta feedback signaling during rapid rule acquisition and 

switching. We recorded intracranial EEG in subjects undergoing pre-surgical evaluation for 

treatment of pharmacologically resistant epilepsy, during performance on Wisconsin Card 

Sorting Task (WCST; 16 subjects, 32 sessions, 977 electrodes in frontal and temporal lobes). 

WCST requires the subjects to find the correct rule out of 12 possible rules, across 3 different 

dimensions (any of the 4 colors, shapes or textures), with unpredictable rule switching. Rule 

search is guided by the ‘correct’ or ‘incorrect’ feedback message displayed on the screen during 

feedback period, immediately following the choice. Feedback tuning of local neuronal 

populations was measured using the high frequency activity (HFA; 70-200 Hz) as a proxy for 

local cortical activity. Increased beta power and beta-HFA phase-amplitude coupling (PAC) on 

individual electrodes predicted feedback tuning (p<0.05; linear mixed effect model, 100 

permutations). This pattern of results supports beta activity in organizing the feedback 

representation at the neuronal level. Next, we identified the incidence of beta bursts - brief 

periods of beta oscillatory activity (<150 ms) - during feedback period, selectively on feedback-

tuned electrodes. During the periods of increased beta bursts, gamma burst incidence was 

decreased, similar to antagonistic beta-gamma bursts dynamics observed during working 

memory maintenance periods in non-human primates. This finding extends the importance of 

beta/gamma burst dynamics beyond the working memory domain, highlighting their role in 

feedback information processing, critical for adaptive behavior. 
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Abstract: Recent research in artificial intelligence showed that learning to predict the full 

distribution of potential rewards, rather than a central estimate of that distribution, leads to better 

performance, especially on risky tasks. Correlates of distributional reinforcement learning 

(distRL) have since been discovered in dopamine neurons in the rodent ventral tegmental area. In 

this nanosymposium presentation, I will discuss recent work from direct brain recordings in 

neurosurgical patients undergoing monitoring for treatment of medically refractory epilepsy who 

performed a risky decision-making task called the Balloon Analog Risk Task (BART). Results 

from two studies will be presented: In the first study, we examined neuronal population 

recordings (157 neurons) from microelectrodes implanted in the anterior cingulate, orbitofrontal 

and temporal cortices (15 participants), finding that human prefrontal and mesial temporal 

neurons exhibited signatures of distRL: diverse optimism in reward coding, diverse asymmetric 

scaling of reward prediction error, and correlation between optimism and asymmetric scaling. In 

the second study, we examined broadband high-frequency local field potentials (an established 

correlate of population neuronal firing) while 37 participants made risky choices during BART. 

We found differences in which brain areas (3199 stereoelectroencephalography or 

electrocorticography contacts sampling frontal, temporal, and parietal lobes) encoded value 

estimates and reward prediction errors between participants who were more or less risk averse in 

their choices during BART. These areas included the left dorsolateral prefrontal, anterior 

cingulate, and orbitofrontal cortices. The results from these studies shed light on the neural 

underpinnings of human value learning in uncertain environments. 
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Abstract: Emotional events comprise our strongest and most valuable memories, yet it is 

unknown how the brain prioritizes emotional information for storage. Here, we examined the 

neural basis of this prioritization using direct brain recording, deep brain stimulation, and 

psychometric assessment in a large cohort of human subjects with electrodes temporarily 

implanted in the brain for epileptic seizure monitoring. These subjects performed an episodic 

memory task in which they showed improved performance for emotional stimuli (n=365). 

During the task, high-frequency activity (HFA), a correlate of neuronal spiking activity, 

increased in both the hippocampus and amygdala when subjects (n=138) successfully encoded 

emotional stimuli. Applying inhibitory electrical stimulation to the hippocampus decreased HFA 

and specifically reversed the enhancement of memory for emotional stimuli, indicating that 

neuronal activity in this region has a direct role in prioritizing emotional memories. Finally, we 

found altered patterns of HFA in depressed individuals which correlated with a bias for negative 

memories in these subjects (n=51). Going forward, targeted modulation that upregulates 

neuronal excitation in the amygdalohippocampal circuit may have a causal and translational role 

in modulating emotional memory. 
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Abstract: The vast majority of what we know about human brain dynamics is on the scale of 

milliseconds to seconds while subjects perform artificial, well-controlled tasks, typically inside 

an imaging machine. Many important neurocognitive processes take place over minutes to days 

in chaotic, ever-changing ``real'' environments. While some studies look at neural states over 



minutes, they still do so in an artificial environment while at rest or presented stimuli. As a 

result, it remains mostly unknown what rules and patterns govern how the brain physiologically 

changes over hours to days in ecologically realistic situations. In this project, we analyzed neural 

recordings collected from neurosurgically embedded devices in twenty humans for roughly a 

week-long period each (between 75-283 hours). During this week, subjects naturally interacted 

with friends and family, staff, watched TV, slept, etc. The functional networks that emerged 

possessed simple, conserved rules that governed their individual temporal dynamics as well as 

their synchrony/anti-synchrony with one another. These features were linked to physiological 

phenomenon such as circadian rhythm and arousal. Global brain network dynamics assessed as 

mixtures of individual networks were complex and would show patterns of punctuated 

equilibrium: periods where networks would remain in stable states that were interrupted by 

volatile state transitions that were unique, difficult to predict, and showed patterns associated 

with chaotic systems. We then show that these dynamic transitions are distributed in a way that 

is consistent with self-organized critical systems, a concept that has been used to explain how 

systems that possess simple, local interaction rules can generate emergent complex behavior 

such as earthquakes, solar flares, financial market fluctuations, and biological cascades. 

Together, these results show that complex and flexible intra-network dynamics are an emergent 

property arising from mixtures of simple and stable internetwork dynamics that result in 

punctuated equilibrium. 
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Abstract: The ability to construct temporal associations among sequential events is essential to 

episodic memory. Theta phase precession, in which hippocampal place cells represent sequences 

of positions by firing at progressively earlier phases of theta rhythms, is thought to be a critical 

mechanism for binding and representing sequential events for learning and memory. However, 

whether theta phase precession occurs during the continuous experience in humans and how 

theta phase precession influences subsequent memory performance remain unclear. To address 

these questions, we investigated theta phase precession in humans during video clip watching to 

mimic the memory formation of realistic ongoing experience. We recorded single neuron activity 

(985 neurons) and local field potentials (LFPs) from 20 drug-resistant epilepsy patients during 

their stays at the hospital under seizure monitoring. Subjects first watched 90 silent video clips 

embedded with different types of cognitive boundaries - episodic transitions between 

contextually related/unrelated events. Their memory for each clip was later evaluated using 

scene recognition and time discrimination tasks. During scene recognition, participants were 

instructed to decide whether an extract frame from an encoded or novel clip is old (have seen) or 

new (have not seen). During time discrimination, participants were asked to determine which of 

the two frames occurs first in the watched clip. We found that in contrast to the rhythmic and 

continuous theta oscillations observed in rodents, theta rhythms in the human LFPs were 

transient and non-sinusoidal. Theta rhythms tend to occur within the 1-second time window after 

cognitive boundaries (i.e., boundary window), with higher frequencies and higher rise-decay 

asymmetry than other theta rhythms detected outside the boundary windows. Theta phase 

precession was evident at cognitive boundaries, with significant circular-linear correlations 

between spiking phases and time and progressive advancement of spiking phases across 

consecutive theta cycles. Further, cells demonstrating such phase precession largely overlapped 

with previously reported boundary-responsive cells, whose firing rates increased at cognitive 

boundaries (Zheng et al., Nature Neuroscience, 2022). The magnitude of phase precession (i.e., 

circular-linear correlation coefficients) at cognitive boundaries during clip watching reflects 

subjects’ subsequent recognition and order memory outcomes. In sum, our findings demonstrate 

that theta phase precession is not merely circumscribed to spatial navigation tasks but also 

underlies the processing of episodic sequential information. 
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Abstract: Remembering personal events from our past (autobiographical memories, AM) 

requires the dynamic coordination of activity across a network of brain regions including not 

only the hippocampus (HPC) and its cortical counterparts, but also subcortical structures such as 

the anterior thalamus (ANT). Paucity of direct recordings from subcortical structures in the 

human brain have limited our understanding of the importance of these structures in higher 

cognitive functions such as the retrieval of past personal experiences. Here, we simultaneously 

recorded from the ANT along with the HPC and orbitofrontal cortex (OFC) and posteromedial 

cortex (PMC), two cortical regions known from imaging and lesion studies to be involved in AM 

processing, while participants engaged in experimental tasks of AM processing. Our findings 

revealed a distinct signature of functional relationship between the human ANT and its 

hippocampal and cortical counterparts during AM retrieval. Notably, we documented increased 

neuronal population activity in the ANT (i.e., increase in gamma (30-50Hz) power) during the 

retrieval stage of AM processing at a time when sites in the HPC, OFC, and PMC showed 

increased higher frequency (HF: 70-170Hz) activity. Moreover, the ANT gamma power was 

highly correlated with the simultaneous power of HF activity in the OFC and PMC while the 

ANT and HPC sites exhibited an increased phase coherence at low frequency (LF; 1-6Hz) at the 

individual brain level when subjects were actively retrieving AM events. Furthermore, using 

repeated single-pulse causal electrical perturbation of sites of interest revealed a directional 

connectivity across the four regions of interest. Specifically, the strength of causal effective 

connectivity measured between a pair of distinct neuronal populations across the ANT and HPC 

or ANT and OFC correlated with the degree of their co-activation during AM retrieval. Our 

findings provide basic information about the profile of electrophysiological activity across the 

human ANT, HPC, OFC, and PMC during AM retrieval which can inform future mechanistic 

models and theories of how neuronal populations across these regions interact to support the 

remembering of past events. 
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Abstract: Cholinergic synapses are essential for memory. While Alzheimer's disease and other 

age-related dementia entail loss of cholinergic pathways, injection of cholinergic drugs can 

directly modulate memory formation and its neural correlates. In rodents, injection of the 

anticholinergic drug scopolamine impairs memory and disrupts hippocampal slow theta 

oscillations. However, the neurophysiological mechanisms behind the effects of cholinergic 

modulation on human memory remain elusive. Here, using rare intracranial brain recordings, we 

describe the effects of scopolamine in the human medial temporal lobe (MTL) during a verbal 

memory task. We found that the episodic memory impairment induced by scopolamine was 

associated with decreased slow theta power during encoding as compared to placebo. 

Scopolamine also disrupted the phase reset of theta oscillations, and the magnitude of that 

disruption correlated with the degree of induced memory impairment. Lastly, we found that 

scopolamine significantly decreased oscillatory synchrony within the MTL. Our findings show 

that the cholinergic system significantly modulates theta power and phase dynamics in the MTL, 

providing strong evidence that the oscillatory synchronization of neuronal assemblies is 

functionally relevant for memory formation and associated disorders. 

Disclosures:  T. Gedankien: None. R. Tan: None. S.E. Qasim: None. J. Jacobs: None. B.C. 

Lega: None. 

Nanosymposium 

517. Human Intracranial Recording: Memory, Cognition, and Emotion 

Location: SDCC 33 

Time: Tuesday, November 15, 2022, 1:00 PM - 4:30 PM 

Presentation Number: 517.09 

Topic: H.08. Learning and Memory 

Support: UH3 NS103549 

K01 MH116364 

R21 NS104953 

UH3 NS100549 



R01 MH114854 

McNair Foundation 

Title: Decoding depression severity from human intracranial recordings 

Authors: *J. XIAO1, N. R. PROVENZA1, J. ASFOURI2, J. MYERS1, R. MATHURA1, B. A. 

METZGER1, J. ADKINSON1, A. ALLAWALA3, V. PIRTLE1, D. OSWALT1, B. SHOFTY1, M. 

ROBINSON1, S. J. MATHEW1, W. K. GOODMAN1, N. POURATIAN4, P. R. SCHRATER5, 

A. PATEL1, A. S. TOLIAS1, K. R. BIJANKI1, X. S. PITKOW1, S. A. SHETH1;  
1Baylor Col. of Med., Houston, TX; 2Rice Univ., Houston, TX; 3Brown Univ., Providence, RI; 
4UT Southwestern Med. Ctr., Dallas, TX; 5Univ. Minnesota, Minneapolis, MN 

Abstract: The high degree of heterogeneity in depression symptom type and severity has made 

finding reliable biomarkers a challenging problem. In this study, we conducted intracranial 

neural recordings in three patients with severe depression to investigate the neural substrates of 

this disorder. Stereo-EEG electrodes were placed in brain regions involved in mood regulation 

and cognition such as anterior cingulate cortex (ACC) and orbitofrontal cortex (OFC). 

Throughout each patient's nine-day stay in the inpatient monitoring unit after implant, we 

continuously recorded neural activity while frequently assessing depression severity. Across 

prefrontal channels, we found that reduced depression severity is associated with decreased low-

frequency and increased high-frequency neural activity. The strength of the correlations 

suggested that depression severity may be reliably predicted from spectral features. Even with 

unusually frequent sampling using a novel adaptive testing tool, depression measurements were 

sparse relative to the high dimensionality of neural features. We therefore began by greatly 

reducing the dimensionality of the neural data. Using a model incorporating automatic region 

selection and regularized regression, we were able to select a subset of the most informative 

recording channels. After the model was fitted and selected using the training data, we used it to 

predict depression severity score in a held-out test set. Our models achieved reliable predictions 

using both leave-one-out and 5-fold cross-validation. There was a strong and significant 

correlation between predicted and measured symptom scores (p <10-4 for all participants). Our 

model selected ACC across most folds of the cross-validation process in all participants, 

indicating that ACC was the most informative region in predicting depression severity. Relaxing 

the single-region constraint revealed network involvement beyond ACC. We found that unique, 

individual-specific sets of spatio-spectral features were predictive of symptom severity, 

reflecting the heterogeneous nature of depression. The ability to decode depression severity from 

neural activity increases our fundamental understanding of the neurophysiological basis of 

depression and provides a target neural signature for personalized neuromodulation therapies. 

Disclosures:  J. Xiao: None. N.R. Provenza: None. J. Asfouri: None. J. Myers: None. R. 

Mathura: None. B.A. Metzger: None. J. Adkinson: None. A. Allawala: None. V. Pirtle: 

None. D. Oswalt: None. B. Shofty: None. M. Robinson: None. S.J. Mathew: None. W.K. 

Goodman: None. N. Pouratian: None. P.R. Schrater: None. A. Patel: None. A.S. Tolias: 

None. K.R. Bijanki: None. X.S. Pitkow: None. S.A. Sheth: None. 

Nanosymposium 

517. Human Intracranial Recording: Memory, Cognition, and Emotion 



Location: SDCC 33 

Time: Tuesday, November 15, 2022, 1:00 PM - 4:30 PM 

Presentation Number: 517.10 

Topic: H.08. Learning and Memory 

Support: SAF2011-27766 

SAF2015-65982-R 

FP7-PEOPLE-2011-CIG 304248 

PEJD-2017-POST/BMD-4763 

ERC-2018-COG 819814 

Title: Amygdala and hippocampus interactions determining emotional memory formation and 

retrieval 

Authors: *M. COSTA1, D. LOZANO SOLDEVILLA1, A. GIL NAGEL2, R. TOLEDANO2, C. 

R. OEHRN3, L. KUNZ4, M. YEBRA5, C. MENDEZ-BERTOLO6, L. STIEGLITZ7, J. 

SARNTHEIN8, N. AXMACHER9, S. MORATTI10, B. A. STRANGE1;  
1Lab. for Clin. Neurosci., Madrid, Spain; 2Dept. of Neurology, Hosp. Ruber Internacional, 

Epilepsy Unit, Madrid, Spain; 3Carina Oehrn, Dept. of Neurol., Marburg, Germany; 4Dept. of 

Biomed. Engin., Columbia University, NY; 5Cedars-Sinai Med. Ctr., Dept. of Neurosurg., Los 

Angeles, CA; 6Dept. of Psychology, Univ. of Cadiz, Cadiz, Spain; 7Dept. of Neurosurgery, Univ. 

Hosp. and Univ. of Zurich,, Zurich, Switzerland; 8Dept. of Neurosurgery, Univ. Hosp. and Univ. 

of Zurich, Zurich, Switzerland; 9Dept. of Neuropsychology, Inst. of Cognitive Neuroscience, 

Fac. of Psychology, Bochum, Germany; 10Univ. Complutense Madrid, Univ. Complutense 

Madrid, Pozuelo De Alarcón (madrid), Spain 

Abstract: Although important for survival, memory for aversive events can become maladaptive 

in psychiatric disorders. Communication between the amygdala and the hippocampus has been 

proposed to support emotional, relative to neutral, memory but it is still unknown how these two 

structures interact during successful encoding and retrieval of unpleasant information. We used 

simultaneous intracranial recordings from both structures in human patients, while they encoded 

and later retrieved (after 24 h) unpleasant and neutral scenes from the IAPS database. 

At encoding, high gamma activity in the amygdala was enhanced at 310ms after stimulus 

presentation with a greater amplitude for aversive scenes that were later remembered. 

Subsequently, theta oscillations in the amygdala unidirectionally influenced hippocampus theta 

responses to aversive stimuli, but not neutral. At around 500ms gamma power increased in the 

hippocampus for stimuli that were later recalled irrespective of their valence. Critically, we 

found successful emotional memory encoding depends on the precise amygdala theta phase to 

which hippocampal broadband gamma activity and neuronal firing couple. We observed a 

consistent phase difference between successful and unsuccessful encoding of aversive scenes of 

~1.67 radians, corresponding to approximately 30-45ms. Crucially, this time difference also led 

to a transient lagged coherence between gamma activity in the two structures that predicts 

subsequent memory for aversive stimuli.At retrieval, amygdala gamma activity was higher for 

aversive scenes compared to neutral ones and at around 400ms gamma responses increased for 

aversive scenes that were correctly remembered. By contrast, hippocampus gamma activity was 



boosted for all correctly remembered compared to correctly rejected scenes. Correctly rejected 

scenes further enhanced theta activity starting from around 900ms. We further tested whether 

amygdala and hippocampus discriminate between old and new scenes and found that this effect 

was significant only in the hippocampus with higher gamma activity for old scenes compared to 

new ones. Overall, results at encoding reveal a mechanism whereby amygdala theta phase 

coordinates transient coherence between amygdala and hippocampal gamma activity to facilitate 

the encoding of aversive memories in humans. Results at retrieval suggest that this process may 

rather rely on hippocampus-centered circuits pointing to a different neuronal dynamic between 

the two structures. 
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Abstract: Anxiety disorders are associated with excessive perception of threat. However, our 

understanding of pathophysiological mechanisms underlying this phenomenon is limited. 

Identification of neural networks involved can provide unique mechanistic insights and facilitate 

the development of circuitry therapeutics for anxiety and anxiety-related disorders. Amygdala-

cingulate-insula (salience network) hyperreactivity to aversive events is observed in 

neuroimaging studies of anxiety disorders, in particular, habituation of amygdala has been 

observed as a correlate of PTSD severity. Understanding how spatiotemporal interactions in the 

salience network function to sustain threat perception is thus an important question. Here, we use 

intracranial electroencephalography (icEEG) to localize and observe salience network dynamics 

during threat processing. To do so, we utilized a recently developed anxiogenic spatial avoidance 

task to elicit threat processing at multiple timescales. We enrolled 18 subjects undergoing 



intracranial icEEG for seizure onset localization performed a task involving spatial navigation to 

avoid a threat. We recorded 11 discrete regions, including the salience network (cingulate cortex, 

insula, and amygdala) and other regions, which comprised orbitofrontal, dorsolateral prefrontal 

cortex (PFC), dorsomedial PFC, ventromedial PFC, hippocampus, and entorhinal cortex. We 

observed widespread activation, i.e., increase in event-related potential (ERP) of limbic 

structures during the task, but salience network preferentially responded to aversive outcomes. 

However, the salience network exhibited ERP habituation to aversive outcomes over the course 

of task. This habituation to aversive outcomes over time correlated with increasing gamma 

power in the salience network. Our results suggest that accumulation of aversive outcomes is 

associated with habituation of the acute evoked response but an increase in gamma oscillations. 

Understanding the precise spatiotemporal patterns of the salience networks during the threat 

processing may identify critical nodes for anxiety-related circuit modulation. 
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Abstract: The experience of emotion shapes our memories of the past, decisions during the 

present, and predictions of the future based on our significant past experiences. Recent work has 

examined the effects of direct electrical stimulation to the human amygdala on the autonomic 

nervous system, emotional experience, and long-term declarative memory. In this presentation, 

we describe a study examining the safety, physiological, and subjective effects of human 

amygdala stimulation. We found that amygdala stimulation in epilepsy patients undergoing 

monitoring of seizures via intracranial depth electrodes elicited immediate and substantial dose-

dependent increases in electrodermal activity and decelerations of heart rate, most often without 

eliciting any subjective emotional response. We also show that high amplitude, direct amygdala 



stimulation can provoke a reliable change in the subjective experience of emotion, although this 

modulation of subjective experience is rare and may be related to stimulation location near 

amygdalar projections to the hypothalamus via the central nucleus. In a subsequent study, we 

describe work showing that brief, low-amplitude, direct electrical stimulation of the human 

amygdala enhances long-term declarative memory without eliciting an emotional response. We 

describe the variety of stimulation parameters we’ve explored to test for further memory 

enhancement effects including stimulation amplitude, duration, and timing relative to an image 

event. We also show that neuronal oscillations in the amygdala, hippocampus, and perirhinal 

cortex during encoding and a next-day memory test indicated that a neural correlate of the 

memory enhancement was increased theta and gamma oscillatory interactions between these 

regions. This finding is consistent with the idea that the amygdala prioritizes consolidation by 

engaging other memory-related regions like the hippocampus. Taken together, these results show 

that emotion-related circuitry in the human brain can provoke autonomic and subjective changes 

in emotion and initiate endogenous memory prioritization processes in the absence of emotional 

input, addressing a fundamental question and opening a path to future therapies. 
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Abstract: When performing tasks in our everyday lives, we must retain our overarching goal 

while simultaneously performing the concrete steps necessary to achieve that goal. This 

behavior, referred to as task abstraction, allows us to control our behavior across time and 

flexibly respond to different contexts. These behaviors are linked to the lateral prefrontal cortex 

(PFC), with anterior regions active during abstract goal processing and posterior regions active 

during concrete processing and motor responses, generating a rostro-caudal hierarchy. However, 



the exact specification of this hierarchy is disputed, with theories placing either anterior PFC or 

dorsolateral PFC (DLPFC) at the top of the hierarchy. Additionally, different specifications 

ascribe different functions to the top of the hierarchy, alternately emphasizing the role of 

processing and maintaining abstract information, sending information to downstream prefrontal 

regions, or specifying the relevant context to maintain. 

To clarify the role of the PFC in hierarchical processing, we collected stereotactic 

electroencephalography data from patients (n=10) with refractory epilepsy performing a task 

abstraction paradigm. Patients were asked to selectively respond to different features of a 

concrete rule cue, with the attended feature governing behavior determined by a prior abstract 

rule cue. We recorded from electrodes across the rostral and caudal PFC and examined each 

hypothesis of hierarchical processing across prefrontal areas. We used high gamma power (60-

200Hz) to assess which regions respond preferentially to the abstract or concrete cue, non-

parametric Granger causality to determine causal influences between PFC areas, and changes in 

power between abstract and concrete rules to test which regions perform task-relevant 

computations. 

Preliminary data indicate anterior PFC electrodes show an evoked response in high gamma 

power during the abstract cue, while DLPFC electrodes show a later evolving response. 

However, anterior PFC electrodes show a similarly robust response to the concrete cue, 

suggesting anterior PFC does not solely respond to abstract processes. Additionally, anterior PFC 

modulates DLPFC activity from 4-10 Hz throughout the task more than the reverse. However, 

connectivity changes are not strictly rostro-caudal, as some areas caudal to DLPFC influence 

DLPFC more than the reverse. Finally, abstract rule selectivity in high gamma power is earlier 

and more robust in anterior PFC compared to DLPFC. 

While our data provide more support for anterior PFC as the top of the hierarchy during task 

abstraction than DLPFC, we also reveal key differences from previous hierarchies. 
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Abstract:  Introduction The anterior cingulate cortex (ACC) and the underlying cingulum 

bundle have been ascribed putative roles in a wide variety of emotional and cognitive functions, 

including modulation of affective responses, error detection and conflict monitoring, attention to 

physical and psychic pain, and the motivation to persevere. The cingulum bundle is being 

evaluated as a possible neuromodulation target for the treatment of anxiety, pain, and mood 

disorders. 

Methods Patients underwent stereotactic depth electrode implantation for epileptic seizure focus 

localization. Clinical post-implantation T1-weighted MRI scans were examined for electrode 

localization relative to the anatomical structure of interest; the cingulum bundle. Stimulation 

testing occurred extra-operatively in the epilepsy monitoring unit. Stimulation did not cause 

after-discharges or epileptiform activity. Effects of stimulation were evaluated across 37 contact 

pairs in 17 patients. Subjective effects were tracked using structured visual analog scale ratings 

of instantaneous happiness, relaxation, and contemporaneous pain. Objective effects were 

quantified in terms of local field potentials and shifts in affective bias, a cognitive proxy for 

emotional state.   

Results Stimulation was accompanied by robust positive shifts in emotional bias (p=0.023), and 

electrophysiology showed significant stimulation-evoked reductions in endogenous 6-11hz 

power and coherence following active stimulation (ps < 0.0001) in the index patient. Across the 

study group, stimulation evoked a statistically significant positive shift in emotional biasing 

(t(7)=2.7296, p=0.0294), laughter, smiling, patient-reported happiness, relaxation, and/or 

analgesia in the majority of cases. Systematic examination of neuroimaging and behavioral 

responses across our 17-patient sample revealed spatial clustering of the behavioral components 

of response. Stimulation orientation (parallel > orthogonal to the cingulum bundle) predicts 

increased self-reported happiness (t=2.87, p=.00742), and increased self-reported relaxation 

(t=3.536, p=0.00144). Stimulation orientation does not significantly predict self-reported 

reduction of pain (t=1.632, p=0.115). These findings suggest bipolar stimulation parallel to the 

cingulum bundle is most likely to evoke desirable responses. 

Conclusions The current findings suggest the cingulum bundle as a target for mood and anxiety 

disorders, as well as chronic pain syndromes, and provides unique insights into the mechanism of 

DBS-induced effects in organized singular fiber bundles. 
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Abstract: It is challenging to test the significance of new hypotheses in systems and network 

neuroscience. One promising approach to such tests involves building statistical models that 

constrain a relatively small number of neurobiological features and that have high explanatory 

power. An important set of such features concern the notion of hierarchical modularity, i.e., the 

nested subdivision of brain networks into systems, sub-systems, and regions. Here, we used this 

set of features to build models that incorporate empirically estimated hierarchically modular 

information from functional MRI data. We defined five hierarchical levels and sampled data in a 

way that preserved two types of constraints in each level. First, we preserved the module-average 

time series at every level. Second, we preserved covariances between pairs of modules nested 

within larger modules. In this second case, we either preserved within-module covariances 

(“within-module” model), or within- and between-module covariances at each level (“full” 

model). We tested these models using functional MRI data acquired from 90 subjects during 

movie watching and at rest (data made available by the Human Connectome Project). We found 

that our models accurately explained several aspects of empirical data, including specific 

features such as average regional correlations. Collectively, our framework generates strong null 

models of brain organization and is considerably faster than simple randomization approaches. In 

this way, our methods ultimately have the potential to advance rigorous explanatory modeling of 

large neuroimaging and neurophysiological datasets. 
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Abstract: Background: Electroencephalography (EEG)/Magnetoencephalography (MEG) source 

imaging aims to seek an estimation of underlying activated brain sources to explain the observed 

EEG/MEG recording. Due to the ill-posed nature of inverse problem, solving EEG/MEG Source 

Imaging (ESI) requires design of regularization or prior terms to guarantee a unique solution. 

Method: Most of the recently developed algorithms requires an iterative procedure to reach the 

final solution, which can be time consuming. Inspired by the recent advancement of unrolled 

optimization in solving the inverse problem, we attempt to use the model based deep learning 

framework, termed as unrolled optimization neural network (UONN) to solve the ESI problem to 

improve the accuracy and efficiency solving ESI problem. The advantage of using the unrolled 

optimization framework is to learn a data-driven regularization instead of using hand-crafted one 

such as total variation, and also replace the iterative procedure with neural network modules, 

thus improving the online reconstruction efficiency significantly. It can also learn the 

hyperparameter automatically in a data-driven manner. The proposed new learning framework is 

the first one that use the unrolled optimization neural network to solve the ESI problem. The 

proposed network architecture is illustrated in Fig. 1. 

Fig 1: Illustration of proposed network architecture. 

Result: We validated our proposed framework on both synthetic EEG data under different signal 

to noise ratio (SNR) as well as clinical epilepsy EEG data. We tested the performance of the 

proposed framework against other benchmark algorithms such as sLORETA, MNE, dSPM etc. 

We used Localization Error (LE) and Area Under Curve (AUC) to evaluate the performance. 

Our proposed model can achieve above 0.95 AUC and much less LE than the benchmark 

algorithms, under different SNR conditions and different size of source extent. For clinical 

epilepsy data, we used the high frequency oscillations to localize the seizure onset region and 

achieved good concordance with the gold standard. 
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Abstract: Understanding the connection between the brain's structural connectivity and its 

functional connectivity is of immense interest in computational neuroscience. Although some 

studies have suggested that whole brain functional connectivity is shaped by the underlying 

structure, the rule by which anatomy constrains brain dynamics remains an open question. In this 

work, we introduce a computational framework that identifies a joint subspace of eigenmodes for 

both functional and structural connectomes. We found that a small number of those eigenmodes 

are sufficient to reconstruct functional connectivity from the structural connectome, thus serving 

as low-dimensional basis function set. We then develop an algorithm that can estimate the 

functional eigenspectrum in this joint space from the structural eigenspectrum. By concurrently 

estimating the joint eigenmodes and the functional eigenspectrum, we can reconstruct a given 

subject's functional connectivity from their structural connectome. We perform elaborate 

experiments and demonstrate that the proposed algorithm for estimating function connectivity 

from the structural connectome using joint space eigenmodes is superior to all other existing 

benchmark methods. 
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Abstract: Oscillations in brain activity are critical for information processing, and changes in 

brain-wide oscillatory coupling networks underlie many cognitive processes. Classical methods 

for estimating rhythmic functional networks such as pairwise coherence analysis and more recent 

methods such as global coherence are limited in their statistical efficiency and temporal 

resolution for dynamical functional networks. Our proposed solution to this challenge exploits 

the assumption that specific cognitive states and behavioral tasks are mediated by a small 

number of network modes whose expression changes dynamically. In this work, we introduce a 

state space modeling framework that uses the full data to estimate a set of discrete functional 

network modes and uses local data over short time scales to estimate which network modes are 

being expressed at each moment. We construct the model with two sets of latent states, one set of 

switching states that represents transitions between different network modes and one set of latent 

oscillators where each oscillator is characterized by an estimated mean oscillation frequency and 

an instantaneous phase at each time point. An observation model is constructed to relate the 

observed activity at each electrode to a linear combination of the latent oscillators, whose 

dynamics are determined by the switching state variable. A switching Kalman filter and 

smoother are used to estimate the instantaneous phase of each oscillator and the probability of 

each switching state at each moment. The estimated switching state characterizes which of the 

network modes is being expressed at each time point. We demonstrate the application of this 

model in an analysis of EEG data from a subject undergoing propofol-induced general 

anesthesia. During loss of consciousness, we observe the appearance of a frontal alpha 

oscillation (8-12 Hz) network and the loss of an occipital alpha oscillation network, consistent 

with previous literature (Purdon et al., 2013). The model can also capture anesthesia-induced 

slow oscillations at frequencies below 1 Hz. These results show that we are able to capture 

network structures across multiple rhythms and transitions between these rhythmic modes across 

the brain.   

Disclosures:  W. Hsin: None. U. Eden: None. E. Stephen: None. 

Nanosymposium 

518. Networks: Functional Connectivity and Computation 

Location: SDCC 25 

Time: Tuesday, November 15, 2022, 1:00 PM - 2:45 PM 



Presentation Number: 518.05 

Topic: I.06. Computation, Modeling, and Simulation 

Support: Gatsby Charitable Foundation 

Simons Foundation (SCGB 543039) 

Title: Formation dynamics of hippocampal place cells is explained by distributed distributional 

codes of uncertainty 

Authors: *M. SALMASI, M. SAHANI;  

Gatsby Computat. Neurosci. Unit, Univ. Col. London, London, United Kingdom 

Abstract: Animals navigate in an environment by combining sensory and path integration 

signals. The incomplete sensory information and noisy path integration lead to positional 

uncertainty. A series of experiments suggests that the size of hippocampal place fields is 

correlated with the level of navigational uncertainty and increases by lowering the contrast of 

visual cues, in darkness, by increasing the size of the arena and the distance to the walls, in 

virtual reality and novel environments, and by decreasing the richness of tactile or odor cues. 

These findings suggest that hippocampal place cells may encode positional uncertainty. 

However, it remains unclear how the brain represents positional beliefs and how the 

hippocampus employs these representations to perform probabilistic localisation and planning. 

We hypothesize that distributional beliefs about location are encoded in the hippocampus by 

distributed distributional codes (DDC), where the probabilities are represented by the expected 

values of a set of encoding functions. To perform probabilistic localization and planning, we 

introduce two classes of DDC neurons. The “filtering DDC” neurons represent the posterior over 

the current location, and “predictive DDC” neurons encode the posterior over the next location. 

We show that hippocampus can conduct probabilistic localisation through recursively updating 

the DDC values—the animal can accurately estimate its location and its distributional belief 

about the location. We also demonstrate that hippocampus can learn the structure of the 

environment and perform planning via DDC values. 

Recent experimental findings suggest distinct formation dynamics in CA1 and CA3 regions of 

the hippocampus: in a new environment, the place fields of CA1 neurons form faster than CA3 

neurons (Dong et al., Nature Communications 2021). Interestingly, filtering DDC neurons also 

show rapid spatial tuning in a new environment, while formation of place fields in predictive 

DDC neurons is gradual; fields emerge only after learning the structure of the environment. 

To test whether this correspondence is accidental or not, we studied the other distinct 

characteristics of CA1 and CA3 cells. The skewness and size of place fields in CA1 is less than 

CA3 neurons (Lee, Rao, and Knierim, Neuron 2004). Our analysis reveals that the tuning 

functions of both filtering and predictive DDC neurons are skewed backwards after enough 

exploration, with larger skewness and field size in predictive DDC neurons. These experimental 

findings suggest that CA1 and CA3 neurons may respectively correspond to filtering and 

predictive DDC neurons. 
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Abstract: Artificial intelligence (AI) has achieved supra (-human) level performance in certain 

AI settings, typically dependent on a prohibitive amount of computational power and training 

samples. In contrast, natural intelligences (NIs) thrive in a dynamic world - they learn quickly, 

sometimes with only a few samples. How can we leverage attributes of NIs to inspire better AI - 

one that is more computationally efficient and statistically efficient? At the same time, how can 

we use AI frameworks to improve our understanding of NIs? Here, we propose a research 

avenue based on a simple observation from NIs: brains have excitatory and inhibitory neurons, 

and post-development they seldom switch their polarities. Why do networks have negative 

weights at all? The answer is: to learn more functions. We mathematically prove that deep neural 

networks with all non-negative weights are not universal approximators. Why do brains have 

fixed neuron polarity? The answer is: to learn more quickly. We mathematically prove that if 

weight polarities are adequately set a priori then networks learn more quickly. We substantiate 

these results via empirical simulations, further illustrating that if weight polarities are adequately 

set a priori then networks learn with less time, space, power, and data. We also explicitly 

illustrate situations in which a priori setting the weight polarities is disadvantageous for 

networks. Our work illustrates the value of negative weights, from the perspective of statistical 

and computational efficiency, for both NI and AI. 
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Abstract: Contemporary neuroscience has witnessed an impressive expansion in the number of 

neurons whose activity can be recorded simultaneously, from mere hundreds ten years ago to 

tens of thousands in recent years. 

In classical statistics, the number of repeated measurements is generally assumed to far exceed 

the number of free variables to be estimated. This means that with today’s experimental 

capabilities, directly estimating some basic statistical measures, such as pairwise correlation 

between neural activities, is unfeasible. Our work presents a fundamental theory analyzing the 

trade-off between the numbers of neurons and experimental trials in the era of large-scale neural 

recordings. 

By employing the theories of random matrices and free probability, we show that despite the 

numbers of recorded neurons exceeding the numbers of trials, even by large amounts, it is still 

possible to draw conclusions about the correlation structure of network activity, and even to infer 

underlying latent states on a single-trial basis. In contrast to conventional wisdom that analyses 

of more neurons require more trials, we show that in fact, for a fixed number of trials additional 

neurons enable improved latent-space inference. Furthermore, additional neurons improve the 

accuracy of estimating the high-dimensional embedding structure in neural space, despite the 

fact that this estimation grows more difficult, by definition, with each neuron. 

In order to test our theory we use previously acquired data from two-photon Ca2+ imaging 

studies using a 16-beam microscope. We imaged between 1,000 and 2,000 neurons 

simultaneously from V1 of awake mice, and explored the structure of network activity by 

examining the eigenvectors and eigenvalues of the noise-correlation matrix. Our theory predicts 

how a number of important statistical measures of the structure of neural activity, such as the 

leading principle components and the inferred dimensionality, behave under subsampling of both 

neurons and trials. We directly confirm these predictions, showing that iso-contours of constant 

performance form hyperbolas in the space of neurons and trials - performance increases as the 

product of neurons and trials - indicating a non-intuitive but very real compensation between two 

very different experimental resources. 

Given rough estimates of single-neuron signal-to-noise ratios together with latent dimensionality, 

our theory provides a concrete prescription for numbers of neurons and trials necessary to infer 

latent states and structures. Our work lays a theoretical foundation for experimental design in 

contemporary neuroscience. 
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Abstract: Rett syndrome is a severe neurological disorder caused by loss-of-function mutations 

in methyl-CpG-binding protein 2 (MECP2). Loss of MeCP2 protein function causes the subtle 

misregulation of hundreds to thousands of genes. However, it is unknown whether these 

transcriptional changes are proximally regulated by MeCP2 or are secondary consequences of 

diminishing neuronal health. To address this challenge, we genetically deleted Mecp2 in adult 

mice to circumvent any contributions of development and secondary pathogenesis. We then 

performed RNA-sequencing at multiple timepoints after loss of MeCP2. We first found that the 

transcriptome becomes progressively more misregulated over time. Furthermore, we observed 

significant overlap of genes misregulated upon adult loss of MeCP2 and genes misregulated 

across multiple published transcriptomes in germline Mecp2-null males, suggesting that adult 

loss of MeCP2 converges upon a similar transcriptional signature as the germline knockout. 

Next, we identified sets of genes that were misregulated early after of loss of MeCP2 and 

continued further misregulation over time, demonstrating that in absence of MeCP2 the 

expression of a core set of genes continues to worsen. To further understand the regulatory 

relationship between MeCP2 and the proximal early altered genes, we performed CUT&RUN 

for MeCP2 and a panel of histone modifications. Strikingly, we found that MeCP2 was 

preferentially depleted from the genes that were first to be altered. For the down-regulated genes, 

we observed a lower accumulation of histone acetyl marks beginning at one week after loss of 

MeCP2. For up-regulated genes, we observed the higher accumulation of histone acetyl marks 

beginning at four weeks after loss of MeCP2. These data suggest MeCP2 may proximally 

regulate the chromatin landscape of down-regulated genes, while it may act as a direct repressor 

of up-regulated genes. Lastly, we performed physiological and behavioral characterization at 

matched timepoints to the RNA-sequencing and CUT&RUN experiments. We found that overt 

behavioral deficits were observed starting at four weeks after loss of MeCP2, suggesting that 

molecular cascades triggered by loss of MeCP2 precede behavioral changes. Taken together, our 

approach demonstrates that acute perturbation of MeCP2 function revealed some of the most 

proximal changes driving pathogenesis. 
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Abstract: Rett syndrome (RTT) is a neurodevelopmental disorder (NDD) that is caused by loss-

of-function mutations in the X chromosome-linked Methyl-CpG Binding Protein 2 (MECP2) 

gene. In addition to well-characterized symptoms such as the loss of acquired spoken language, 

repetitive hand movements, gait problems, seizures, and breathing irregularities, parallel changes 

in neurophysiological features, including basal EEG power and event-related potentials, have 

also been identified in RTT patients and animal models. These neurophysiological abnormalities 

represent potential pharmacodynamic or treatment-responsive biomarkers that could serve as 

translational outcome measures. Recent results have shown that the muscarinic acetylcholine 

subtype 1 receptor (M1) is reduced in brain autopsy samples from people with RTT, and 

treatment of RTT mice with a compound that acts as a positive allosteric modulator (PAM) of 

M1 activity improves phenotypes, suggesting a novel therapeutic approach for the disease. In the 

current study, we investigated whether M1 PAM treatment could alter neurophysiological 

assessments in RTT animals to evaluate their potential to serve as biomarkers. The M1 PAM 

VU0486846 (VU846) was administered acutely via an intraperitoneal route at doses of 3, 10 and 

30 mg/kg in heterozygous female mutant mice and auditory event related potentials (AEPs) were 

recorded via electroencephalography. Our results demonstrate that acute dosing of VU846 at 3 

mg/kg in wildtype female mice did not have any effect on AEP waveform or peak amplitudes. 

However, acute injection of this same dose of VU846 improved the AEP waveform and 

increased AEP N1 and P2 peak amplitudes in Mecp2null/+ animals when compared to vehicle 

treatment. Interestingly, higher doses of VU846 (10 and 30 mg/kg) did not improve AEPs in 

mutant mice, and actually reduced P2 amplitude at 30 mg/kg, suggestive of a bell-shaped 

response. These findings suggest that potentiation of M1 can functionally improve neural circuit 

synchrony to auditory stimuli in RTT animals, but that the effect is limited to low doses. We 



anticipate that this acute response could represent a pharmacodynamic biomarker useful for dose 

finding and guiding future pre-clinical or clinical trials. 
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Abstract: Loss of function mutations in MECP2 cause Rett syndrome (RTT) while duplications 

spanning the gene cause MECP2 duplication syndrome (MDS). While both disorders share some 

phenotypes with other neurodevelopmental disorders (NDDs), the precise molecular mechanism 

driving pathogenesis remains unclear. MeCP2 binds methylated DNA and recruits chromatin 

modifying proteins but the relationship between these proteins and gene expression changes is 

not clear. Therefore, it is crucial to identify and characterize MeCP2 interactors to fully 

understand the molecular function of MeCP2 and the pathogenesis of MECP2-associated 

disorders. To this end, we performed proximity-dependent biotin identification (BioID) in 

cultured rat primary neurons using a biotin ligase fused to MeCP2. In addition, we used two 

mutant alleles, MECP2R111G and MECP2ΔNLS, which disrupt DNA binding and nuclear 

localization of MeCP2, respectively, to filter out non-chromatin associated MeCP2 interactors. 

Our unbiased approach identified a novel MeCP2-interacting complex which includes TCF20, 

encoded by a known NDD-causing gene, and three other transcriptional regulators: RAI1, 

PHF14, and HMG20A. We found MeCP2 interacts with the TCF20 complex via PHF14 and that 

several RTT-causing MECP2 mutations reduce MeCP2’s binding with the TCF20 complex. 

Next, we found that Tcf20 modulates MECP2-mediated synaptogenesis in cultured primary 



neurons by co-regulating the key neuronal gene Bdnf. Further, reducing Tcf20 partially rescued 

behavioral deficits caused by MECP2 overexpression in mice, underscoring a functional 

relationship between MeCP2 and TCF20 in MDS pathogenesis. We next assessed global gene 

expression changes in mouse models and found a significant proportion (33%) of differentially 

expressed genes in Tcf20+/– mice were also altered in Mecp2–/y mice; a majority (72%) of these 

genes changed in the same direction and with similar magnitude. Next, we performed 

CUT&RUN experiments and found that in absence of MeCP2, there is a significant reduction of 

TCF20 binding to genes differentially expressed in both Tcf20+/– and Mecp2–/y brains, suggesting 

that MeCP2 recruits TCF20 complex to chromatin to co-regulate gene expression. Notably, we 

identified one de novo PHF14 missense mutation in a patient displaying clumsy gait, speech 

delay, and mild regression in gross motor skills and found that this mutation disrupts MeCP2-

PHF14-TCF20 interaction. Our data demonstrate the critical role of a novel MeCP2-TCF20 

complex for brain function and reveal a converging molecular mechanism whereby mutations of 

genes encoding several subunits in the same complex contribute to shared NDD symptoms. 
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Abstract: Rett syndrome is a neurodevelopmental disorder presenting almost exclusively in 

girls, with a prevalence rate of one in 10,000. Children with Rett syndrome develop relatively 

normally for 6-18 months, after which they undergo a period of rapid regression, with loss of 

purposeful hand use, deceleration of head growth, and autistic behaviors. Mutations of the 

MECP2 gene on the X chromosome are found in over 95% of cases of classic Rett syndrome, 

and MECP2 has been implicated in several other neurodevelopmental disorders, including 

autism, childhood schizophrenia, and X-linked cognitive disability. Although it is evident that 

symptoms of Rett syndrome are attributable to lack of the MECP2 gene in the CNS, there is little 

neuropathological understanding of the abnormalities in the CNS of patients with Rett syndrome. 



Although rodent models have been used for these studies, these models do not faithfully 

recapitulate human neurodevelopmental processes. The establishment of nonhuman primate 

(NHP) models that are similar to humans in many aspects is very important to understand the 

pathogenesis of Rett syndrome.To add to our understanding of pathological mechanisms of Rett 

syndrome, we created MECP2 mutant marmosets suitable for research on Rett syndrome, using 

genome editing technology, and we have successfully generated two MECP2 heterozygous 

marmosets and eight MECP2-null marmosets. MRI imaging shows that the brain size of MECP2 

heterozygous marmoset was smaller than wild-type ones by approximately 15% at 24 months of 

age, and the brain size of MECP2-null marmosets becomes smaller than wild-type one by 20% at 

3 months of age, mimicking microcephaly of Rett syndrome patients. Furthermore, to investigate 

what is responsible for the reduction in brain volume in MECP2-null marmosets, we analyzed 

neuronal morphology by Golgi staining. The analysis reveals that loss of MECP2 causes robust 

reduction in dendritic arborization of pyramidal neurons. Those results indicate that those 

MECP2 mutant marmosets recapitulate symptoms of Rett syndrome, and this new primate model 

will potentially contribute to the development of future therapeutic strategies for patients with 

Rett syndrome. 
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Abstract: Rett syndrome (RTT) is a progressive neurodevelopmental disorder caused by 

mutations in the X-linked gene MECP2. One of the challenges to developing therapeutics for 

RTT has been the lack of a screening system that recapitulates the underlying disease 

pathophysiology. Using RTT patient-derived induced pluripotent stem cells (iPSCs), we 

developed a cortical organoid platform that can efficiently screen large compound libraries in a 

reproducible fashion. We characterized the RTT disease organoid platform at the molecular level 

via bulk and single-nuclei RNA transcriptomics and identified novel potential miRNA 

biomarkers for the disease. Our proprietary organoid platform displays a spontaneous functional 

network activity that can be recorded in high-throughput, providing a stable foundation for 

recovery-based screening. Compared to controls, RTT patient-derived organoids exhibit aberrant 



functional waveforms characterized by irregular asynchronous bursts of activity that can also be 

observed via high-resolution calcium imaging and multi-electrode array (MEA). We developed 

an algorithm to quantify this disease-specific functional phenotype using a clinically translatable 

endpoint to define compound rescue of the disease phenotype. Here, we describe the use of this 

platform to identify repurposed and novel potential therapeutic candidates for RTT. Functional 

screening of the IRSF SMART library (a targeted compound library developed for RTT) 

identified several known inhibitors of acetylcholinesterase (AChE) and histone deacetylases that 

rescued the functional RTT disease phenotype. We further explored the rescue potential of 

donepezil, an FDA-approved compound that we prioritized as a potential repurposing candidate 

for RTT. We observed that donepezil rescued the RTT disease phenotype at concentrations 

known to be achieved in the human brain. We further confirmed that rescue of the RTT 

phenotype after chronic treatment with donepezil correlated with near complete AChE inhibition. 

These findings are consistent with literature support for cholinergic deficits in RTT patients and 

donepezil-based rescue in a mouse RTT model (reviewed in Ballinger et al., 2019). Finally, we 

observed that donepezil appears to exhibit a distinct mechanism of action from the most 

advanced RTT clinical development candidates. The apparent differentiated mechanism 

mediated by donepezil may provide the potential for combinatorial therapy for patients suffering 

from RTT syndrome. Vyant Bio is pursuing the clinical development of donepezil for the 

treatment of pediatric and adult RTT patients with a mutation in the MECP2 gene. 
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Abstract: Rett syndrome is a neurodevelopmental disorder that affects mainly girls and 

represents the second cause of intellectual disability of genetic origin in women. This syndrome 

is characterized by normal development until approximately 18 months, followed by a regression 

manifested by loss of language, loss of walking, hand stereotypies, breathing difficulties and 

epileptic seizures. Rett syndrome is caused by mutations in the Methyl-CpG-binding protein 2 

(MECP2) gene located on the X chromosome, and encoding for a transcriptional regulator, 

essential for the development and maintenance of synapses. Currently, there is no cure for this 

disease. Among the various biological and neurochemical alterations observed in this syndrome, 

clinical and experimental studies have reported abnormally elevated levels of leptin in patients 

and animal models. Leptin is a hormone released mainly from adipocytes and represents a key 

factor in maintaining energy balance. In addition to this canonical function, leptin regulates 

several other functions such as anxiety, breathing or cognitive processes, which are altered in the 

case of this syndrome. Therefore, abnormal elevated leptin levels could contribute to the 

alterations observed in Rett syndrome. The objective of my thesis was to determine the role 

played by leptin in this pathology by targeting the leptinergic system in a mouse model of the 

pathology (mice deficient in Mecp2: Mecp2-/y). Treatment aimed at blocking leptin transport 

across the blood-brain barrier during the symptomatic period restored the excitation/inhibition 

balance in the hippocampus, prevented weight loss and slowed the progression of respiratory 

symptoms of Mecp2-/y mice. Conversely, leptin of wild-type mice altered the 

excitation/inhibition balance in the hippocampus, led to weight loss and increased the number of 

apneas mimicking the phenotype observed in mutant mice. This work has revealed a new role for 

leptin in the pathogenesis of Rett syndrome, thus offering new therapeutic perspectives. 
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Abstract: High-throughput screening (HTS) utilizes enzymatic and cell-based assays designed 

to robustly scale to screening thousands of compounds daily. However, the limited complexity of 

the readout typically requires multiple follow-up experiments with more elaborate systems. 

Subsequent experiments offer richer data to interrogate target-specific or multiparametric rescue, 

but often suffer from high variability. Currently, few technologies offer the combination of 

robustness and complexity required to accelerate drug discovery efforts. Towards this end, we 

have developed a platform amenable to HTS that combines the complexity of patient-derived 

induced pluripotent stem cells (iPSCs) with a multiparametric functional readout. Specifically, 

we focus on modeling Rett syndrome (RTT), a progressive neurodevelopmental disorder caused 

by mutations in the gene MECP2. Phenotypic characterization of RTT-patient iPSC-derived 

cortical organoids showed a striking difference in the coordinated neuronal activity compared to 

control organoids. We developed an algorithm to quantify the count, size, and shape of activity 

peaks, then engineered additional waveform features to capture the disease-specific biology of 

RTT organoids. In all, >50 waveform features define the RTT functional phenotype and 

contribute to global functional rescue. We screened the IRSF SMART library (compounds 

curated for treating RTT) and identified acetylcholine esterase (AChE) inhibitors and histone 

deacetylase (HDAC) inhibitors as the most promising therapeutic targets based on global 

functional rescue. While both compound classes exhibited global rescue, AChE inhibitors 

rescued a distinct set of features compared to both HDAC inhibitors and top clinical candidates 

Anavex 2-73 and trofinetide with distinct biological targets. Specifically, at equivalent levels of 

AChE inhibition (enzymatic assay) and acetylcholine media concentration (HPLC), three distinct 

AChE inhibitors rescued the same 5 parameters (in the same order), providing strong evidence of 

target-specific functional rescue. While we saw strong dose-dependent rescue of waveform 

features by multiple compounds, only donepezil, a lead repurposing candidate, was able to fully 

rescue the functional deficit in RTT organoids; based on global functional rescue, >90% of 

parameters were statistically indistinguishable from control organoids. Overall, we establish how 

combining patient-derived cortical organoids with advanced multiparametric functional readouts 

can be used to interrogate target-specific disease biology, formulate therapeutic hypotheses, and 

drive pre-clinical drug discovery efforts. 
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Abstract: Two-trial learning in Aplysia reveals non-linear interactions between training trials: a 

single trial has no effect, but two precisely spaced trials induce long-term memory. ERK activity 

is essential for intertrial interactions, but the mechanism remains unresolved. A new combination 

of immunochemical and optogenetic tools reveals unexpected complexity of ERK signaling 

during the induction of long-term synaptic facilitation by two spaced pulses of serotonin (5HT). 

Specifically, dual ERK phosphorylation at its activating TxY motif is accompanied by 

dephosphorylation at the pT position, leading to a build-up of inactive, singly phosphorylated 

pY-ERK. Phosphorylation and dephosphorylation occur concurrently, but scale differently with 

varying 5HT concentrations, predicting that mixed two-trial protocols involving both “strong” 

and “weak” 5HT pulses should be sensitive to the precise order and timing of trials. Indeed, LTF 

is induced only when “weak” pulses precede “strong”, not vice versa. This may represent a 

physiological mechanism to prioritize memory of escalating threats. 
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Title: ELAV-mediated mRNA translocation to the synapse: a candidate molecular mechanism 

for savings memory 
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Abstract: Savings memory is a phenomenon in which the molecular remnants of a “forgotten” 

memory are able to prime a neural system to re-express the memory following a reminder event 

(which alone is insufficient to induce a de novo memory). In the marine mollusk Aplysia 

californica, behavioral long-term memory (LTM) for the tail-elicited siphon withdrawal reflex 

requires: (i) ERK activation, (ii) protein synthesis, and (iii) de novo transcription in the pleural 

sensory neurons (SNs) that mediate the reflex. Following the natural decay of LTM (forgetting), 

savings LTM can be established by a reminder stimulus which alone does not establish LTM in 

naïve animals. This process is dependent on protein synthesis but is unaffected by ERK 

inhibition (Menges et al., 2015). In our current work we have studied the Aplysia sensory 

neuron-motor neuron (SN-MN) system in both culture and ex vivo pleural-pedal ganglia. We 

found that, following LTM training (4 5HT pulses separated by 15 min), the RNA binding 

protein ApELAV1 translocates in a microtubule-dependent manner from the SN nucleus into 

synaptic/dendritic processes. We have further determined that the mRNA encoding the 

transcription factor ApC/EBP, an ELAV-target RNA (Mirisis et al., 2021), is localized to distal 

SN compartments (including SN-MN synapses) after LTM training. Translation of this mRNA 

by subsequent savings training could provide a molecular mechanism for the re-establishment of 

LTM following its natural decay. In support of this hypothesis, we have found that savings 

training induces expression of ApC/EBP protein in previously trained, but not in naïve animals. 

The mechanisms underlying this expression of savings memory are distinct from the mechanisms 

underlying its expression in initial LTM training. Our findings thus identify a set of novel 

molecular mechanisms which can facilitate relearning, and interestingly, are distinct from those 

mechanisms that are required to establish original LTM. 
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Abstract: Signaling by norepinephrine (NE) via adrenergic receptors (ARs) is critical for arousal 

and attention yet the underlying molecular mechanisms are largely unknown. The β2 AR and its 

downstream effectors, the trimeric Gs protein, adenylyl cyclase, and PKA form a unique, 

dedicated signaling complex with AMPA-type glutamate receptors to augment phosphorylation 

and thereby surface expression of its GluA1 subunit (Joiner et al., 2010: EMBO J. 29, 482-495). 

We show that intracellular β2 AR signaling mediates this phosphorylation and long-term 

potentiation (LTP) induced by a prolonged theta-tetanus (PTT-LTP, 900 stimuli at 5 Hz) in the 

presence of NE. Accordingly, inhibitors and knock out of the organic cation transporter 3 

(OCT3) and plasma membrane monoamine transporter (PMAT) impair GluA1 phosphorylation 

on S845 by PKA, its surface insertion, and PTT-LTP with membrane impermeant NE but not 

with the membrane permeant β AR agonist isoproterenol (ISO). 
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Abstract: Neuronal connectivity and activity-dependent synaptic plasticity are fundamental 

properties that support brain function and cognitive performance. PI3K intracellular signaling 

controls multiple mechanisms mediating neuronal growth, synaptic structure and plasticity. 

However, it is still unclear how these pleiotropic functions are integrated at molecular and 

cellular levels. To address this issue, we have used neuron-specific virally delivered Cre 

expression to delete either PIK3CA (coding for p110alpha) or PIK3CB (coding for p110beta), 

the two major catalytic isoforms of type I PI3K, from the hippocampus of adult mice. In this 

manner, gene deletion was spatially and temporally restricted. We then carried out a 

comprehensive electrophysiological, morphological and behavioral analysis of these animals, 

together with proteomics. Unexpectedly, p110alpha and p110beta control synaptic strength in 

opposite directions, and also contribute to opposing forms of synaptic plasticity (LTP versus 

LTD). We also found that postsynaptic structures are almost exclusively supported by p110alpha 

activity, whereas p110β controls neurotransmitter release and synaptic vesicle recruitment. These 

molecular and functional specializations were reflected in different proteomes controlled by each 

isoform, and in distinct behavioral alterations for learning/memory and sociability in mice 

lacking p110alpha or p110beta. In conclusion, this study is revealing a precise task distribution 

between the major PI3K catalytic isoforms, and helps to organize the repertoire of synaptic and 

structural effects that had been ascribed to this pathway. 
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Title: Fret-based quantitative optical measurements reveal aberrant molecular phenotypes of de 

novo CAMK2A mutations linked to intellectual disability. 
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Abstract: Intellectual disabilities (ID) are prevalent in approximately 1% of world population. 

Recently, de novo mutations in a key synaptic enzyme CaMKIIalpha (Ca2+/calmodulin (CaM)- 

dependent protein kinase II alpha), have been shown to be associated with ID. Consistently, 

previous biochemical studies examining threonine 286 autophosphorylation states of 

heterologously expressed ID-related CAMK2A mutant proteins suggested that some mutants’ 

autophosphorylation was upregulated, while others’ was downregulated. However, whether these 

mutations affected the central molecular phenotypes of the CaMKIIalpha enzyme, namely 

Ca2+/CaM-dependent activation and frequency-tuning, has not been tested. With a view to 

achieving a mechanistic understanding of ID, and to begin to identify novel disease-modifying 

therapeutic strategies, in this study, we developed a quantitative molecular phenotyping pipeline 

of ID-related de novo CAMK2A mutations. First, we identified an ID patient with a de novo 

CAMK2A mutation. To investigate the genotype-phenotype relation of the ID pathology, we 

built an analysis pipeline to quantitate the activation of CaMKIIalpha in vitro and then uncover 

possible alteration in its frequency-tuning in primary hippocampal neurons. First, we introduced 

various ID-related mutations to an optical FRET sensor based on the full-length CaMK2alpha 

enzyme, and developed a fluorescence resonance energy transfer (FRET)-based optical 

molecular phenotyping system. Mutant CaMKIIalpha activities were investigated via high-

throughput fluorometric assays of purified enzymes from heterologous cell lysates. This was 

combined then after with multiplex imaging in primary cultures of hippocampal neurons 

interrogated with serial rounds of high and low frequency glutamate UV-caging. These 

interrogations showed that a dominant majority of the ID-linked CaMKIIalpha mutations showed 

aberrant molecular phenotypes in vitro and in living neurons. Pharmacological reversal of a 

discovered phenotype was achieved in a specific mutant, by repurposing a compound that is 

well-tolerated in children, thus providing a rationale for future development and testing of 

tailored therapeutics in CaMKII-linked disorders. Taken together, an optical CaMKIIalpha 

molecular phenotyping pipeline was developed in this study, and unveiled hitherto unappreciated 

molecular phenotypes of ID-related de novo CAMK2A mutations. Our study paves the way 

towards further discovery of genotype-phenotype association in the clinical domain of, and foster 

the development of disease-modifying therapeutics in CAMK2A-linked ID. 
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Abstract: Microglia are the resident immune cells of the brain. Their role in physiological 

processes such as the regulation of neural excitability and plasticity is well recognized. Here, we 

investigated the impact of microglia in synaptic plasticity induced by 10 Hz repetitive magnetic 

stimulation (rMS), a clinically employed non-invasive brain stimulation technique. Whole-cell 

patch-clamp recordings, confocal microscopy, immunohistochemistry, protein and transcriptome 

analyses were used to assess rMS-induced structural and functional plasticity in mouse 

organotypic tissue cultures prepared from animals of both sexes in the presence or absence of 

microglia. Microglia were depleted with PLX3397 (Pexidartinib). 10 Hz rMS induced excitatory 

synaptic plasticity of CA1 pyramidal neurons, while no changes in excitatory neurotransmission 

were observed in the absence of microglia - both under baseline conditions and following 10 Hz 

rMS. Although rMS did not alter the morphology or the dynamics of microglia, an increased 

production and secretion of microglia-related cytokines were observed 3 h after stimulation. 

Concordantly, substitution of these cytokines in microglia-depleted tissue cultures rescued the 

expression of rMS-induced synaptic plasticity. We conclude that clinically employed non-

invasive electromagnetic brain stimulation affects synaptic plasticity by modulating the 

production and release of microglial cytokines. 
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Abstract: Ventral tegmental area (VTA) dopamine (DA) signaling plays a key role in reward 

and drug dependence. DA cells in part are regulated by glutamate and GABA cells. Using 

whole-cell electrophysiology in GAD67-GFP knock-in mice, we examined glutamatergic 

plasticity at excitatory inputs onto VTA GABA cells. We previously identified a cannabinoid 

type 1 receptor (CB1R)-dependent form of long-term depression (LTD) at this synapse. This 

LTD was dependent on metabotropic glutamate receptor 5 (mGluR5) activation and 2-AG 

production. Chronic Δ9-tetrahydrocannabinol (THC) injections eliminated this LTD. Currently, 

we are examining the mechanism through which THC exposure eliminates LTD, as well as the 

presence of adult plasticity and effect of THC on this plasticity, as adults often are less 

susceptible to the negative cognitive impact of THC. First, we noted that after chronic (7-10 

days) THC exposure, CB1 agonist WIN55,212-2 no longer induced synaptic depression in 

adolescent mice, illustrating that CB1 is either desensitized or removed from synapses after 

chronic THC exposure. As reversal of drug-induced effects following withdrawal of a drug is an 

important consideration, we examined this as well. Following 7 days of withdrawal after chronic 

THC exposure, LTD was restored. Interestingly, adults did not exhibit LTD using the same 

conditioning stimulus that induces LTD in adolescent mice. However, adults continued to 

express both functional CB1 receptors and mGluR5-mediated synaptic depression. Therefore, we 

examined the quantitative nature of this plasticity by doubling the conditioning induction 

protocol for adult mice, which was significant enough to then induce LTD (p < 0.05; n=5 ). This 

LTD was also blocked by CB1 antagonist AM-251 as in adolescent mice (p > 0.05; n=6). This 

reveals that this form of LTD is qualitatively the same as adolescents compared to adults, but 

differs quantitatively. A possible explanation for this quantitative difference was a noted 

decrease in synaptic NMDA receptor current in adult GABA cells versus adolescents, which may 

cause a decrease in calcium influx required for LTD induction. Lastly, we also demonstrate some 

significant changes in mRNA levels of CB1, DAG-lipase and FAAH in chronic THC exposure 

compared to vehicle controls or versus adults (p < 0.05; n= 7-10) using quantitative PCR. 

Collectively, this data illustrates for the first time, differences in GABA cell plasticity in 

adolescent versus adults animals, and that THC-induced impact of brain plasticity is likely via 

desensitizing CB1, which is reversible following withdrawal. 
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Abstract: GABAergic interneurons that co-express the neuropeptide somatostatin (SOM-INs) 

play an essential role in controlling cortical activity by forming inhibitory synapses on dendrites 

of principal pyramidal cells. However, the mechanisms that regulate inhibition from SOM-INs 

are less understood. Given commonalities between SOM-INs and the endocannabinoid (eCB) 

system in influencing cognitive and emotional processing, we examine the possibility that 

GABAergic synapses from SOM-INs can be modulated by eCB signaling in the prefrontal cortex 

(PFC). Using optogenetic tools to selectively activate SOM-INs in whole-cell patch experiments, 

we found that postsynaptic inhibitory currents in layer II/III pyramidal cells evoked by 

photostimulation of SOM-INs (SOM-IPSCs) depressed following bath application of WIN 

55,212-2, a potent agonist of cannabinoid type 1 receptors (CB1Rs). Supporting a role of 

presynaptic CB1Rs, WIN depression of SOM-IPSCs was accompanied by changes in paired-

pulse ratio and is absent in mice lacking CB1Rs specifically in SOM-INs (SOM-CB1R KOs). 

Importantly, a brief depolarization step induced suppression of inhibition transiently (DSI), an 

effect that was eliminated by the CB1R antagonist AM251. Moreover, theta-burst stimulation 

through an extracellular electrode in PFC layer 1 triggered long-term depression of SOM-IPSCs 

(TBS-iLTD) that was blocked by AM251 and was absent in SOM-CB1R KO animals. Consistent 

with a presynaptic expression mechanism, we observed a decrease in paired-pulse depression of 

SOM-IPSCs following the induction of TBS-iLTD. In addition, WIN and TBS has no effect on 

IPSCs mediated by photostimulating parvalbumin-expressing interneurons (PV-INs), supporting 

the idea that inhibition from PV-INs is not regulated by eCB signaling. Altogether, these results 

reveal an input-specific eCB modulation of a major source of dendritic inhibition in the PFC to 

control information flow from multiple sources to shape associative cognitive processing. 
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Abstract: The dentate gyrus (DG), a brain region critically involved in performing spatial 

memory and pattern separation, includes two principal excitatory neurons, dentate granule cells 

(GCs) and hilar mossy cells (MCs) that connect each other thereby establishing a 

GC→MC→GC recurrent excitatory circuit. Given the extensive projections of MCs and the 

large proportion of these cells that are active during exploratory behaviors, MCs have a great 

potential to destabilize this circuit. Moreover, burst stimulation of MC axons in vitro elicits 

robust, BDNF/TrkB-dependent, presynaptic LTP at MC-GC synapses that increases DG output 

and facilitates seizure activity in vivo. Left unchecked, this MC-GC LTP may interfere with DG-

dependent learning, like pattern separation –which relies on sparse GC firing– and may even 

promote epileptic activity. Remarkably, MC axon terminals express high levels of type-1 

cannabinoid receptors (CB1Rs) whose activation dampens MC-GC synaptic transmission, LTP 

induction, and GC output. We therefore hypothesized that by controlling MC-GC synaptic 

function, CB1Rs contribute to DG-dependent learning and prevent epileptic activity. We first 

tested whether endocannabinoid signaling, like at many synapses in the brain, could mediate 

LTD at MC-GC synapses. We found that repetitive burst firing of GCs, a protocol known to 

trigger both endocannabinoid release and MC-GC LTP, also induced presynaptic MC-GC LTD 

in the presence of the TrkB inhibitor ANA-12, a manipulation that blocks MC-GC LTP. In 

addition, CB1R antagonism blocked MC-GC LTD, whereas transient application of a CB1R 

agonist induced “chemical LTD”, indicating that CB1Rs are necessary and sufficient for MC-GC 

LTD. Furthermore, selective deletion of CB1Rs from MCs –using a conditional knock out 

approach– impaired spatial memory and contextual memory, and also increased the severity and 

susceptibility to experimentally-induced seizures. Altogether, these data indicate that CB1Rs in 

MC axon terminals significantly contribute to DG-dependent learning and to prevent runaway 

activity. 
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Abstract: The amount of information that can be stored at a synapse depends on the precision of 

synaptic plasticity. Signal detection theory was used previously to estimate the number of 

distinguishable synaptic weights for hippocampal synapses based on dendritic Spine Head 

Volume (SHV), a measure of synaptic weight that correlates with synapse size (Bartol et al., 

2015). We introduce here a new analysis of Synaptic Information Storage Capacity (SISC), 

based on Shannon Information Theory, that uses a series of novel algorithms to generate a non-

overlapping clustering of SHVs as a measure of functionally discrete synaptic weights. Precision 

was determined from the variance between pairs of spine synapses on the same dendrite from the 

same axon, which would share a common history of coactivation. Shannon Information per 

synapse was calculated based on SHVs binned in unique clusters. In adult rats, SHVs in area 

CA1 occupied 24 clusters (4.1 bits). In contrast, in the middle molecular layer of the dentate 

gyrus (DG) control SHVs occupied only 5 clusters (2 bits); 30 min following LTP induction this 

value doubled to 10 clusters (3 bits) an increase that lasted at least 2 hours after induction of 

LTP. Thus, synapses in different regions of the hippocampus had different SISC values and these 

were not fixed properties but could be increased by LTP. Finally, measurement of the Kullback-

Liebler divergence, namely the distance between the distribution of SHV clusters and the optimal 

uniform distribution, revealed that the distribution of synaptic states evolved closer to a uniform 

distribution across 2 hr post-induction of LTP. Thus our new SISC analysis provided more 

accurate estimates of information capacity of synapses and revealed that the Shannon 

Information is nearly maximized for the number of distinguishable categories obtained after 

LTP. 
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Abstract: The ventral tegmental area (VTA) is an essential component of the mesocorticolimbic 

dopamine (DA) circuit that processes reward and motivated behaviors. The VTA contains DA 

neurons essential in this process, as well as GABAergic inhibitory cells that regulate DA cell 

activity. In response to drug exposure, synaptic connections of the VTA circuit can be rewired 

via synaptic plasticity—a phenomenon thought to be responsible for the pathology of addiction. 

While synaptic plasticity to VTA DA neurons and prefrontal cortex to nucleus accumbens 

GABA neurons has been well studied, VTA GABA cell plasticity, specifically inhibitory inputs 

to VTA GABA neurons, is less understood. Therefore, we investigated the plasticity of 

inhibitory inputs to VTA GABA neurons. Using whole cell electrophysiology in GAD67-GFP 

mice to identify GABA cells, we observed that these VTA GABA cells experience either 

inhibitory GABAergic long-term potentiation (iLTP) or inhibitory long-term depression (iLTD) 

in response to a 5 Hz stimulus. Paired pulse ratios, coefficient of variance, and failure rates 

suggest a presynaptic mechanism for both plasticity types, where iLTP is NMDA receptor-

dependent and iLTD is GABAB receptor-dependent—this being the first report of LTD onto 

VTA GABA cells. As illicit drug exposure can alter VTA plasticity, we employed chronic 

intermittent exposure (CIE) to ethanol (EtOH) vapor in male and female mice to examine its 

potential impact on VTA GABA input plasticity. Chronic EtOH vapor exposure produced 

measurable behavioral changes illustrating dependence and concomitantly prevented previously 

observed iLTD, which continued in air-exposed controls, illustrating the impact of EtOH on 

VTA neurocircuitry and suggesting physiologic mechanisms at play in alcohol use disorder and 

withdrawal states. Taken together, these novel findings of iLTP and iLTD occurring at the same 



synapse within the mesolimbic DA circuit characterize inhibitory VTA plasticity as a malleable, 

experience-dependent system. 
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Abstract: Synaptic loss is a strong predictor of cognitive decline in Alzheimer’s disease (AD). 

Yet, presence and burden of amyloid and tau pathologies alone are insufficient to account for the 

full extent of synapse loss observed in demented AD brains. We recently showed that increased 

proinflammatory and decreased homeostatic glial responses are present in the visual cortex of 

demented but not resilient AD brains at Braak III-IV stages of tau pathology. Moreover, 

emerging evidence suggests that microglia take up excessive amounts of synapses in human AD 

brains, and in vitro models show that glial cells are capable of engulfing synapses. Yet, human 

brain derived evidence of aberrant glial-mediated synapse elimination in AD and the underlying 

contributors remain widely unknown. We studied human brains of demented and resilient 

individuals at intermediate (Braak III-IV) stages of tau pathology that harboured similar burdens 

of amyloid and tau deposits, and healthy controls without AD neuropathology. We evaluated the 

visual cortex, a Braak stage VI region, that showed no neurofibrillary tau (NFT) deposits in these 

brains. We applied expansion microscopy, a novel technique that allows synaptic resolution, and 

IMARIS software analyses to quantify synaptic densities and spatial relationships with glial cells 

in 3D. Our data show that demented brains display significantly lower pre-, post-, as well as 

synaptic puncta, and higher proportions of microglial and astrocyte internalized synaptic 

elements in the visual cortex compared to resilient and controls. These preliminary results 



suggest that synaptic density loss precedes NFT deposition in demented human AD brains, 

serving as a better predictor of cognitive decline than amyloid or tau deposits. Moreover, 

synapses are excessively internalized by a subset of glial cells in demented compared to resilient 

or control brains, and this is not only accomplished by microglia but also by a subset of 

astrocytes. These novel findings favour a model in which astroglial mediated synapse 

elimination occurs ahead of NFT formation and predicts cognitive impairment in AD. Our 

findings could have potential implications for development of novel biomarkers and treatment 

avenues aimed at preventing cognitive decline in early stages of the disease. 
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Abstract: Introduction: Astrocytes react to both Aβ plaques and tau neurofibrillary tangles in 

the Alzheimer’s disease (AD) brain but their effect on these AD pathological hallmarks remains 

controversial. A crucial feature of these reactive astrocytes is the upregulation of the intermediate 

filament glial fibrillary acidic protein (GFAP), which is thought to be necessary for astrocyte 

process motility and glial scar formation. We asked whether this cytoskeletal remodeling is 

critical for reactive astrocytes to control the burden of pathological hyperphosphorylated tau 

species and, more specifically, whether overexpressing GFAP in astrocytes from a tauopathy 

mouse model could ameliorate neuronal phospho-tau burden. Methods: To answer this question, 

we overexpressed human wild-type GFAP isoform 1 (432 amino acids) with a Myc-tag 

specifically in the astrocytes (driven by the gfaABC1D promoter) of 4-month-old, sex-balanced 

ThyTAU22 mice (Thy1.2-MAPTG272V/P301S 1N4R, n=11)—an age in which neurofibrillary 



tangles start to appear in the hippocampal CA1 field—using a viral transfer strategy with a single 

retro-orbital intravenous injection of AAV2/PHP.B (2.5×1011 genome copies) and euthanized 

them at 11 months of age (i.e., prior to the plateau of the tauopathy). Negative control groups 

consisted of littermates injected with either saline (n=9) or an AAV2/PHP.B vector encoding the 

enhanced green fluorescent protein (EGFP, n=10). Outcome measures included cortical and 

hippocampal, soluble and insoluble, phospho-tau (AT8/pTauSer202/Thr205 and AT270/pTauThr181) 

and total tau levels as well as AT8-immunoreactive neurofibrillary tangle burden. Results: 

Immunohistochemistry confirmed the astrocyte-specific expression of exogenous (Myc-tagged) 

GFAP with an apparent integration in their intermediate filament network and a ~4-fold increase 

in immunoreactive area throughout the cortex, whereas ELISAs revealed a ~10-fold increase in 

cortical GFAP levels. By contrast, as reported elsewhere, transduction in hippocampal astrocytes 

was comparatively less efficient. No significant changes were observed across groups in the 

AT8-immunoreactive neurofibrillary tangle burden, total tau, or pTau levels in either cortex or 

hippocampus. Conclusion: We found that GFAP upregulation by astrocytes—an essential 

feature of reactive astrogliosis—does not impact neuronal tau burden in a tauopathy mouse 

model. Further work will determine whether other aspects of reactive astrocytes do accelerate or 

attenuate neuronal tauopathy. 
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Abstract: BACE-1 is required for generating β-amyloid peptides (Aβ) in Alzheimer’s disease. 

Inhibiting BACE-1 and thus blocking Aβ generation is therefore being explored as a logical 

approach for AD treatment. We identified a novel role of microglial Bace-1 in regulating its 

phagocytic function. By utilizing various Bace-1 knock-out mice models in control and 5xFAD 



condition, we demonstrated that microglial Bace-1 regulates the transition of homeostatic to 

stage 1 disease-associated microglia (DAM-1) signature. Unbiased single-cell RNA sequencing 

conducted on microglia derived from WT or Bace-1 deficient microglia revealed that Bace-1 

deficiency elevated a group of transcription factors including Jun, Jund, Erg1, Junb, Fos, and 

Fosb while microglia were transitioning from homeostatic to highly phagocytic DAM-1 like 

state. Likewise, we identified similar transition-state microglia in human AD brains correlated 

with lowered levels of Bace1 expression. Targeted deletion of Bace-1 in adult 5xFAD mice 

microglia elevated these DAM-1 microglia with elevated phagocytic function, which was 

correlated with the significant reduction in amyloid plaques without altering neuronal APP 

processing. Silencing or pharmacologically inhibiting BACE-1 in cultured microglia 

demonstrated higher phagocytic function and amyloid-beta clearance by enhancing 

autophagolysosomal activity. The mechanistic study demonstrated that BACE-1 regulated Aβ-

induced metabolic reprogramming necessary for Aβ degradation by favoring phosphorylation of 

mTOR at Ser 2448 and modulating the PI3K-mTOR-HIF-1α signaling pathways. Remarkably, 

unlike memory function impeded by the global deletion of Bace-1, mice with selective Bace-1 

deletion in microglia rescued AD-associated reduction in long-term potentiation or memory 

deficits. Our results suggest that targeted inhibition of BACE-1 in microglia is a superior strategy 

for AD treatment. 
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Abstract: Vascular dementia (VaD) is the second leading cause of dementia; accelerates 

Alzheimer’s disease (AD) and progresses to adjacent white matter. Due to limited knowledge in 

the mechanisms of VaD recovery, there is currently no direct therapy. It is important to identify 

novel targets for the treatment of VaD. To achieve this goal, preliminary data was developed 

with flowcytometry, cell type-specific viral labeling/transgenic mouse strains, and transcriptome 

profiling of endothelial cells (ECs), pericytes, astrocytes, microglia and oligodendrocyte 

progenitor cells (OPCs) from the corpus callosum of a VaD mouse model, to identify the 

molecular systems that communicate among cells of the vascular niche in VaD. Three 

ligand/receptor (L/R) databases were merged in specific bioinformatic process so that this 

approach selects the potential cell-cell signaling candidates. Together with our single nucleus 

RNAseq data from human VaD periventricular white matter, several L-R pairs that are 

dysregulated in VaD in humans and in mouse models of VaD were identified. Among them, the 

CD39-A3AR signaling pathway emerges because of the known function of CD39 in depleting 

extracellular ATP caused by brain injury, which leads to an anti-inflammatory environment, and 

the effects of A3AR agonists in neuroprotection, anti-inflammation, and large artery stroke 

models. CD39 (ligand) interacts with A3AR (receptor) as an intercellular signaling pathway 

through 2 possible patterns: (1) direct binding to A3AR; (2) degrading extracellular ATP to ADP 

and AMP, and then together with endogenous CD73, converting AMP into adenosine which will 

bind to A3AR. However, the brain CD39-A3AR expression is not well characterized, and its 

function in brain tissue repair in VaD has not been studied. Our study found that CD39 is 

specifically expressed in microglia and endothelial cells, while A3AR is expressed in microglia 

in corpus callosum. Microglia/EC CD39 and microglia A3AR transcripts are significantly 

decreased in VaD, indicating an impaired CD39-A3AR signaling pathway among these cell 

types. Notably, CD39 expression during VaD is reduced by aging as shown in immunostaining. 

These together indicate that the CD39-A3AR signaling pathway might be an endogenous 

mechanism which can mediate VaD recovery. In further study, long-term treatment with a 

specific A3AR agonist in mouse VaD model significantly reduced the lesion size and promoted 

the axonal regrowth. Therefore, CD39-A3AR is an endogenous intracellular signaling pathway 

that can be developed as a novel target for the treatment of VaD in terms of tissue and behavior 

repair. 
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Abstract: Single-cell transcriptomics have identified that Alzheimer’s disease (AD) pathology is 

associated with loss of homeostatic microglia and activation of disease-associated microglia 

(DAM). This shift to DAM has been observed in various mouse models of AD and human AD 

samples. However, the inflammatory response of rats is more similar to humans than mice. Thus, 

we profiled microglial transcriptomes in the TgF344-AD rat, which overexpresses human mutant 

APPSW and presenilin 1 (PS1ΔE9). Hippocampal microglia were collected via CD45low and 

CD11b+ gating from four female TgF344-AD rats and four wild-type littermates at 3 and 9 

months of age. Two pools from each group underwent single-cell RNA-sequencing with an 

average (±SD) 4,268 ± 629 cells profiled per group and 44,768 ± 6,308 reads per cell. Cells were 

>95% microglia and <5% macrophages. At 3 months, 430 transcripts were differentially 

expressed (71 up; 359 down). By 9 months, the number of differentially expressed transcripts 

doubled to 934 (400 up; 534 down). When evaluating the interaction of genotype and age, the 

top downregulated transcripts included homeostatic markers Tmem119, Cx3cr1, Csf1r, P2ry12, 

Ctss, Hexb, C1qb, C1qa and Cst3. At 3 months, the top upregulated transcript in AD rats 

included the neuroprotective DAM genes ApoE and Trem2. By 9 months, the profile had shifted, 

withTrem2 no longer significantly upregulated, but neurotoxic DAM transcripts, including Cd9, 

C3, Tspo and Cxcl16, upregulated. Homeostatic microglial markers are downregulated 

concurrent with increased expression of DAM markers in the TgF344-AD rat, supporting the 

value of this model to study intervention strategies for AD. 
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Abstract: Background and Rationale. Aging in the transition from mid-to late-life reduces 

memory and cognitive function. The Ketogenic diet (KD) introduced at mid-life preserves 

memory and cognition in aged mice (Roberts et al.PMID: 28877457 2017; Newman et al. PMID: 

28877458, 2017). Mice were dosed from 14 to 26 months with either an isocaloric standard 

chow carbohydrate rich diet (CD) AIN95, or the KD exactly as in Roberts et al., and their brain 

transcriptomic signatures analyzed. Objectives. To test which signatures of brain aging on the 

CD are altered by aging on the KD. Methods. C57BL6 brains were taken at 14 and 26 months of 

age on CD or KD, nucleic acids isolated for RNAseq, selected transcripts were confirmed by 

QRTPCR. Also we tested the effect of KD mediator Beta-hydroxybutyrate (BHB) in vitro on A-

beta inflamed human IPSC microglia. Results. Brain aging from 14 to 26 months of age on the 

standard carbohydrate diet caused significant alteration of 35 transcripts in the Microglial 

compartment (p<0.0001), and a strong induction of many known genes of Microglial 

Inflammation (Oas1b, Parp14, Alox8, Zbtb16, Ifi203, Ifit1, Mpeg, Ifit3, Trem2, Cd68, Cd84, 

Clec7a) was observed. However, brain aging from 14 to 26 months of age on the KD did not 

significantly alter the microglial compartment (p=0.4). Thus the significant changes in microglial 

transcription induced by brain aging on the CD were not observed on KD. Said another way, the 

KD suppresses the the impact of aging on microglia. Several microglial inflammation genes 

strongly induced by brain aging on CD: Oas1b, Parp14, Alox8, and Zbtb16, were specifically 

suppressed by the KD. Brain aging from 14 to 26 months of age on the standard carbohydrate 

diet also caused a strong rise in several individual Complement genes (C4b,C1qb, C1qa, C1qc). 

The age-related rise in complement has been noted by others and suggested as an underlying 

primer for Alzheimer’s disease (PMID: 27033548 26400934 28566429). We did not find any 

specific significant reduction in C4b,C1qb, C1qa, C1qc mediated by the ketogenic diet. Thus we 

observe two strong signatures of 12 months of mouse brain aging on the CD: Microglial 

inflammation, and complement activation. While the KD significantly suppresses the microglial 

signature, it doesn’t appear to suppress the complement signature. On the in vitro level, the KD 

mediator BHB significantly suppressed A-beta induced multiple markers of human IPSC 

microglial inflammation. Interpretation. While 12 mo. brain aging on CD induces a strong 

Microglial and Complement, the KD suppresses the Microglial component, and several specific 

genes, and the KD mediator BHB suppresses microglial inflammation as well. 
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sleep deterioration in the 5XFAD mouse model of Alzheimer's disease 
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Abstract: Sleep disruption is a symptom of Alzheimer’s disease (AD). As AD progresses, sleep 

disturbances become increasingly debilitating. Astrocytes, recognized for performing several 

critical functions in the brain including waste removal and forming glial scar tissue for injury 

repair, have recently been shown to modulate sleep pressure accumulation and associated 

cognitive consequences. After exposure to insult or injury, astrocytes undergo morphological, 

chemical and functional changes referred to as “reactive astrogliosis”. One functional change of 

reactive astrocytes involves the degradation of Aβ and biosynthesis of GABA, followed by the 

release of tonic GABA, which has the potential to suppress neighboring cells possessing 

extrasynaptic GABA receptors. The 5XFAD mouse model overexpresses Aβ at an early age and 

has been reported to demonstrate altered sleep behaviors. The objective of this study was to 

determine if sleep deterioration in AD results from the inhibition of key sleep-regulating neurons 

by tonic GABA released by reactive astrocytes. In this study, the sleep behavior of 3-, 6-, and 

10-month-old male 5XFAD mice was examined using encephalography/electromyography 

(EEG/EMG) After sleep recording, the mice were sacrificed and the brains were harvested for 

immunohistochemistry. At 3 months, 5XFAD mice displayed largely similar sleep behavior to 

age-matched wild type mice. By 6 months, 5XFAD mice showed increased average wake 

proportions (p = 0.045), and decreases in NREM durations (p = 0.023). These changes 

intensified in 10-month-old 5XFAD mice, accompanied by decreased REM durations (p = 0.002) 

and longer REM average bout lengths. Furthermore, IHC revealed an increase of reactive 

astrocytes as well as elevated levels of GABA in proximity to sleep-regulating neurons. 

Quantities of cortical nNOS neurons, galaninergic neurons of the ventrolateral preoptic area, and 

cholinergic neurons of the pedunculopontine (PPT) and laterodorsal tegmentum (LDT) 

remained unchanged. The changes in sleep behavior appear to correlate with the progression of 

Aβ distribution, suggesting a potential inhibitory role of reactive astrocytic tonic GABA towards 

sleep-regulation regions of the brain, particularly cortical nNOS neurons, and cholinergic 

neurons of the LDT/PPT. To our knowledge, this study provides the most thorough sleep profile 

of the 5XFAD mouse model to date, while simultaneously elucidating the relationship among the 

age-related distribution of Aβ, the inhibitory effects of reactive astrocytic tonic GABA in 

specific sleep-regulating regions of the brain and the corresponding forms and severity of sleep 

disruptions. 
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Abstract: Introduction:Synapse loss strongly correlates with cognitive decline in Alzheimer’s 

disease (AD). Genetic evidence points to astrocytes and microglia as contributors to disease risk 

and mouse models suggest their involvement of microglia in aberrant synapse removal. 

Astrocytes have not previously been implicated in directly contributing to synapse loss in AD 

models, and direct human evidence for any glial involvement in synapse removal in human AD 

remains to be established. Similarly, the feasibility of selectively targeting disease-associated 

synapse loss is unknown. 

Methods:We studied human post-mortem tissue from 31 confirmed late-stage AD cases (mean 

age 76, 18M:13F, 8APOE3/3:23APOEx/4) and 19 age-matched control cases (mean age 73, 

11M:8F, 12APOE3/3:7APOE3/4). Tissue was stained for synapsin I, CD68 for, GFAP and 

Thioflavin S. Twenty confocal images (63x) were taken in the grey matter of each case from the 

temporal lobe (BA20/21) and occipital lobe (BA17). For in vitro experiments, we looked at 

primary human microglia from biopsies (n=8) were isolated using CD11b immunomagnetic 

beads, similar to adult murine microglia (n=8), and embryonic and foetal mouse (n=5) and 

human astrocytes (n=8), respectively. Human synaptoneurosomes were labelled with pHrodo-

RED to track synaptic engulfment. Synaptoneurosomes were treated with a control IgG antibody 

or anti-MFGE-E8 one for the blocking assays. Mixed-effects linear models were used to analyse 

the data and account for factors like repeated measurements, age, sex, brain area, and effects of 

plaques. 

Results:In this exploratory study, we demonstrate that astrocytes and microglia from human 

post-mortem brains contain greater amounts of synaptic protein in AD compared to non-disease 

control tissue, and that proximity to amyloid-β plaques and inheritance of the APOE4 risk gene 

exacerbate this effect. Ex vivo, mouse and human astrocytes and primary mouse and human adult 

microglia show a preference for phagocytosing 

AD-derived synapses more than synapses from control brains. Inhibiting MFG-E8 function with 

a blocking antibody rescued the elevated engulfment of AD synapses by astrocytes, without 



affecting non-disease synapse uptake, while AD-specific microglial synapse uptake was reversed 

by IgG treatment blocking high affinity Fc receptors. This is the first quantitative study in human 

brains with Alzheimer’s disease showing that glia ingest more synapses. 

Conclusion:Overall, we found that AD promotes increased synapse ingestion by glial cells via 

MFGE-E8-related mechanisms with the potential for targeted therapeutic manipulation. 

Disclosures:  M. Tzioras: None. M.J. Daniels: None. C. Davies: None. D. King: None. P. 

Baxter: None. C. Smith: None. V.E. Miron: None. R.T. Karadottir: None. G.E. 

Hardingham: None. C.M. Henstridge: None. P. Brennan: None. B.W. McColl: None. T.L. 

Spires-Jones: F. Consulting Fees (e.g., advisory boards); TS-J is on the Scientific Advisory 

Board of Cognition Therapeutics and receives collaborative grant funding from 2 industry 

partners.. 

Nanosymposium 

593. Parkinson's Disease and Mechanisms 

Location: SDCC 7 

Time: Wednesday, November 16, 2022, 8:00 AM - 10:45 AM 

Presentation Number: 593.01 

Topic: C.03. Parkinson’s Disease 

Support: NIH Grant 5R01NS111978-04 

APDA Post-Doctoral Fellowship 

Title: A physiological role of a-synuclein Serine 129 phosphorylation in synaptic vesicle 

recycling 

Authors: *L. PARRA-RIVAS1, K. MADHIVANAN1, L. WANG3, N. BOYER1, D. 

PRAKASHCHAND2, Y. TANG4, U. DAS1, D. A. SCOTT4, P. RANGAMANI2, S. ROY5;  
2Mechanical and Aerospace Engin., 1Univ. of California San Diego, San Diego, CA; 3Amgen, 

Somerville, MA; 5Departments of Pathology and Neurosciences, 4UCSD, La Jolla, CA 

Abstract: α-synuclein (α-syn) is a small presynaptic protein linked to the pathogenesis of 

Parkinson’s disease (PD) and related disorders, collectively called synucleinopathies. 

Phosphorylation of α-syn at Ser-129 is a pathologic hallmark of synucleinopathies and widely 

considered to be a therapeutic target. Using pHluorin assays in cultured neurons, we and others 

have shown that modest levels of α-syn overexpression attenuates synaptic vesicle (SV) 

recycling, suggesting that α-syn is a physiologic attenuator of neurotransmitter release. 

Furthermore, we have shown that binding of α-syn to VAMP2 is necessary for the α-syn-induced 

synaptic attenuation seen in the pHluorin assays. In this study, we evaluated the presynaptic 

targeting of phospho-incompetent (Ser-129A) and phospho-mimic (Ser-129D) α-syn mutants, 

and also evaluated the effects of Ser-129 phosphorylation on SV-recycling using pHluorins. 

While mimicking Ser129 phosphorylation augmented synaptic α-syn accumulation and further 

attenuated SV-recycling as expected, surprisingly, preventing Ser129-P completely blocked the 

ability of α-syn to attenuate SV-recycling; suggesting a physiologic role for this post-



translational modification at synapses. Mechanistically, we found that phosphorylation at the 

Ser-129 site was required for α-syn binding to VAMP2 and subsequent synaptic attenuation, 

explaining the inability of Ser129 phospho-incompetent α-syn to attenuate SV-recycling. Finally, 

AlphaFold2-based modeling and membrane-binding simulations support a scenario where Ser-

129 phosphorylation triggers a conformational change in α-syn that exposes its C-terminus, 

allowing VAMP2 binding and consequent functionality. Collectively, the data suggest a 

physiologic role for α-syn S129 phosphorylation and warrant caution in developing therapeutic 

agents that inhibit this phosphorylation site. 
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Abstract: Parthanatos Associated AIF (apoptosis-inducing factor) Nuclease (PAAN), also 

knownas macrophage migration inhibitor factor (MIF) is a member of the PD-D/E(X)Knucleases 

that acts as a final executioner in parthanatos. PAAN’s role in Parkinson’sdisease (PD) and 

whether it is amenable to chemical inhibition is not known. Here weshow that neurodegeneration 

induced by pathologic α-synuclein (α-syn) occurs viaPAAN/MIF nuclease activity. Genetic 

depletion of PAAN/MIF and a mutant lackingnuclease activity prevent the loss of dopaminergic 

neurons and behavioral deficits inthe α-syn preformed fibril (PFF) mouse model of sporadic PD. 

Compound screeningled to the identification of PAANIB-1, a first-in class, brain-penetrant 

PAAN/MIFnuclease inhibitor that prevents neurodegeneration induced by α-syn PFF, AAV-α-

synoverexpression or MPTP intoxication in vivo. Our findings could have broad relevancein 

human pathologies where parthanatos plays a role for development of new celldeath inhibitors 

targeting the druggable PAAN/MIF nuclease. 
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Abstract: Alpha-synuclein (α-Syn), an intrinsically disordered protein (IDP), is associated with 

neurodegenerative disorders, including Parkinson's disease (PD or other α-synucleinopathies. 

Recent investigations propose the transmission of α-Syn protein fibrils, in a prion-like manner, 

by entering proximal cells to seed further fibrillization in PD. Despite the recent advances, the 

mechanisms by which extracellular protein aggregates internalize into the cells remain poorly 

understood. Using a simple cell-based model of human neuroblastoma-derived differentiated 

neurons, we present the cellular internalization of α-Syn PFF to check cellular uptake and 

recycling kinetics along with the standard endocytic markers Transferrin (Tf) marking clathrin-

mediated endocytosis (CME) and Galectin3 (Gal3) marking clathrin-independent endocytosis 

(CIE). Specific inhibition of endocytic pathways using chemical inhibitors reveals no significant 

involvement of CME, CIE and caveolae-mediated endocytosis (CvME). A substantial reduction 

in cellular uptake was observed after perturbation of actin polymerization and treatment with 

macropinosomes inhibitor. Our results show that α-Syn PFF mainly internalizes into the SH-

SY5Y cells and differentiated neurons via the macropinocytosis pathway. The elucidation of the 

molecular and cellular mechanism involved in the α-Syn PFF internalization will help improve 

the understanding of α-synucleinopathies including PD, and further design specific inhibitors for 

the same. 
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Abstract: Synucleinopathies such as Parkinson’s disease (PD), dementia with Lewy bodies 

(DLB), and Multiple System Atrophy (MSA) are characterized by the progressive spread of 

intracellular inclusions containing phosphorylated and aggregated alpha-synuclein (asyn). 

Therapeutics that can reduce asyn protein levels or prevent its aggregation may be useful 

disease-modifying strategies. Here we investigate single-domain antibodies, also called 

nanobodies, as potential therapeutics to prevent asyn aggregation in a cellular model of pre-

formed fibril (PFF)-induced synucleinopathy. The VH14 nanobody was previously identified in 

a yeast display screen of a non-immune human cDNA library by its affinity for the asyn NAC 

domain, which is essential for asyn self-assembly and aggregation. Earlier work showed that 

http://files.abstractsonline.com/CTRL/38/6/BA3/9D9/984/460/4B0/C4E/9E9/1CA/3E3/16/g2330_1.png


fusion of VH14 to a ubiquitin-independent proteasome degradation sequence (PEST) stabilized 

its expression and reduced intracellular asyn levels in vitro and in vivo. Based on those studies, 

we hypothesized that VH14-PEST could reduce intracellular asyn and thereby prevent the 

propagation of asyn pathology in neurons induced by seeding with asyn PFF. To test this 

hypothesis, we treated primary hippocampal neurons with asyn PFF which induces aggregation 

of intracellular endogenous asyn in the neurons and activated expression of VH14-PEST using a 

Tet-ON lentiviral system. The formation of phosphorylated serine-129 asyn (p-asyn) pathology 

was measured over 14 days. Exposure to asyn PFF progressively increased p-asyn inclusions 

throughout neurons over 14 days and induced lysosome enlargement. In contrast, neurons 

expressing VH14-PEST had significantly reduced p-asyn levels as compared to those expressing 

a non-specific control. In addition, VH14-PEST expression also prevented the corresponding 

lysosomal enlargement, suggesting that nanobody-induced removal of intracellular asyn 

prevented the development of asyn pathology and the destabilization of lysosomal structure. Our 

results demonstrate the ability of intracellular asyn nanobody expression to reduce asyn 

pathology and to mitigate downstream morphological changes linked to impaired protein 

degradation. In conclusion, this study supports the evaluation of nanobody as a gene therapy 

approach in models of synucleinopathy. 
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Abstract: Several in vivo animal models attempt to recapitulate the cerebral α-Synuclein (α-

Syn) pathology observed in human α-Synucleinopathies (Parkinson disease - PD, multiple 

system atrophy - MSA, dementia with Lewy bodies - DLB). Some models are based on the 

overexpression of wild-type (wt) or mutant α-Syn, either in transgenic animals or after acute 

intracerebral administration with AAV vectors in wt animals. Others are based on stereotaxic 

injections (i) of synthetic α-Syn fibril strains, sometimes amplified using patient brain extracts as 



tentative “conformational templates”, or (ii) of brain-derived extracts after various semi-

purifications procedures. Finally, certain authors combine overexpression and α-Synuclein fibril 

injections. It is however striking that the published neuropathological iconography characterizing 

the models operated by the different groups shows a very large variability in what is considered 

and tolerated as positive signs of a “bona fide” α-Syn pathology: this can include fuzzy and 

global stainings, images of a diffuse intraneuronal distribution, or alternatively neuronal 

cytoplasmic inclusions, almost systematically associated with neuritic inclusions, and in some 

cases with intranuclear inclusions. Clear-cut “inclusion type” images combining somatic and 

neuritic inclusions that are most reminiscent of the human pathology are generally observed after 

the injection of synthetic α-Syn fibrils or of MSA or DLB brain extracts purified with detergents 

rather than with water-based Lewy Body fractions or with overexpression alone. Still, even with 

synthetic fibrils there is a lab-to-lab variability in the neuropathology displayed. This is probably 

due to an uncontrolled α-Syn fibril strain variability that develops during the production 

procedures, a problem which is generally unaddressed. We show here that phenotyping the 

fibrils with a very simple triplex endpoint readout based on 3 external fluorescent probes allows 

to rapidly select α-Syn fibril strains that seed an acute α-Syn pathology with well-defined 

cytopathological inclusions in wild-type mice and in non-human primates. 
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Abstract: Development of neuroprotective therapy for Parkinson disease (PD) is hampered by a 

lack of translation from pre-clinical to clinical trials. One strategy for improvement is to increase 

predictive validity of pre-clinical studies by using extensively characterized animal models with 

a comprehensive set of validated pharmacodynamic readouts. Mice over-expressing full-length, 

human, wild-type alpha-synuclein under the Thy-1 promoter (Thy1-aSyn line 61) reproduce key 

features of sporadic PD, such as progressive loss of striatal dopamine, alpha-synuclein 

pathology, deficits in motor and non-motor functions and elevation of inflammatory markers. 

Extensive work with this model by multiple laboratories over the past decade increased 

knowledge on pathomechanisms of alpha-synuclein pathology and down-stream pathways. 



Interestingly, while postnatal transgene expression is widespread in central and peripheral 

neurons, the extent and progression of downstream pathology differs between brain regions, 

thereby replicating the characteristic selective vulnerability of neurodegenerative diseases. In 

depth characterization of these readouts in conjunction with behavioral deficits has led to more 

informative endpoints for pre-clinical trials. Each drug tested in Thy1-aSyn line 61 enhances 

knowledge on how molecular targets, pathology and functional behavioral readouts are 

interconnected, thereby further optimizing the platform towards predictive validity for clinical 

trials. Here we present latest discoveries and the current state of the art using Thy1-aSyn line 61 

for drug target discovery, validation and pre-clinical testing. 

Disclosures:   F. Richter: 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.; Research 
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Abstract: Parkinson’s Disease (PD) is a progressive neurodegenerative disease characterized by 

motor deficits leading to significant disability. PD motor deficits are caused by degeneration of 

the nigrostriatal pathway, which consists of dopaminergic neurons in the substantia nigra pars 

compacta and their long-projecting axonal tracts that innervate the striatum. Nigrostriatal 

pathway degeneration is believed to be due to the accumulation of alpha-synuclein (α-syn) 

protein fibrils within axons and neuronal cell bodies, which leads to a blockage in axonal 

transport and ultimately causes denervation of striatal medium spiny neurons (MSNs). To 



understand the axonal pathophysiology of PD, we have developed a three-dimensional 

anatomically-inspired in vitro model referred to as a tissue engineered nigrostriatal pathway (TE-

NSP) using human induced pluripotent stem cells differentiated to dopaminergic neurons and 

striatal neurons, with these populations connected by long-projecting encapsulated dopaminergic 

axonal tracts. TE-NSPs are built using a tubular hydrogel microcolumn (>1.5 cm long) 

comprised of an outer methacrylated hyaluronic acid (MeHA) encasement and an extracellular 

matrix (ECM) cocktail of collagen type I and laminin (1 mg/mL each) in the lumen. The MeHA-

ECM micro-columns serve as a scaffold to seed aggregates of dopaminergic and striatal neurons 

at either end, which project their axons and processes, respectively, to integrate over time. We 

found that the TE-NSPs demonstrated long bundled axonal tracts (> 12mm) from the 

dopaminergic neurons projecting towards the MSNs showing axonal-dendritic integration 

between the two discrete cell populations. Herein, we employ these human TE-NSPs as a testbed 

by injecting α-syn pre-formed fibrils (PFFs; 4 µM/mL) within the dopaminergic neuronal 

aggregate. TE-NSPs injected with α-syn PFFs were viable to at least 8 weeks of in vitro culture 

showing 90-95% viability of both cell types. Immunocytochemistry confirmed the presence of α-

syn PFFs within dopaminergic neurons and their axons, as well as within the MSNs, suggesting 

intra-axonal PFF transport and subsequent transmission to MSNs. Ongoing studies are focused 

on elucidating the mechanisms of this transmission and evaluating synucleinopathy in long-term 

culture conditions. Our novel approach aims at mimicking key aspects of the native nigrostriatal 

pathway - e.g., human neurons, segregated cell populations, and bundled long-projecting axonal 

tracts - and disease pathology, which will aid in understanding mechanisms of α-syn 

transmission and testing novel therapeutic interventions to prevent transmission and 

neurodegeneration. 

Disclosures:  D. Chouhan: None. K.D. Browne: None. R. Patel: None. D.K. Cullen: E. 
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Abstract: Intro: Recent evidence suggests synucleinopathy-associated pathogenesis in 

Parkinson’s disease is mediated by the prion-like spreading of alpha-synuclein (aSyn). Small 

animal magnetic resonance imaging (MRI) is a useful tool for longitudinal examination of the 

progression of pathology in the brains of mouse models of disease, and presents an ideal 

methodology of examining brain-behaviour correlates. We present a characterization of 

pathological aSyn spreading from a known locus via voxel-wise aSyn-induced changes in 

anatomy and symptomatology. 

Methods: 11-week old wild-type (WT) and hemizygous M83 aSynA53T transgenic mice received 

an injection of mouse [Ms-] or human [Hu-] preformed fibrils [PFF] of aSyn, or phosphate 

buffered saline (PBS; control) in the right striatum (n~8 mice/group/sex/time point). T1-

weighted MRI images (100 μm3 isotropic voxels; Bruker 7T), motor performance on pole test, 

rotarod and wire hang test, and symptom score were acquired at -7, 30, 90 & 120 days post-

injection (dpi). Partial least squares regression (PLS) was used to examine the relationship 

between MRI-derived atrophy (voxel-wise relative Jacobian difference between the -7 & 90 dpi 

symptom onset time point) and symptom profile (sex, weight, genotype, injection, symptom 

score & motor performance). 

Results: We observed a widespread bilateral pattern of atrophy, particularly involving regions 

that project to or receive input from the injection site, that was strongly correlated with 

symptomatic (smaller weighted) M83 Ms-PFF-injected mice with behavioural deficits observed 

on the wire hang and rotarod test. This latent variable explained ~34% of the variance and was 

highly significant (p<<0.0001). 

Conclusion: PLS provides additional information on the brain-behaviour relationship of the 

MRI-derived atrophy patterns. The results support our survival data as M83 Ms-PFF mice 

developed symptoms earlier and succumbed to their symptoms fastest of any group, and support 

a univariate analysis revealing a similar widespread pattern of volumetric decline over time for 

the M83 Ms-PFF mice. 
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Abstract: Endocannabinoid (eCB) 2-arachidonoyl-glycerol (2-AG), the most abundant eCB in 

the brain, regulates diverse neural functions. Like dopamine, eCB signaling is also altered in 

Parkinson's disease (PD), the most common degenerative movement disorder. However, whether 

the observed eCB changes are a cause or compensatory response of the disease remains unclear. 

Using homozygosity mapping and whole-exome sequencing, we linked multiple homozygous 

loss-of-function mutations in diacylglycerol lipase beta (DAGLB) to a form of early-onset 

autosomal recessive PD. We then used RNA sequencing and fiber photometry with genetically 

encoded eCB sensors to demonstrate that DAGLB is the main synthase of 2-AG in nigral 

dopaminergic neurons (DANs). In mice, the nigral 2-AG levels were markedly correlated with 

the motor performance during motor skill acquisition. Genetic knockdown of Daglb in nigral 

DANs substantially reduced nigral 2-AG levels and impaired motor skill learning, particularly 

the across-session learning, whereas pharmacological inhibition of 2-AG degradation increased 

nigral 2-AG levels, DAN activity and dopamine release and rescued the motor skill learning 

deficits. Together, we demonstrate that DAGLB-deficiency contributes to the pathogenesis of 

Parkinsonism, reveal the importance of DAGLB-mediated 2-AG biosynthesis in nigral DANs in 

regulating neural activity and dopamine release, and provide preclinical evidence for the 

beneficial effects of 2-AG augmentation in alleviating Parkinsonism. 
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Abstract: Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene are the most common 

genetic cause of Parkinson's disease. Genetic studies revealed that LRRK2 regulates the 

autophagy-lysosomal pathway, and that germline deletion of LRRK2 and its functional 

homologue LRRK1 results in progressive loss of dopaminergic neurons in the substantia nigra 

pars compacta (SNpc), along with earlier lethality and reduced body weight. In this study, we 

created dopaminergic neuron-specific LRRK conditional double knockout (cDKO) mice, in 

which LRRK1 and LRRK2 are selectively inactivated in dopaminergic neurons by Cre 

recombinase expressed under the control of the endogenous DAT promoter, to determine whether 

LRRK is required for dopaminergic neuronal survival in a cell autonomous manner. We found 

that dopaminergic neuron-specific LRRK cDKO mice of both sexes exhibit normal body weight 

and mortality, but they develop age-dependent loss of dopaminergic neurons in the SNpc, as 

evidenced by the normal number of dopaminergic neurons in LRRK cDKO mice at 15 months of 

age and decreases of dopaminergic neurons in the SNpc at the ages of 20 months (-14%) and 25 

months (-23%), compared to littermate controls. However, the reduction of dopaminergic 

neurons in the SNpc of DAT-Cre driven LRRK cDKO mice occurs at a later age of onset and is 

less severe, compared with LRRK DKO mice lacking LRRK1 and LRRK2 in all cells (e.g. no 

reduction of dopaminergic neurons in cDKO mice at 15 months of age vs. ~20% loss of 

dopaminergic neurons in DKO mice at 15 months). In addition, dopaminergic neurodegeneration 

in LRRK cDKO mice is accompanied with increases in apoptosis, microgliosis, and accumulation 

of autophagic and autolysosomal vacuoles in surviving DA neurons. These results demonstrate 

an intrinsic, essential role of LRRK in the protection of dopaminergic neurons during aging, and 

suggest a non-cell autonomous role of LRRK in contribution to dopaminergic neuronal survival. 
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Abstract: Selective loss of dopaminergic neurons in the nigrostriatal pathway is the main 

characteristic of Parkinson’s disease (PD). Neurodegeneration in PD is believed to occur in a 

retrograde fashion, with mitochondrial dysfunction being one of the shared features of both 

monogenic and idiopathic cases. Miro1 (gene: RhoT1), an element of the motor/adaptor 

complex, is a key regulator of mitochondria morphology, movement and Ca2+ buffering 

capacity. Interestingly, recent publications reported Miro1 mutations as possible cause of PD, 

and showed that Miro1 function is altered in fibroblasts of PD patients (monogenic and 

idiopathic). These suggest a broad involvement of Miro1 in the PD pathology, supporting the 

hypothesis that Miro1 might represent a convergent path in the onset and/or progression of PD, 

namely through mitochondrial defects. We hypothesize that mitochondrial damage present in PD 

patients is dependent on Miro1 function and alterations in the Miro1 pathway might be tolerated 

until a certain tipping point after which neurodegeneration occurs. To assess our hypothesis, 

midbrain organoids (MO) derived from induced pluripotent stem cells of a PD patient caring the 

Miro1 p.R272Q mutation were used. Our MO model resembles the human midbrain, area 

affected in PD, and is able to reproduce PD pathological phenotypes. MO were characterized at 

days 20, 30, 60 and 90 of culture. First, Miro1 R272Q MO showed a lower amount of tyrosine 

hydroxylase (dopaminergic neuron marker) and higher fragmentation index, from day 30 

onwards, comparing with healthy MO or isogenic control MO. Then, despite the similar amount 

of mitochondrial mass observed (TOM20 and VDAC), Miro1 R272Q MO presented a lower 

basal respiration and ATP production and higher mitochondrial ROS at day 35 of culture – peak 

of neuronal differentiation. Moreover, principal component analysis of the MO intracellular non-

polar metabolites showed a clear separation between the 3 groups (healthy MO, Miro1 R272Q 

MO and isogenic control MO), with Miro1 R272Q MO presenting an overall reduction in the 

TCA metabolites. Interestingly, when exposed to different subtracts, Miro1 R272Q MO showed 

a significant increase in the consumption of succinic acid (complex II subtract), suggesting that 

complex I might be affected. At the same timepoint, no alterations in the autophagy pathway are 

observed (LC3 ratio or P62 levels). However, a deeper analysis in terms of the mitophagy 

process is needed. Altogether, our results support the hypothesis of Miro1-dependent 

mitochondrial damage in dopaminergic neuron degeneration and support the role of Miro1 as a 

possible common molecular target in PD. 

Disclosures:  C. Saraiva: None. G. Sacripanti: None. A. Chemla: None. R. krüger: None. J. 

Schwamborn: None. 

Nanosymposium 

594. Mechanisms of Brain Injury and Recovery 



Location: SDCC 33 

Time: Wednesday, November 16, 2022, 8:00 AM - 9:30 AM 

Presentation Number: 594.01 

Topic: C.08. Ischemia 

Support: AHA Grant CDA 857344 

Department of Neurological Surgery, University of Wisconsin-Madison 

Department of Cell and Development Biology, University of Pennsylvania 

Title: Tet3 prevents mitochondrial dysfunction and secondary brain damage after stroke via 

epigenetic regulation 

Authors: S. M. PROBELSKY1, V. ARRURI1, A. B. GAILLARD1, R. VEMUGANTI2, *K. C. 

MORRIS-BLANCO3,1;  
1Univ. of Wisconsin-Madison, Madison, WI; 2Neurolog. Surgery, Univ. of Wisconsin, Madison, 

WI; 3Univ. of Pennsylvania, Philadelphia, PA 

Abstract: The CNS-enriched epigenetic modification known as 5-hydroxymethylcytosine 

(5hmC) has been shown to play an important role in neuroprotection in the diseased brain. We 

previously showed that the ten-eleven translocase 3 (TET3), a hydroxylase enzyme involved in 

producing 5hmC, is robustly induced and modulates global levels of 5hmC in the post-stroke 

brain. In the current study, we wanted to further determine the mechanism by which TET3 

promotes neuroprotection after stroke. We subjected adult C57BL6/J mice to transient focal 

ischemia by middle cerebral artery occlusion following TET3 knockdown or TET3 

overexpression. Hydroxymethylation DNA immunoprecipitation sequencing revealed hundreds 

of TET3-dependent differential hydroxymethylation regions on genomic loci associated with 

mitochondrial function in the peri-infarct cortex. Gene ontological analysis identified several 

mitochondrial processes related to the 5hmC-associated genes including mitochondrial 

membrane potential, mitochondrial bioenergetics, mitochondrial calcium homeostasis, 

mitochondrial structural components, and mitochondrial-mediated apoptosis. 

Immunohistochemical analysis demonstrated that TET3 maintained mitochondrial integrity and 

inhibited mitochondrial-mediated apoptosis following stroke. Knockdown of TET3 exacerbated 

secondary brain damage after stroke whereas, overexpression of TET3 decreased edema, infarct, 

and improved motor function recovery. Collectively this evidence indicates that TET3 may 

protect the brain after stroke by modulating mitochondrial gene expression and mitochondrial 

function. 
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Abstract: Cardiopulmonary arrest (CA) is a major cause of death/disability in the U.S. with poor 

prognosis and survival rates. The current CA therapeutic challenges are physiologically complex 

because they involved hypoperfusion [decreased cerebral blood flow, (CBF)], 

neuroinflammation, and mitochondrial dysfunction. Therefore, identify these complex regulatory 

elements that ultimately control neuronal viability can lead to novel therapies against CA. We 

previously discovered that novel serum/glucocorticoid-regulated kinase 1 (SGK1, a 

serine/threonine kinase) is highly expressed in brain neurons that are susceptible to ischemia 

(e.g., hippocampus and cortex). SGK1 plays a critical role for numerous cellular processes, 

including regulating homeostasis, inflammation, and apoptosis in various organs. However, the 

role of SGK1 in the brain is understudied. To explore the potential role of SGK1 in CA-induced 

brain injury, we inhibited SGK1 following CA using pharmacological (specific SGK1 inhibitor) 

and cell type (neuron)-specific genetic approaches (e.g., shRNA) in our well-established rodent 

models of CA (asphyxia- and potassium chloride-induced cardiac arrest). Intra-vital two-photon 

laser scanning microscopy and laser speckle contrast imaging revealed that pre-treatment with 

GSK 650394 (1.2 μg/kg, intracerebroventricular injection) or SGK1-shRNA (1x1011 viral 

particles, retro-orbital injection) attenuated cortical hypoperfusion after CA. Interestingly, 

neuroinflammation and mitochondrial dysfunction (via Seahorse respirometry) were reduced, 

while neuronal survival was enhanced in the CA1 region of the hippocampus after pre-treatment 

with GSK 650394 or SGK1-shRNA. Finally, rodents’ neurological outcomes after CA were 

evaluated using Y and elevated plus mazes, ladder rung walking, hanging wire, and adhesive 

removal tests. Rodents pre-treated with GSK 650394 or SGK1-shRNA exhibited better 

neurological outcomes following CA as compared to untreated animals. In conclusion, SGK is 

one of the major contributors to CA-induced brain injury, while pre-treatment with GSK 650394 

or SGK1-shRNA to diminish SGK1 expression provides neuroprotection against CA-induced 

hypoperfusion, neuroinflammation, mitochondrial dysfunction, neuronal cell death, and 

neurological deficits. Since the FDA has approved over 46 kinase-related drugs for the treatment 

of various diseases, our study will be promptly translated into human clinical trials for the 

patients suffering from CA. 
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Abstract: Transient global cerebral ischemia affects millions of people each year and arises as a 

consequence of cardiac arrest. Global cerebral ischemia (GCI) causes selective, delayed death of 

hippocampal CA1 pyramidal neurons resulting in severe cognitive deficits. To date, there is no 

known treatment for the neurodegeneration associated with this devastating insult. 

Loss of mitochondrial function is an early event during cerebral ischemia, ultimately triggering 

neuronal cell death. Mitochondria are involved in ATP production, ROS generation, 

inflammation, as well as apoptosis. Selective degradation of damaged or dysfunctional 

mitochondria through autophagy is known as mitophagy. 

Ischemic preconditioning (IPC) is a well-known phenomenon in which a brief, sublethal 

ischemic insult confers robust neuroprotection to hippocampal CA1 neurons against a 

subsequent severe ischemic challenge. Unmasking the endogenous mechanisms triggered during 

IPC could help to understand how the brain protects itself. However, the molecular mechanisms 

underlying ischemic tolerance by preconditioning are not fully understood. 

In our previous study, we showed that GCI triggers a transient increase in biochemical markers 

of autophagy, pS317-ULK-1, pS14-Beclin-1, and LC3-II, a decrease in the cargo adaptor p62, 

and an increase in autophagic flux, a functional readout of autophagy, in selectively vulnerable 

hippocampal CA1 neurons. However, the role of mitophagy in neuronal death after cerebral 

ischemia has not yet been delineated. 

Here we show that mitophagy is activated in response to GCI in the hippocampal CA1 pyramidal 

neurons via PINK/PARKIN/p62/Optineurin and BNIP3 signaling pathways. Consistent with this, 



recruitment of dynamin-related protein-1 (Drp1), a marker for mitochondrial fission, was 

detected in the mitochondrial fraction. Additionally, ischemia induces phosphorylation of NFκB 

and increases the expression of the proinflammatory IL-1β in the cytoplasmic fraction. However, 

a poor translocation of NFκB to the nucleus and no change in the mitochondrial fraction 

expression was observed. We further show that IPC induced a decrease of PINK, P62, 

Optineurin, BNIP3, and Drp1 expression in the mitochondrial fraction and IL-1β expression in 

the cytoplasmic fraction of the CA1 neurons. In contrast, NFκB was increased in the 

mitochondrial fraction suggesting a role of NFκB signaling in the mitochondria, possibly by 

mitochondrial dynamics regulation. These findings indicate that GCI induces maladaptive 

mitophagy while IPC can maintain adaptive mitophagy, most likely; through mechanisms related 

to mitochondrial dynamics and modulation of inflammation. 

Disclosures:  T. Jover-Mengual: None. H. Byun: None. B.L. Court-vazquez: None. M. 

Delgado-Esteban: None. J. Hwang: None. R.S. Zukin: None. 

Nanosymposium 

594. Mechanisms of Brain Injury and Recovery 

Location: SDCC 33 

Time: Wednesday, November 16, 2022, 8:00 AM - 9:30 AM 

Presentation Number: 594.04 

Topic: C.08. Ischemia 

Support: 2RF1NS037459-18 

Title: The role of the UCHL1 hydrolase activity in ischemic injury and recovery 

Authors: *N. POVYSHEVA1, Z. MI2, M. ROSE2, J. MA2, D. ZEH2, I. BHUIYAN2, S. 

GRAHAM2;  
1Neurosci., 2Neurol., Univ. of Pittsburgh, Pittsburgh, PA 

Abstract: UCHL1 neuronal protein responsible for axonal and synaptic integrity carries promise 

as a potential therapeutic target in cerebral ischemia (Liu et al., 2019). The current study 

addresses the role of the UCHL1 hydrolase activity in axonal and synaptic neuronal responses to 

the oxygen- glucose deprivation (OGD). Brain slices obtained from the 10-12-week-old C57BI6J 

mice were incubated with the LDN 57444, an UCHL1 hydrolase inhibitor. Evoked axonal 

responses were recorded in corpus callosum (CC) and hippocampal synaptic responses in the 

CA1 region. OGD resulted in transient suppression of axonal and hippocampal synaptic 

responses that were restored after reperfusion with oxygen and glucose. LDN 57444 treatment 

significantly delayed recovery of axonal and synaptic responses in CC and hippocampus and 

decreased the amplitude of the responses after OGD and reperfusion in hippocampus. To further 

assess the role of the UCHL1 in neuronal responses to ischemia, OGD experiments were 

conducted in brain slices from the knockin mice bearing a C90A mutation devoid of UCHL1 

hydrolase activity and WT controls. Recovery of axonal and hippocampal synaptic responses 

after OGD was delayed and their amplitude was attenuated in C90A mice as compared to control 



WT mice. In addition, white matter injury detected by SMI-32 immunocytochemistry and Luxol 

fast blue, and motor deficits on the balance beam and cylinder test were more severe in the C90A 

mice subjected to transient middle artery occlusion than in WT controls. Together, these data 

support the involvement of UCHL1 hydrolase activity in injury and recovery of neuronal 

function in response to ischemia. 
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Abstract: Background: Ischemic preconditioning (IPC) is a robust protective phenomenon 

whereby brief ischemic exposure confers protection against a subsequent prolonged ischemic 

challenge. IPC has been studied primarily in gray matter predominant models, however, stroke in 

human patients frequently impacts white matter (WM). We have previously reported our 

development of a WM IPC model in the mouse optic nerve (MON), a fully myelinated CNS WM 

tract. We identified innate immune signaling pathways as required for axonal protection, 

however the cell type(s) responsible for IPC in WM are unknown. Recent studies suggest that the 

length of the nodes of Ranvier (NoR) in CNS WM correlates strongly with axonal conductance 

and may increase due to ischemic injury. Here we characterize the effects of microglial depletion 

on IPC-induced protection against OGD-mediated injury to: (i) axonal compound action 

potential recovery, (ii) axonal structural integrity, (iii) oligodendrocyte viability and (iv) NoR 

length in the MON. 

Methods: Following microglial depletion by pharmacologic treatment with colony stimulating 

factor 1 receptor (CSF1R) inhibitor PLX5622, MONs were exposed to transient ischemia in 



vivo, acutely isolated, and subjected to oxygen-glucose deprivation (OGD) ex vivo to simulate a 

severe ischemic injury (stroke). Functional and structural axonal recovery was assessed by 

electrophysiology with recording of compound action potentials and by 

immunofluorescent/confocal microscopy followed by quantitative stereology. 

Results: Microglial depletion eliminated IPC-mediated protection of axonal function but 

intriguingly had no effect on recovery after acute ischemic injury alone (i.e. in the absence of 

IPC). In addition, we observed that microglial depletion via CSF1R antagonism abrogated IPC-

mediated protective effects on both axonal integrity measurements and the survival of mature 

(APC+) oligodendrocytes after exposure to OGD. IPC-mediated protection was determined to be 

independent of retinal injury. Effects on NoR length remain under investigation. 

Conclusions: Based on these findings, we conclude that preconditioned, but not naïve, microglia 

are critical in the endogenous IPC-induced protective response against ischemic injury that 

occurs in WM. Thus, preconditioned microglia are a critical cellular target for future therapeutics 

designed to enhance WM recovery from acute ischemic injury (stroke). Furthermore, our data 

suggest that IPC-mediated protection in WM is anatomically intrinsic to WM and not dependent 

of upstream gray matter neurons. 
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Abstract: The acid sensing ion channels are essential for normal brain function, but can initiate 

neuronal death and contribute to brain injury. Specifically, prolonged reductions in the 

extracellular pH of the brain accompany cerebral injury, inflammation, and ischemia. ASIC 

inhibition in animal models of these conditions limits neurological damage. Yet, capitalizing on 

the therapeutic potential of ASIC attenuation has been hampered by the fact that ASICs play an 

important role in normal physiological processes and there is a lack of therapeutics which 

specifically target ASICs. We have discovered that the toxic effect of ASICs in central neurons 



can be reduced by agonists of the delta opioid receptor (DOR). This limitation of ASIC-induced 

neuronal toxicity (acidotoxicity) occurs with both peptide and non-peptide DOR agonists and is 

dependent on G-protein activation. An important aspect of these findings is that acidotoxicity is 

inhibited without a reduction in ASIC1a current, showing that the toxic and physiological actions 

of the channel can be separated. DOR-induced neuroprotection from acidotoxicity occurs 

through activation of intracellular signaling cascades and involve portions of the intracellular 

domain of ASIC1a. Further work will determine how DOR activation affects the protein-protein 

interactions shown to govern ASIC1a-mediated toxicity. The outcomes of the proposed work 

will reveal novel regulatory mechanisms controlling ASIC1a-induced toxicity, suggest new 

interventions to mitigate ASIC-induced death using existing DOR agonists, and reveal strategies 

to separate the physiological and pathological actions of ASIC1a. These results will be 

significant as they are expected to have broad implications for the prevention of brain injury in 

disorders where neuronal acidotoxicity plays a role. 
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Abstract: Object recognition under ambiguity requires matching the sensory input with one’s 

prior knowledge to arrive at a best fit. Individuals vary in how strongly prior knowledge 

influences perception, and disturbances of this process may lead to hallucination. Distinct 

sources of prior knowledge have been identified to influence recognition, including past 

experiences and top-down expectation. Here, we investigate neural network dynamics underlying 

past experiences’ influence on perception using Intracranial EEG. 

Using a dramatic one-shot perceptual learning task, prior studies from our laboratory have shown 

that multiple large-scale cortical networks are involved in prior-knowledge-guided perceptual 

recognition. Notably, a recent study in brain-lesioned patients showed that the hippocampus and 

related medial temporal lobe structures are not needed for successful one-shot perceptual 

learning. This finding confirms that cortical networks implement prior-knowledge-guided 



perceptual recognition; however, the involved network dynamics remain largely unknown. 

In this study, we leveraged the high spatial and temporal resolution of intracranial EEG (iEEG) 

to track the flow of information during prior-guided visual recognition to better understand the 

involved network mechanisms. Patients undergoing surgical evaluation with iEEG monitoring 

are shown degraded black-and-white images and asked if they can recognize a coherent object in 

the image. By presenting a degraded image both before and after the corresponding original 

grayscale image (which induces disambiguation of the degraded image), the distinct neural 

activity of prior knowledge-induced recognition can be discerned. As expected, we find that 

degraded images that have been disambiguated by previously viewing the matching original 

image are slower to generate significant ventral stream activity than the corresponding original 

image (as assessed by broadband gamma power), suggesting the need for additional processing 

due to weakened sensory evidence. Interestingly, after disambiguation, neural activity in 

prefrontal electrodes represents degraded images similarly to the matching original images at 

~400 ms after stimulus onset. This distinction in frontal representation appears to start prior to 

the significant ventral stream activation driven by post-disambiguation images, which is 

consistent with the notion that top-down feedback from the prefrontal cortex—potentially 

carrying relevant prior knowledge—facilitates ventral stream processing for recognizing 

ambiguous visual stimuli. 
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Abstract: Categorization is the ability to classify physically similar yet conceptually different 

objects. The neural circuits responsible for categorization are unclear, with invasive 

electrophysiological studies in non-human primates pointing toward prefrontal and parietal 

cortex and human neuroimaging studies pointing towards early sensory areas. This discrepancy 

could result from signal differences (e.g., spikes vs. LFPs vs. hemodynamic response), training 

regimens, or a general species difference. Here, we consider an additional factor: task structure. 

Invasive studies in non-human primates typically rely on delayed-match-to-category (DMC) 



tasks, which allow researchers to track category-selective signals independently of motor 

preparation; in contrast, human neuroimaging studies typically employ category discrimination 

(CD) tasks that require speeded responses. Thus, an important difference between non-human 

primate and human experiments is that the former precludes motor preparation while the latter 

does not. To examine whether and how motor signals influence categorization, we isolated 

posterior alpha-band EEG activity while participants performed a spatial delayed match to 

sample task. Activity measured at each electrode was modeled as a set of hypothetical spatial 

channels. Regression coefficients from this model were then used to track the evolution of 

category biases reconstructed from EEG activity while participants performed CD and DMC 

tasks. During the CD task, participants learned to categorize stimuli appearing at 12 positions 

into discrete groups, i.e., Category 1 and Category 2. Participants were free to respond following 

stimulus onset and instructed to prioritize accuracy and speed. During the DMC task, participants 

were required to determine whether two successive stimuli appearing in different spatial 

positions were drawn from the same category. Thus, this task requires participants to encode and 

remember the category membership of the first stimulus, but participants cannot plan or execute 

a response until the second stimulus is presented. Reconstructions of stimulus position were 

systematically biased towards the center of the appropriate category during the CD and DMC 

tasks. However, biases emerged significantly earlier during the CD relative to the DMC task. 

Since the primary difference between the CD and DMC tasks is that the former required an 

immediate response while the latter did not, we interpret this difference as evidence that decision 

and/or motor preparation signals influence the development of category biases in human cortex. 
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Abstract: Visual attention and working memory (WM) are two different cognitive functions. 

However, because of their close relationship and interactions, it is often claimed that they share 

the same underlying neuronal substrates. Here we examined whether the brain areas and neurons 

that are modulated by selective attention to a visual feature are the same as or different from 



those engaged in the maintenance of WM representations of the same feature. We trained two 

macaque monkeys to perform a WM-guided feature attention task that required maintaining a 

visual motion direction representation in WM and then selectively attending to stimuli with that 

motion direction. We recorded the activity of motion direction-selective neurons in multiple 

visual processing stages, including areas MT, MST, LIP, and LPFC. We found that the 

percentage of neurons exclusively showing either attentional modulation or WM coding far 

exceeded the percentage showing both signals. This dissociation was present in all areas and was 

most striking in LPFC. The posterior subregion of LPFC (LPFC-p) has been proposed as a 

pivotal source for feature attentional signals that, through feedback projections, selectively 

modulate neuronal activity in feature-selective visual cortical neurons. To examine whether 

LPFC-p plays a causal role in both feature attention and WM, we employed an optogenetic 

method for large-scale bilateral inactivation of LPFC-p during either the WM period or the 

sustained attention period. We replaced the native dura with a transparent artificial dura over 

LPFC-p bilaterally and expressed the inhibitory opsin Jaws across a ~100 mm2 area via 168 viral 

injections. LPFC-p was bilaterally stimulated with 635 nm lasers located above the cortical 

surface. We confirmed that optogenetic stimulation decreased neuronal firing rates in LPFC-p; 

surprisingly, stimulation also decreased firing rates in MT, MST, and LIP neurons, far from the 

stimulated region. LPFC-p inactivation during the sustained attention period reduced the strength 

of feature attentional effects not only locally (in LPFC-p) but also in MST and LIP. In contrast, 

inactivation during the WM period reduced the strength of WM coding only in MST neurons and 

did not affect the strength of feature attentional effects in any area. Interestingly, LPFC-p 

inactivation during the sustained attention period impaired task performance, whereas 

inactivation during the WM period did not, suggesting that LPFC-p plays a pivotal role in feature 

attention but not in WM. Together, our results indicate that across multiple visual processing 

stages, the neuronal substrates underlying feature attention and WM are largely dissociable. 
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Abstract: Visual Perceptual Learning (VPL; often defined as a long-term performance increase 

as the result of visual experience) is highly specific to trained features. Previous work found that 

performing category learning before VPL training causes VPL to transfer to stimuli from the 

same category as the trained stimulus (Category-Learning Induced Transfer of VPL or CIT-VPL, 

Wang et al, 2018, Current Biology). However, the mechanism of transfer is unknown, providing 

an obstacle to utilizing CIT-VPL. Here, we present a novel theory that CIT-VPL occurs through 

Feature-Based Attention (FBA) induced representational shifts. We implement this theory in a 

novel unified model of category learning, attention, and VPL (CAPL) and use the model to 

interpret the results of experiments testing two hypotheses. First, we test the hypothesis that 

targeted FBA is necessary for CIT-VPL by utilizing two category structures: Rule-Based (RB) 

and Information-Integration (II) structures. In RB structures, performance is optimized if FBA is 

targeted to specific feature values. For II structures, the features must be integrated at a pre-

decisional stage and targeted FBA leads to suboptimal performance. Subjects (n=6) were divided 

evenly between the two conditions and underwent category learning followed by 5 days of VPL 

training. VPL for the trained stimulus and a transfer stimulus from each category was measured 

using pre and post-testing. The RB condition showed transfer to the stimulus from the same 

category as the trained stimulus but not to the opposing category stimulus, while the II condition 

showed no transfer. CAPL was then fit to the results by varying the strength of FBA. FBA in the 

RB condition was higher than the II condition. These results support the hypothesis that FBA is 

necessary for CIT-VPL. We then test the hypothesis that CIT-VPL occurs through 

representational shifts using a same-different (SD) task. If representational shift increases the 

overlap of stimulus representations, SD performance should decrease. Subjects (n=8) were split 

equally between RB and II conditions and underwent SD task pre-testing, 400 trials of category 

learning, and SD task post-testing. The RB condition showed decreased same-different 

performance after category learning while the II condition did not. CAPL was then fit to the data 

and the model’s representational shift was calculated. The model exhibited more shift for the RB 

condition than the II condition. These results support the hypothesis that representational shifts 

are the mechanism for CIT-VPL. Overall, this work demonstrates that FBA likely plays a role in 

CIT-VPL by inducing representational shifts. 
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Abstract: The image on our retina is a limited window to our surrounding environment. What 

neural systems integrate the view of the scene in front of us with our memory of the immediate 

surrounding environment (i.e., the local visuospatial context)? Previous studies have identified 

high-level visual areas of the brain that selectively process visual scenes, but how memory for 

the wider visuospatial context surrounding a scene interfaces with these regions is not well 

understood. To address this knowledge gap, participants (N=17) learned a set of 20 controlled, 

real-world visuospatial environments using first-person head-mounted virtual reality (VR). Each 

environment depicted a small portion of an unfamiliar city (e.g., Padua, Seville, etc.), and the 

extent of the depicted visuospatial environment varied across three conditions: 1) single images 

(45° from a photosphere, 315° occluded), 2) panoramas (270° visible, 90° occluded), and 3) 

streets (three contiguous 360° photospheres). Then, we used fine-grained individual subject 

fMRI to test which brain areas support memory of the visuospatial context associated with a 

scene during recall (Exp. 1) and perception (Exp. 2). We found that, Aacross the whole brain, 

activity in three patches of cortex scaled with the amount of known visuospatial context during 

recall (vertex-wise F>6.4, p<0.0001). Interestingly, each patch was located immediately anterior 

to one of the three scene perception areas of the brain. Individual subject analyses revealed that 

these anterior patches corresponded to the three place memory areas, regions which selectively 

respond when visually recalling personally familiar places and show strong connectivity to the 

hippocampus (Steel et al., 2021). In addition to showing activity levels that scaled with the 

amount of visuospatial context (all p<0.01), multivariate decoding analyses showed that these 

anterior areas represented the identity of the specific environment being recalled (all ps < 0.01). 

Together, these results suggest a convergence zone for scene perception and memory of the local 

visuospatial context at the anterior edge of visually-responsive cortex. 
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Abstract: Individuals with autism spectrum disorder (ASD) have been shown to exhibit a deficit 

in similarity-based categorization, a vital cognitive skill necessary for structuring and learning 

from the world. It has been speculated that the detail-focused cognitive style in ASD interferes 

with abstracting the categories’ central tendency, the so-called prototype, which is an alternative 

to storing category knowledge through memorizing a category’s exemplars. Alternatively, an 

ASD-specific reduction in top-down influences of prior experience on perception contents could 

lead to a more general deficit in similarity-based categorization. As the interpretation of previous 

findings is hampered by unclear influences of comorbidities and high proportions of chance-level 

performers, we aimed at replicating the reported deficits in neurotypical (NT) individuals high in 

autistic traits and investigated potential underlying neural mechanisms. Behavioural and 

functional magnetic resonance imaging (fMRI) data were collected from 67 NT individuals (age: 

M = 25.60, SD = 3.70; n = 30 women) characterized for autistic traits, performing a single-

category prototype-distortion task with abstract patterns. Individuals had to learn which items 

belong to a category ‘A’ via visual feedback. During a transfer phase, individuals categorized 

previously seen as well as novel stimuli without feedback. Only individuals who performed 

above chance levels were included in the analyses (N = 62). Statistical analyses were based on 

median splits of autism quotient questionnaire sum scores and the ‘attention to detail’ subscale. 

Particularly individuals with a high focus on detail required more training rounds, showed worse 

overall training accuracy, and exhibited difficulties to endorse novel category members in the 

transfer phase. Model-based analyses did not indicate an association between autistic traits and 

behavioral strategy preferences. In contrast, analyses of parameter estimates indicate a lowered 

reliance on both prototype and exemplar representations. Preliminary model-free and model-

based fMRI analyses also rather speak to a link between autistic traits and activity associated 

with the general processing of abstract patterns in striatal and prefrontal areas rather than specific 

differences in prototype abstraction and representation. Results confirm that deficits in 

similarity-based categorization can be replicated in NT individuals high in autistic traits and 

indicate that lowered top-down influences underlie these deficits. Existing findings will be 

complemented by further model-based analyses as well as data from individuals with ASD 

diagnoses. 
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Abstract: Recent human neuroimaging work indicates that object recognition under uncertainty 

is orchestrated by the complex interplay between ventral visual and high-order frontoparietal 

regions. However, while these studies demonstrate where in the brain the recognition-related 

processes may take place, they provide only limited insights into how these signals evolve in 

each of these brain locations and how they coordinate with each other. In this study, we 

investigated the spatiotemporal dynamics of object recognition processing under uncertainty in 

the human brain by combining MEG (n=24, 15 females) and 7T fMRI data (n=25, 17 females) 

obtained from the same visual object recognition task. Participants were instructed to view 

images of objects presented at the recognition threshold and report the object category and their 

recognition experience after a short delay. We combined MEG and fMRI data with model-based 

analysis based on representational similarity analysis, allowing us to track the temporal 

unfolding of recognition-related signals in brain regions distributed across large-scale brain 

networks at millisecond resolution. We observed an early, parallel rise of recognition-related 

signals across ventral visual regions and frontoparietal cortices (110-120 ms following stimulus 

onset), with temporal dynamics and representational formats varying across regions. 

Recognition-related effects in ventral visual regions were relatively transient in time and best 

explained by a two-state representational format whereby brain activities associated with both 

recognized and unrecognized images were confined in two independent, relatively constrained 

representational subspaces, respectively. In contrast, recognition-related effects in frontoparietal 

regions were more stable and remained evident throughout the delay period. They were primarily 

driven by a representational structure whereby activities associated with the recognized images 

were confined in a relatively restrained subspace, whereas activities associated with the 

unrecognized images were more variable and distributed over a larger subspace. Together, our 

results reveal how neural activities underlying object recognition under uncertainty unfold across 

space and time and shed new insights on how the interplay between different processes in 

widespread cortical regions underlies object recognition under uncertainty. 
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Abstract: Inferior temporal (IT) cortex of primates is topographically organized, with spatial 

clusters of selectivity for multiple stimulus domains, including faces, bodies, and scenes, 

organized along a medial-lateral axis corresponding to the peripheral-foveal layout of earlier 

retinotopic cortex. In the homologous ventral temporal cortex (VTC) of humans, additional 

lateral word selectivity is seen, with a relative hemispheric left-lateralization that mirrors the 

relative (but weaker) right-lateralization of face selectivity. How does this topographic 

organization emerge, and what factors govern its consistent global layout? Recent computational 

modeling work using Interactive Topographic Networks has demonstrated that learning under 

biological constraints on the spatial cost and sign of connections within IT/VTC cortex is 

sufficient to produce domain-selective clusters. Here, we test whether additionally constrained 

connectivity with early retinotopic areas and with downstream non-visual areas, in combination 

with domain-biased viewing conditions and task demands, can produce the global layout of 

human VTC in a bi-hemispheric model. Retinotopic constraints are modeled by adding a spatial 

cost on feedforward connections from the polar-coordinate convolutional retinotopy of V4 into 

posterior VTC within each hemisphere of the model. Viewing conditions are modeled as 

distributions of relative image size, with scenes viewed at typically larger sizes than words, 

faces, and objects. Downstream language demands are modeled by an additional left-lateralized 

“language” system with connectivity restricted to model LH anterior VTC. Analyzing selectivity 

patterns and the results of model lesions, we find that learning in the model accounts for 1) the 

retinotopically-constrained layout of domain-selectivity for words, faces, objects, and scenes 

along a lateral-medial or foveal-peripheral axis, and 2) hemispheric organization in which words 

are relatively left lateralized and, due to competition with words, faces are relatively but more 

weakly right lateralized. Analysis of a group of randomly initialized models reveals a consistent 

group-level layout and laterality. Our work demonstrates how simple connectivity constraints 

combined with visual task demands can give rise to a consistent global organization of high-level 

visual representations in human VTC, and paves the way for the modeling of other connectivity 

constraints, as well as a targeted investigation of factors underlying individual variability. 
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Abstract: “Cognitive reserve” is used to explain the fact that some older adults show little to no 

cognitive decline despite evidence of brain aging. Current measures of cognitive reserve, 

including sociodemographic proxies (e.g., socioeconomic status, education) and residual 

measures of cognition accounting for brain aging, have had limited success predicting age-

related longitudinal changes in cognition, and few established mechanisms exist to explain how 

cognitive reserve protects cognition. One potential understudied mechanism involves positive 

affective experience (PAE; i.e., one’s capacity to maintain positive and stable arousal/valence 

from day to day). Aging is associated with paradoxical increases in emotional well-being and 

positive affect, despite declines in episodic memory (EM) and executive function (EF). 

Longitudinal studies have shown that better PAE is linked to a reduction or even an absence of 

noticeable cognitive decline in older adults. We examined whether PAE may act as a potential 

mechanism to explain how some older adults maintain robust cognitive function as they age. 

Data from a double-blinded intervention design (primarily aimed at understanding brain 

stimulation effects on mood) was used to examine relationships between PAE (Self-Assessment 

Manikin ratings of valence and arousal), neurodegeneration (cortical thickness), and cognition 

(change in EM or EF) in older adults with mild cognitive impairment (N = 39, mean age = 71.5, 

SD = 7). PAE was assessed at 14 timepoints over one month, with stability and level of PAE 

defined as SD and mean, respectively; cognition was assessed at baseline and after one-month 

intervention. Moderation analyses of PAE showed that stability of both arousal (interaction term: 

t(34) = 3.03, p = .0046) and valence (interaction term: t(34) = 2.49, p = .018) significantly 

moderated by lessening the negative influence of neurodegeneration on EF but not EM. Findings 

indicate that PAE may be a novel mechanism for explaining how some older adults maintain 

cognitive function despite brain aging and may serve as an intervention target for enhancing 

cognitive reserve. 
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Abstract: Neuropsychiatric symptoms (NPS) are behavioral disturbances prevalent in mild 

cognitive impairment (MCI) and Alzheimer’s disease (AD) that cause significant distress to 

patients and caregivers, and accelerate functional decline. tDCS is a non-invasive treatment that 

has shown promising effects for improving NPS in AD and MCI. In the current double-blinded 

randomized control trial pilot study, we assessed the behavioral and neural effects of a 4-week 

anodal tDCS intervention targeting left sensorimotor cortex (LSMC) during a visual attention 

task (compared to sham tDCS during the same task), in 40 older adults (24 females, mean 

age=71) with MCI. NPS was primarily measured by a composite score of participant-report 

depression, anxiety, and apathy, as well as using a caregiver-reported questionnaire, at baseline 

and immediately after intervention. Using GEE models, we found that, although there was no 

significant group by time interaction, intervention (Wald’s X2 = 3.80, p = .051), but not control 

(Wald’s X2 = 0.16, p = .69), showed significant improvement in mood immediately after 

intervention from baseline. Intervention (Wald’s X2 = 2.93, p = .087), but not control (Wald’s X2 

= 0.20, p = .65), showed a trend towards a significant decrease in LSMC activation during a 

visual attention task after intervention from baseline. There was a significant relationship 

between decrease in LSMC activation and improvement in mood symptoms (Wald’s X2 = 9.20, 

p = .002). Intervention (Wald’s X2 = 3.13, p = .077), but not control (Wald’s X2 = 2.64, p = .11), 

had a trend towards significant enhancement in LSMC-amygdala functional connectivity (FC) 

after intervention from baseline. There was a significant relationship between increase in LSMC-

amygdala functional connectivity (FC) and decrease in mood symptoms (Wald’s X2 = 4.72, p = 

.030). There were no significant findings related to caregiver-reported NPS. Follow-up analyses 

revealed that results were stronger for left postcentral gyrus activation and FC compared to left 

precentral gyrus (both regions make up LSMC). Overall, we found tentative evidence that tDCS 

applied to LSMC in older adults with MCI while they engaged in a visual attention task may 

improve emotion dysregulation and NPS via changes in LSMC activation and FC to the 

amygdala. Our findings suggested that patient-reported mood may be more sensitive to these 

changes than caregiver-reported NPS, and that effects may be stronger for left postcentral gyrus, 

laying the foundation for follow-up studies with more precise mechanistic investigation and 

efficacy testing. 
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Abstract: Stress, a prevalent problem in modern society, is a well-known risk factor for 

psychiatric disorders. Stress adversely affects many brain regions, with the prefrontal cortex 

(PFC) being a major target. The rodent PFC has several subdivisions. Among them, the medial 

PFC (mPFC) is crucial for cognitive flexibility, the ability to change perspectives or approaches 

to a problem, flexibly adjust to new demands, rules, or priorities. Previous studies and my data 

show that stress impairs cognitive flexibility, however, little is known about how stress affect 

mPFC neuronal coding, and how such effects contribute to stress induced defects in cognitive 

functions. To test the cognitive flexibility, I use attentional set-shifting task (AST), a two-choice 

discrimination task consisting of several sessions. Among different sessions, the 

extradimensional shift (EDS) session requires the animal to shift between different sensory 

modalities to make decisions. I found restraint stress (RS) treatment cause impaired EDS and 

decreased mPFC neuronal activity. Excitatory neuron activity in mPFC is very important for 

EDS. Optogenetic activate mPFC excitatory neurons improve cognitive flexibility evidenced by 

decreased trial numbers to finish EDS. Additionally, increase mPFC inhibition by optogenetic 

activating Parvalbumin+ (PV+) interneuron impair EDS. Then we looked at mPFC calcium (Ca) 

activity in individual cell level and found mPFC excitatory neuronal activity patterns are highly 

informative of behavioral variables. We hypothesis stress causes decreased excitatory neuron 

activity and then disrupts the neuronal coding and leads to impaired EDS. We are currently 

working on comparing stress and non-stressed mice neuronal coding at mPFC during EDS. As 

stress is also involved in many pathologies and aging, with mPFC shows significant changes and 

cognitive flexibility declines, thus, we plan to investigate how stress affects cognitive flexibility 

under pathological conditions and aging in the future. 
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Abstract: Subjective well-being (SWB) is an important research topic being addressed from a 

variety of perspectives, including philosophy, psychology, sociology, economics, public health, 

and medicine. High SWB has been shown to correlate with longevity and healthy state. Several 

studies suggested that factors influencing SWB were at least physical activity, cognitive 

function, and social resource. The fact that SWB, which is an emotional issue, is influenced by 

physical activity and cognitive activity, and vice versa SWB affects physical activity and 

cognitive activity, suggests that the locomotor system and cognitive function are closely related 

to mental health. However, the molecular basis of these interactions has not been clarified at all. 

We hypothesized that some molecules responsible for these interactions are transferred from the 

locomotor system to the brain or from the brain to the locomotor system. This clinical study 

aimed to investigate what are related activities to SWB, and find molecules responsible for 

controlling SWB from the blood circulation.Subjects were healthy elderly people over 65 years 

old who have no functional troubles in daily life. Evaluation items were (1) SWB, (2) lifestyle, 

(3) cognitive function (CF), (4) motor function (MF) and (5) daily activity (DA). Based on all 

points in those items, Structural Equation Modeling was conducted to clarify the relationship 

among them. The most fit model showed that CF, MF, lifestyle and DA are needed to explain 

SWB. Next, to elucidate features of elder people with high SWB, subjects were divided by their 

SWB scores and other activities patterns. As a results, scoring patterns were divided into 4 

groups. High SWB was associated with high scores in CF, MF and DA. Plasma samples of 

typical subjects in those 4 groups were served for tandem mass tag-based quantitative 

proteomics. Comprehensive analysis of responsible molecules in plasma for controlling high 

SWB are under investigation.There has been no molecular explanation of why physical activity, 

cognitive activity, and social activity affect SWB. The present study has the potential to answer 

the question and to provide a new perspective for health and longevity research with significant 

impact for medical, psychological, and social sciences. 
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Abstract: Older adults experience aging-related brain and motivational changes that may affect 

how they respond to social stressors in late life, such as making medical decisions about a loved 

one. Individual differences in social cognition may affect how older adults react to various life 

stressors, with some factors relating to greater resilience. Yet, it is not known the degree to 

which older adults’ empathy relates to their emotional reactions to a social stressor in real time in 

a virtual setting. The present study investigated relationships between trait empathy (i.e., 

empathy as a general tendency), and state emotion (i.e., in the moment emotional responses) to a 

social stressor using a virtual adaption of the well-validated Trier Social Stress Test (TSST). 

Participants included 35 older adults (Mage=69.83) who did not report a history of mental illness 

or neurological disease. The study entailed undergoing a virtual adaptation of the TSST through 

the internet at their residence. Participants’ state emotion prior to, during, and after the TSST was 

measured using a modified version of the Positive and Negative Affect Schedule (PANAS). A 

trait measure of empathy (the Interpersonal Reactivity Index-IRI) was also completed. We 

examined the three main subscales of the IRI which included Empathic Concern (e.g., 

compassion), Perspective Taking (e.g., understanding others’ mental states), and Personal 

Distress (e.g., feelings of anxiety/distress in response to others’ suffering). We investigated the 

relationship between trait empathy and state emotion in response to the TSST. We found that 

older adults with higher trait personal distress reported higher levels of state stress/anxiety 

(p<.01) and sadness (p<.01) during the TSST. Furthermore, older adults with higher trait 

perspective taking reported lower feelings of state sadness (p<.05) during the TSST. Finally, we 

found that older adults with higher trait empathic concern reported greater feelings of state 

sympathy and compassion (p<.05) during the TSST. Our results suggest that in older adults, 

individual differences in trait empathy are related to in the moment emotional reactions to a 

social stressor. Future studies may examine the degree to which these responses relate to real-

world emotional reactivity to social stressors in older adults. 
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Abstract: Background: Loneliness and isolation in later life are associated with cognitive 

impairment and dementia, while social connection is associated with healthy brain aging. 

Community programs to foster social connection are widely available (e.g., senior centers, 

friendly calling, volunteering) but are under-utilized, even when barriers to participation are 

removed (e.g., cost, transportation). While transient loneliness in response to life transitions is 

normative (e.g., bereavement, retirement, relocation) and most often motivates social behavior to 

reduce loneliness, when the experience of loneliness becomes chronic, it sets in motion a cycle 

of hypervigilance to social threat and social withdrawal that exacerbates and maintains loneliness 

over time, including by preventing social behaviors that would reduce loneliness. Our premise is 

that one mechanism whereby chronic loneliness is associated with unhealthy brain aging by 

creating a self-propagatory loop in which greater severity and duration of loneliness increases the 

likelihood that a lonely older adult will decline to engage in interventions to reduce loneliness. 

Our study examines this hypothesis in a clinical trial in which lonely older adults were randomly 

assigned to 12 months of either an AmeriCorps Seniors volunteering program or active control 

(self-guided life review). Methods: 291 older adults were randomized and followed for one year. 

Loneliness was assessed via the De Jong Gierveld Loneliness Scale. Cognition was assessed by 

the Montreal Cognitive Assessment. Results: Results indicated high rates of non-compliance in 

line with low utilization in community agencies: only half of subjects engaged in assigned 

interventions for the full year, with 56% for volunteering and 45% for active control. Most 

subjects completed study assessments at 1-year follow-up, allowing us to examine predictors of 

non-compliance with interventions. We found that greater loneliness (6.37, std 3.07 vs. 5.60, std 

2.74, p<.05) and lower cognitive performance (MoCA; 22.21, std 3.53 vs. 23.36, std 3.44, p<.05) 

at baseline were both associated with reduced likelihood of engaging in study interventions. 

Discussion: Loneliness and its correlates in later life, including cognitive impairment, may serve 

as maintaining factors for loneliness by reducing likelihood of engaging in social approach 

behaviors. Future work will examine neural circuitry that may underlie a feedback loop between 

cognitive decline and loneliness, including the potential role of executive functioning to disrupt 

the loop and promote social behaviors. 
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Abstract: Background: Obsessive-compulsive disorder (OCD) is characterised in part by 

aberrant model-based learning (fears persisting despite no negative external outcomes). Surgery 

can be effective for treatment-refreactory OCD but its mechanisms are unclear. 

Methods: To understand if clinical improvement in OCD symptoms (Yale-Brown Obsessive-

Compulsive Scale - YBOCS) was tied to changes in learning strategies, patients performed a 

virtual spatial navigation task before and after ablation of the internal capsule. At each timepoint 

subjects performed two blocks within the same maze. The first “unobstructed” block allowed 

subjects to freely explore while the second “obstructed” block removed paths based on the 

subject’s previous preferred choices to probe whether subjects could find a new optimal path. In 

both conditions, subjects were instructed to navigate to a reward location in the fewest number of 

moves. 

Task performance was quantified by the number of moves above the shortest distance, and was 

compared to 6 age-matched controls (3 F) using a 2x2 mixed ANOVA (OCD status, timepoint). 

To disentangle model-free and model-based learning from task behavior, SARSA reinforcement 

learning models were fit to behavioral data. Model-free (learning rate) and model-based 

parameters were also compared across timepoints using a 2x2 mixed ANOVA. To understand 

how surgical lesions influenced clinical outcomes and behavioral changes, lesion volumes were 

mapped to preoperative 256-direction diffusion tensor imaging. 

Results: Six patients (1 F) between the ages of 21 and 53 with treatment-refractory OCD 

underwent capsulotomy (pre- v. post-surgical YBOCS: 31.2 ± 3.7 v. 22.5 ± 8.6, paired T-test: T 

= 2.77, p = 0.039). Patients with OCD took a greater number of moves to reach the target (p = 

0.014). Both model-free (learning rate) and model-based parameters were decreased between 

patients and controls (p < 0.044). Exploratory pairwise T-tests of ANOVA models revealed a 

significant OCD x timepoint interaction, with post-surgical OCD subject performance and 

model-based learning becoming indistinguishable from controls (p < 0.022). 

YBOCS improvement with surgery correlated with lesions intersecting with tracts projecting to 

the right hippocampi and middle temporal lobe (p < 0.033), whereas increased model-based 

learning parameters trended with increased tracts projecting to left lateral orbitofrontal cortex (p 

= 0.066). 

Conclusions: Model-based parameters were modified by surgery, with an apparent improvement 

in task performance. Surgical intervention may alleviate OCD symptoms by disrupting 

pathological model-based learning mediated by fronto-temporal networks. 
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Abstract: Humans are social animals, excelling in integrating clues to recognize interacting 

others. Previous fMRI studies mainly compared typical interacting and non-interacting situations 

and found a series of brain regions supporting social interaction perception. Due to the limitation 

of simple comparison methodology and temporal resolution of fMRI, how these regions play 

different roles in utilizing cues and unfolding social interaction information remains unclear. In 

this study, we altered spatial cues to quantitatively investigate social interaction perception and 

used MEG to capture neural dynamics. Participants were asked to watch images of two virtual 

humans standing in different spatial relationships and judge whether they were interacting or not 

while a 306-channel MEG device recorded their neural activities. Stimuli were screenshots in a 

gray-background virtual reality environment, where the participant was observing 7m away from 

two 1.7m height virtual humans. The interpersonal distance between them changed at 4 levels 

from 1 to 6m, and the heading orientation of one virtual human changed at 6 levels from 0 to 75° 

while the other one kept heading toward the virtual human, resulting in 24 conditions. In each 

trial, the stimulus was presented for 1000ms and the inter-trial interval was randomized from 500 

to 700ms. Behavioral results showed that participants were more likely to judge virtual humans 

standing close and facing each other as interacting. But when the interpersonal distance was too 

close or too far, heading orientation played a little role in social interaction judgments. A sensor 

level RSA combined with further sourcing analysis of neural data showed that distance 

information was read out at 50ms after stimulus onset in V1, heading orientation was decoded at 

around 400ms in fusiform gyrus, lateral occipital cortex and superior temporal sulcus (STS), and 

the probability of judging as interacting was represented at 600ms in STS, parietal areas and 

prefrontal cortex. Since orientation was more important in ambiguous distance conditions, we 

calculated the RDM of entropy provided by orientation in each distance condition and decoded 

them from neural activities. Interestingly, the influence of orientation was represented at about 

120ms in fusiform gyrus, lateral occipital cortex and prefrontal cortex, quickly after distance was 

decoded. Connectivity analysis showed a top-down influence from prefrontal cortex to ventral 

visual areas at 120ms. These results indicate that the human brain perceives others’ social 

interaction by utilizing cues optimally under the top-down control of prefrontal cortex. 
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Abstract: Humor is a cognitively complex phenomenon that promotes social and personal well-

being. However, its scientific investigation in humans (e.g., with functional magnetic resonance 

imaging; fMRI) has been limited by a reliance on behavioral responses and low ecological 

validity. Our objective was to validate and replicate a naturalistic sitcom-viewing paradigm for 

humor processing introduced by Moran et al., (2004) using 3 Tesla fMRI. Healthy, young 

participants (n = 20; Mage = 22.80) underwent fMRI to evaluate blood-oxygen-level-dependent 

(BOLD) responses to full episodes of the sitcom Seinfeld. Humor comprehension (i.e., “getting 

the joke”) was defined by 2-second epochs immediately preceding the onset of laughter in the 

sitcom’s laugh track. Humor appreciation (i.e., subjective amusement) was defined by variable-

length epochs lasting the full duration of laugh track laughter. These events were individually 

contrasted with the remainder of the episode in subject-level analyses. Following this, group-

level, whole-brain analyses revealed significant BOLD activation (corrected for multiple 

comparisons; family-wise error [FWE] p < .05, k = 10 consecutive voxels) in the bilateral 

superior temporal gyrus (STG), the bilateral middle temporal gyrus (MTG), the left inferior 

frontal gyrus (IFG), and the right temporal pole during humor comprehension. These areas are 

consistent with previous studies of humor comprehension (including Moran et al., 2004) and are 

thought to be involved in language processing (IFG), problem solving and insight (STG), 

ambiguity resolution (MTG), and theory of mind (temporal pole). This aligns well with the 

theory that humor comprehension relies on resolving incongruities that contradict the brain’s 

predictions. For humor appreciation, significant BOLD activation (FWEp < .05, k = 10) was 

found in the bilateral middle occipital gyrus, the bilateral precuneus, the left inferior occipital 

gyrus, the left inferior parietal lobule, the left cuneus, the right posterior insula, the right 

thalamus, the right posterior cingulate cortex, and the right amygdala. Again, these areas are 

consistent with those reported in previous literature and align with the notion that humor 

appreciation activates regions involved in emotional processing and reward (e.g., insula, 

amygdala). Overall, these findings suggest that this naturalistic sitcom-viewing paradigm 

invokes reliable and valid BOLD responses and can facilitate the investigation of humor 



processing in humans, particularly in clinical populations in which eliciting behavioral responses 

might be difficult (e.g., cognitive impairment, locked-in syndrome). 
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Abstract: Laugher can either be genuine emotional vocalizations or serve as social signals in 

daily interaction. A previous neuroimaging study found that neurotypical adults automatically 

engages high-level cognitive skills, such as mentalizing ability, to understand and interpret the 

intention and meaning behind laughter. Intriguingly, the social and emotional meaning of 

laughter is processed implicitly by participants: genuine laughter has been found to amplify the 

funniness of jokes more than posed laughter amongst both neurotypical and autistic adults. 

However, there have been no studies researching whether autistic adults have a different neural 

mechanism of implicit laughter processing relative to neurotypical adults and, if so, how it 

relates to their mentalizing difficulties. To address the above questions, we asked autistic and 

neurotypical adults (comparable for age, gender and IQ) to passively listen to funny words paired 

with genuine laughter, social laughter or non-emotional non-contagious human vocalizations in a 

fMRI study. In a preliminary analysis (6 Autism and 6 NTs; sample size to increase), we found 

NT participants showed greater activation in the medical prefrontal cortex and several regions in 

sensorimotor cortex than autistic adults during words paired with social laughter versus words 

paired with genuine laughter. We will apply a region of interest (ROI) analysis on an implicit 

mentalising localizer to further explore how implicit laughter processing relates to mentalizing 

ability. Parametric modulation will also be conducted to explore brain-behaviour associations. 

Overall, our preliminary results show neural differences between autistic adults with high IQs 

and neurotypical controls during implicit laughter processing, and indicates the medical 



prefrontal cortex and sensorimotor cortex to be crucially involved in the implicit processing of 

social laughter. 

Disclosures:  Q. Cai: None. N. Lavan: None. S. Chen: None. S.J. Gilbert: None. S.J. White: 

None. S.K. Scott: None. 

Nanosymposium 

597. Perception and Behavior in Human Social Interactions 

Location: SDCC 25 

Time: Wednesday, November 16, 2022, 8:00 AM - 10:30 AM 

Presentation Number: 597.04 

Topic: H.06. Social Cognition 

Support: Bio & Medical Technology Development Program of the National Research 

Foundation (NRF) and Korean government (MSIT) 

NRF2019M3E5D2A01066265 

Title: Neural correlates of social information processing and gossip 

Authors: *J. LEE1,2, Y. SONG1, J. JEONG1,2;  
1Bio and Brain Engin., 2Program of Brain and Cognitive Engin., KAIST, Daejeon, Korea, 

Republic of 

Abstract: Gossip, a conversation between two people sharing social information about an absent 

person (i.e., a target), is a ubiquitous form of social interaction easily found in daily life. Gossip 

is generally considered a malicious behavior that violates solidarity norms within a group or 

community; at the same time, studies have suggested that gossip serves important functions such 

as social control and social bonding. Although gossip is a clear example of decision-making that 

has reasons for it (e.g., social control and social bonding) and against it (e.g., risks of breaking 

solidarity norms and retaliation from the gossip’s target), there is a limited number of studies 

attempting to find neural evidence that gossiping involves such benefit-cost frameworks. Here, 

we used fMRI techniques to investigate how the brain processes various types of social 

information and decision variables (i.e., benefits and costs) for gossip. To systematically 

generate input stimuli varying in traits, we identified three basic building blocks of social 

information: target, content, and valence. With the data obtained from 50 participants, we 

performed a series of contrast analyses and found specific areas showing greater activities for 

particular types of information: bilateral occipital pole for gossip about morality and social norm, 

precuneus and angular gyrus for daily social affairs, posterior cingulate gyrus and frontal pole for 

ingroup friends, lateral PFC and dmPFC for negative events, etc. Next, we performed 

conjunction analysis to find if there is any area specialized for processing costly gossip. We 

found dmPFC showing greater activity when the information that may cause negative 

consequences in the future (e.g., a possible social conflict between the sender and the target after 

gossiping) was given, suggesting the area's involvement in the cost processing of gossip. Finally, 

to find an area processing benefits of gossip, we calculated gossip spreading rates that represent 



the total benefit (or estimated value) of taking the action. We found vmPFC showing correlated 

activities, which suggests its role in processing total benefit for gossip decisions. Our results 

provide neural evidence that there are dedicated areas for processing specific types of social 

information and that gossip involves benefit and cost processing, which is a key feature of value-

based decision making. The evidence of such decision variable processing also suggests the 

presence of a system for integrating these signals in gossip decision-making, and research 

towards identifying such processes in the brain may be an interesting point for further study. 
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Abstract: Previous work indicated that Observers had a quicker response to another person’s 

pointing if the Pointer had chosen where to point as opposed to being directed where to point 

(Pesquita, Enns, Chapman, 2016). Notably, the size of the effect, referred to here as the Locus of 

Decision effect (LoDe), was smaller for those with higher scores on a measure of autistic-like 

traits and tendencies (i.e., Autism Spectrum Quotient). Here, we expanded the original study by 

(i) evaluating the effect online; (ii) having an additional observer group of autistic individuals; 

and (iii) collecting mouse trajectories of Observers. All participants (Observers) watched video 

clips of a person pointing and were instructed to ‘beat the Pointer’, by moving their mouse to the 

same side that the Pointer was going to point to, faster than the Pointer in the video. For half of 

the clips the Pointer had been directed where to point, and half were self-chosen. After 8 practice 

trials, each observer watched 100 clips of each of 3 different Pointers. The order in which 

Pointers were viewed was randomized, as was the order of each Pointer’s clips. Response times 

and mouse trajectories were collected for all 300 trials. Of the 83 online no-autism Observers 

(no-AUT), 31 used a trackpad, which is not amenable to mouse trajectory analysis, and three 

were ineligible, leaving a total of 47 no-AUT datasets for analysis. Thus far, nine online autistic 

Observers have completed the study, with data collection ongoing. Analysis of the entire 

response time (i.e., from when the video appeared until when the mouse reached the target) 



indicated presence of the LoDe effect in the no-AUT as well as the AUT group. However, for 

mouse trajectory analysis, response time is separated into: 1) reaction time, which is the time 

between video appearing and Observer beginning their mouse movement; and 2) movement time 

(MT), which is the time from initiation of mouse movement to mouse entering target area. Both 

groups exhibited LoDe effect for MT, but there was an absence of the LoDe effect for reaction 

time unique to the AUT group. Thus, although the autistic participants are picking up the subtle 

differences between the points, this effect does not emerge until their mouse begins moving 

toward the target. To summarize: (i) we successfully replicated this simple yet elegant design in 

an online setting; (ii) we, somewhat surprisingly, found that autistic individuals exhibit an 

implicit sensitivity to the locus of control of the decision making of others; and (iii) our finer-

grained mouse trajectory data suggested that in autistic participants, detection of the effect was 

only possible once the movement portion of their response began. 
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Abstract: Gaze cueing adjustably orients the perceiver’s attention to a specific external location 

and is a form of joint attention. In typically-developed (TD) individuals, gaze-directed attentional 

orientation is associated with responses in the dorsal parietal and medial prefrontal cortices.1,2 

Atypical variations in social cognitive processing of gaze, contrarily, are symptomatic features of 

autism spectrum disorder (ASD) that may indicate aberrant joint attention mechanisms.3 More 

recently, we have begun to examine live face-to-face joint attention.4 Here, we examine the role 

of live two-person joint attention in ASD and TD groups to test the hypothesis that dorsal 

parietal brain activity is related to gaze cueing using functional near-infrared spectroscopy 

(fNIRS; Shimadzu LABNIRS) and eye-tracking (Tobii Pro X3-120). Twenty-five TD and 19 



ASD participants engaged in a gaze cueing task in which an initiator (robot or human) used eye 

gaze to direct the participant’s eyes to one of two circular targets on a glass partition. During the 

gaze cueing task, the initiator looked at the participant’s eyes for two seconds and then averted 

their gaze to a dot (left or right) for two seconds. The participant’s task was to follow the 

initiator’s gaze. Eye following accuracy was >99% for both diagnostic groups across both 

conditions. A direct neural comparison of TD and ASD findings indicated that neural activity in 

the human gaze cueing condition increased in the right somatosensory association cortex, right 

visual association cortex, and right frontal eye fields for TD > ASD (Fig 1, red). In contrast, in 

ASD, neural responses to human gaze cueing were observed in the left angular gyrus, left 

somatosensory cortex, and right superior temporal gyrus (Fig 1, blue). These findings suggest 

that gaze cue processing modulates right dorsal parietal and frontal neural systems related to 

joint attention mechanisms in TD. However, ASD participants elicited atypical left functional 

lateralization to human gaze, consistent with a model of alternative neural processing systems for 

attention to faces and eyes.5 
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Abstract: Probing the emergent changes in cognition as group sizes increase is vital for 

understanding the evolution of large cooperative societies. Larger group sizes often require 

complex self-versus-other trade-offs, as well as possibly greater mental capacity to process than 

smaller groups or dyads—issues which have been rarely studied in social neuroscience. 

Specifically, to date, there has been few studies exploring how dynamic cognitive changes 

associated with group size increases and decreases affect cooperation within economic decision 

making experiments, as group size is typically fixed rather than modulated within-session. We 

thus deploy a novel, social network-embedded-dyad version of the classic iterative prisoner’s 

dilemma (PD) task to study how preference for cooperation changes, within-subject, as a 

function of group size (N=87 for behaviour, N=26 for fMRI). Each trial consisted of a two-way 

PD game with one randomly chosen group member. New group members were added every ~5-

10 trials in 180-trial session (up to a group size of 5 partners), but both the subject and current 

partner could unilaterally break ties on select trials. Being in larger groups is assumed to affect 

both memory and social behavior, which are examined by behavioral and neural analyses. 

Subjects consistently followed a well-performing decision policy (tit-for-tat, TFT), in which 

players imitate the prior choice of the current partner from their previous interaction, suggesting 

subjects could strategically track and respond to multiple partners even in larger groups and over 

multi-trial timescales. However, subjects became more forgiving as group size increased. with 

higher cooperation rates that resulted in larger group sizes being maintained from partners 

breaking social ties less (despite defection being more optimal for score). Response time (RT) 

also increased with group size, suggesting larger group sizes required more mental capacity to 

process, while there was a default preference shift from faster RT for defect in dyads to faster RT 

for cooperate in larger groups. Larger group size was associated with deactivation in the 

precuneus, a complex brain region with both social and memory functions, as well as 

components of the dorsal attention network. Choice (e.g. TFT) and new partners each correlated 

with changes in possibly memory-related hippocampal activation and functional connectivity 

within social and salience networks. Overall, humans seem to default to more cooperative 

strategies partly due to intrinsic preference for larger group sizes, and this prosocial behaviour 

transition may be governed by the brain’s social memory systems. 
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Abstract: Response inhibition can improve under a non-judgemental watchful eye and, in the 

longer-term, through training. Dyads who engage in synchronising motor activities (such as 

mirroring each other’s body movements) can reap collaborative, cognitive, and social benefits. It 

stands to reason that the level of synchrony between an observer and the observed may improve 

the observed individual’s ability to inhibit motor responses, offering a potential therapeutic tool 

for inhibition training. To determine if a high degree of motor synchrony with an observer 

improved inhibition while being observed, we compare behavioural and cortical measures of 

inhibition among synchronised and non-synchronised dyads. In this preregistered study, 60 

participants were assigned to either the synchronised or non-synchronised group (n=30 each). 

Both groups completed a 5-minute seated movement task facing a peer-confederate, which was 

video recorded for off-line quantification of synchrony. In the synchronised group, the dyad was 

instructed to mirror each other’s hand movements as closely as possible, with each member 

leading one turn. In the control group, each member of the dyad took a turn moving their arms 

while the other observed. To assess the influence of synchrony on general cognitive inhibition 

while being observed, all participants completed a go/no-go task while the confederate remained 

in the room observing them. We recorded reaction times and error rates, as well as cortical 

responses from the inferior frontal and pre-frontal cortical regions with functional near-infrared 

spectroscopy (fNIRS). Preliminary analyses suggest that relative to the non-synchronised group, 

the synchronised group shows reduced haemodynamic activity in frontal cortical regions, despite 

little-to-no difference emerging in error rates or reaction times for the two groups. We cautiously 

interpret this as evidence that synchronising with a peer-confederate reduces the cognitive 

burden of being observed as shown by cortical activity during an inhibition task. These findings 

from young healthy adults have implications for rehabilitation strategies targeting deficits in 

inhibition and social skills, which stand to benefit clinical populations such as those with 

attention-deficit/hyperactive or bipolar disorders. 
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Abstract: We asked whether the posterior cerebellum was involved in understanding the 

nuances of social relationships. Young adults received an fMRI scan while performing a task that 

required a decision about which scenario between two individuals was more likely, given their 

particular social relationship. The task did not include sequential information and working 

memory load was minimal. Results showed that regions of the “social brain”, such as the 

ventromedial prefrontal cortex, were recruited during this task. In addition, portions of crus I/II 

were activated. Searchlight RSA showed that crus I/II was specifically sensitive to the 

“formality” dimension of social relationships (e.g. knowledge about boss-employee 

relationships). Last, connectivity analyses show that the activated region of the posterior 

cerebellum was preferentially connected to the social cerebrum. It is possible that inhibitory 

activity in crus I/II dampens spreading activation in cerebral social knowledge networks, helping 

to pinpoint appropriate social meaning. 
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Abstract: In the mid-20th century, Alan Turing formalized the philosophical debate as to 

whether machines think, a question that continues to captivate many today. Here, we ask what 

can be thought of as the opposite question: namely, regardless of whether or not robots think, do 

we perceive robots as having minds of their own? If so, do we primarily base this decision off 

how human-like a robot looks, or does its perceived socialness also matter? We typically and 

intuitively think of other people as having minds that are different from our own, a skill known 

as mentalizing. Imaging studies probing brain activity related to this skill identify bilateral 

temporoparietal junction (TPJ) and medial prefrontal cortex as core nodes of a putative 

mentalizing network. Prior work examining how people socially interact with different robots 

suggests that these mentalizing regions show increasingly robust responses the more human-like 

a robot appears. In the present preregistered study, we sought to replicate this finding, while also 

asking the extent to which perceived socialness, defined here by participant perceptions of a 

robot’s behavior, shapes mentalizing network engagement. Forty healthy participants underwent 

fMRI while playing a rock-paper-scissors (RPS) task against a computer, a small mechanoid 

robot (Cozmo), a humanoid robot (Pepper), and a human. Importantly, while Pepper looked 

more humanlike, Cozmo was rated higher on fun, competitiveness and sympathy (all measures 

of socialness), based on its responses to winning or losing the RPS task. fMRI revealed that 

linear models evaluating a partner’s humanness (computer < Cozmo < Pepper < human) reliably 

captured percent signal changes within core mentalizing regions (including bilateral TPJ, middle 

frontal gyrus and precuneus), but linear models evaluating socialness (computer < Pepper < 

Cozmo < Human) more robustly captured engagement of these same mentalizing regions. 

Findings suggest that while human-likeness matters when thinking about robot minds, a robot's 

perceived socialness might even more strongly impact mind attribution and social engagement. 

Incorporating knowledge-based social cues into robots designed to socially engage humans thus 

has potential to bolster social relationships with our robotic partners. 
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Abstract: Background: Human endogenous retroviruses (HERVs) correspond to DNA that 

originated from the infection of germ cells with ancient retroviruses during evolution. Most 

HERVs are assumed to be regulatory, but many contain remnants of retroviral genes previously 

used for replication (Gag, Pol, or Env), which have transcriptional and protein-coding potential. 

Population studies of schizophrenia highlight the substantial contribution of risk attributed to the 

non-coding genome, where HERVs are located. Despite previous reports suggesting associations 

with schizophrenia, HERVs have been ignored in genomic studies due to methodological 

limitations associated with their repetitive nature and incomplete annotation. 

Methods: We created TWAS weights for the FUSION pipeline using RNA-sequencing data 

from post-mortem dorsolateral prefrontal cortex tissue (DLPFC) from the CommonMind 

Consortium datasets (N = 910). We quantified gene and HERV expression using kallisto (Bray et 

al., 2016) and Telescope (Bendall et al., 2019), and followed the GTEx guidelines for processing 

count data. Genotype files were imputed and processed following standard quality control steps 

(Marees et al., 2018). We performed the TWAS using FUSION, summary statistics from the 

latest schizophrenia genome-wide association study (Trubetskoy et al., 2022), and the European 

subset of the 1000 Genomes Project as reference panel. To infer HERV function, co-expression 

networks were identified using WGCNA (Langfelder et al. 2008), and gene ontology analysis 

was performed using Webgestalt (Liao et al., 2019). 

Results: We observed 5,034 HERVs expressed in the DLPFC. A preliminary analysis suggests 

at least 150 expression profiles associated with schizophrenia (Bonferroni P < 0.05). These 

included 4 HERVs that were downregulated on chromosome 2q33, 6p21 and 6p22, and 6 that 

were upregulated on chromosomes 20q13, 8q24, 11p14, 2p13, 6q14, and 6p21. We identified 19 

co-expression modules. The HERVs identified in the TWAS belonged to WGCNA modules 

enriched with gene ontology terms pertaining to the regulation of mitochondrial and synaptic 

function. 

Discussion: Our findings suggest that locus-specific HERVs are subject to cis-regulatory 

mechanisms associated with schizophrenia risk genotype and that they are co-expressed with 

genes involved in specialized biological processes. Functional research is now warranted to 

understand the underlying mechanisms of neuropsychiatric pathology associated with HERV 

expression in the adult brain. 
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Abstract: Histone post-translational modifications (PTMs) play a critical role in chromatin 

regulation. It has long been suspected that the poorly understood capability of ‘PTM-specific’ 

antibodies (i.e. their specificity and efficiency) is a prime driver of the reproducibility crisis in 

biomedical research. Here we confirm the validity of this concern as it applies to epigenomic 

mapping studies. Extensive spike-in panels of PTM-defined DNA-barcoded nucleosome 

standards show that 70% of over 500 commercial antibodies (and over 80% of the most highly 

cited) to histone lysine methyl and acyl states have failing performance in ChIP (over 20% cross 

reactivity, less than 5% target recovery; www.ChromatinAntibodies.com). Variable lot behavior 

(of both polyclonals and monoclonals) shows the danger of focusing on catalog numbers without 

considering the inherent variability of biological reagents. Ultimately, these studies support the 

inclusion of in situ standards to control genomic mapping assays as an improved path out of this 

morass. Despite these advances, the application of ChIP-seq for neuroscience research has been 

hampered by its requirement for high cell inputs and low reliability. The recent development of 

immunotethering assays, such as Cleavage Under Targets and Release Using Nuclease 

(CUT&RUN), deliver high signal-to-noise mapping data using a fraction of the required cells 

compared to ChIP-seq. These innovations enable the application of epigenomics for 

neuroscience research, particularly for primary cells, brain tissue, and clinical samples where cell 

numbers are limited. By adapting our nucleosome spike-in control approach for CUT&RUN 

assays, we show that while the same antibody problems observed in ChIP-seq also pervade 

CUT&RUN, continuous use of spike-in controls improves assay rigor and reproducibility to 

realize the potential of CUT&RUN to advance neuroepigenetic research. 
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Abstract: Understanding the cell type-specific effects of heroin on chromatin accessibility and 

gene expression in brain regions controlling decision making can elucidate the biological effects 

of this potent drug of abuse. Here we generated transcriptomic (RNA-seq) and epigenomic 

(ATAC-seq) datasets in FACS-sorted nuclei from glutamatergic and GABAergic neurons and 

oligodendrocytes from autopsied orbitofrontal cortex, a prefrontal cortex region implicated in 

impulse control, goal-direction, and addiction behaviors. Tissue was collected from subjects who 

died of heroin overdose and controls (n = 30/cell type/condition) to assess heroin-specific (epi)-

genomic responses. H3K27ac ChIP-seq data were also acquired from a 9 heroin and 9 control 

donor subset of the same cohort. Differential expression (DE) analyses showed that there were 

more DE genes in GABAergic neurons compared with glutamatergic neurons or 

oligodendrocytes. Notably, the precursors of opioid peptides, PENK and POMC, were 

downregulated in GABAergic neurons, whereas multiple immediate early genes (e.g., ARC and 

NPAS4) were downregulated in both GABAergic and glutamatergic neurons. Moreover, through 

multi-omic integrative analyses we identified several cases of differential chromatin accessibility 

in or near genes demonstrating differential expression, including heroin-induced decreased 

accessibility in the TSS of ADAMTS1 in oligodendrocytes that correlated with decreased gene 

expression. Furthermore, in GABAergic neurons we identified genic or intergenic differential 

ATAC-seq peaks with the closest gene being identified as DE, including PCSK1 and VGF. By 

integrating Hi-C data from control samples, we identified putative enhancer regions from these 

chromatin interactions that may elucidate deeper mechanistic interpretation of opioid-induced 

changes to epigenetic regulation. Together, these novel tissue- and cell type-specific analyses 

identify important regulatory dynamics and gene expression changes in the orbitofrontal cortex 

resulting from heroin use. 

Disclosures:  J.M. Noshay: None. K.A. Sullivan: None. A. Kozlenkov: None. A. Townsend: 

None. G. Rompala: None. R. Vadukapuram: None. Y.L. Hurd: None. D.A. Jacobson: 

None. S. Dracheva: None. 

Nanosymposium 



598. Genomics and Transcriptomics in Health and Disease 

Location: SDCC 23 

Time: Wednesday, November 16, 2022, 8:00 AM - 10:15 AM 

Presentation Number: 598.04 

Topic: I.01. Molecular, Biochemical, and Genetic Techniques 

Title: Spatial mapping of pain-associated G-protein coupled receptors and biomarker 

localization in mouse brain using RNAscopeTM HiPlex v2 and RNA-protein Co-detection assay 

Authors: S. BASAK1, L. CHATELAIN1, S. ZHOU1, C.-W. CHANG1, *J. V. PULLIAM2, A. 

DIKSHIT1;  
1Bio-Techne, Advanced Cell Diagnostics, Bio-Techne, NEWARK, CA; 2Bio-Techne, Bio-

Techne, Derwood, MD 

Abstract: The mammalian brain is highly complex, comprised of distinct cell populations that 

contribute to the function of each distinct neuroanatomical area. Spatially mapped gene 

expression and cellular resolution is critical for better understanding the phenotypes of various 

central nervous system (CNS) disorders such as Alzheimer’s disease, schizophrenia, autism and 

epilepsy, with poorly defined etiologies. The G-protein coupled receptors (GPCR) are an 

important component of pain modulation. They are widely distributed in the peripheral and CNS 

and are one of the most important therapeutic targets in pain medicine. However, detection of 

GPCRs can be challenging due to difficulties in obtaining suitable antigen accessibility and their 

low expression levels. In this study we demonstrate detection of GPCRs and Neuropeptide Y 

(NYP), known to be involved in pain perception and transmission in the brain, using the 

RNAscope HiPlex v2 and integrated codetection workflow assays. 

The RNAscope HiPlex v2 assay can detect 48 targets in fixed and fresh frozen samples and up to 

12 targets in formalin fixed paraffin embedded (FFPE) tissues. We have leveraged this 

technology to investigate spatial expression profile of 12 GPCR targets implicated in the pain 

modulation in the mouse brain. Spatial expression profile of 12 GPCR family receptors included 

opioid receptors, dopamine receptors and GABAergic receptors along with a neuronal marker. 

The copy numbers of opioid receptors in different regions of the brain were quantified using 

HALO Image analysis platform. 

The spatial expression profiles of these markers showed high concordance to the Allen Brain 

Atlas resources for validating spatial gene expression (ABA Mouse Atlas ISH database). The 

copy number analysis indicated differential expression of Oprm1, Oprd1 and Oprk1 transcripts 

between cortex and nucleus accumbens, implying region-specific functions. Simultaneous RNA 

and protein co-detection indicated colocalization of NPY and opioid receptors in the astrocytes 

and microglia of the nucleus accumbens. 

In summary, using the highly sensitive HiPlex v2 assay and the RNA-protein Codetection assay, 

we established a spatial gene expression map for visualizing GPCR family receptors within the 

normal mouse brain. The findings revealed cell type specific gene expression in different regions 

of the brain to establish functional significance of different cell types in the pain pathway. The 

study provides deeper insights into understanding the spatial crosstalk as well as functional 



significance of different cell populations within the various brain regions thereby leading to 

broader understanding of disease pathology. 
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Abstract: The human cerebral cortex has billions of cells, tremendous cellular diversity, and 

complex cellular organization. However, how different cell types are spatially organized in the 

human cortex and how cellular organization varies across species remains unclear. Here, we 

performed spatially resolved single-cell profiling of 4000 genes using multiplexed error-robust 

FISH (MERFISH), identified more than 100 transcriptionally distinct cell populations, and 

generated a molecularly defined and spatially resolved cell atlas of the human middle and 

superior temporal gyrus. To systematically characterize the conservation and divergence in cell 

composition, spatial organization and cell-cell interactions between human and mouse cortex, 

we also performed MERFISH imaging in multiple cortical areas in the mouse brain. The cell 

composition in these human cortical regions differed markedly from that observed in mouse 

cortical regions. We find that human has a lower proportion of excitatory neurons and a much 

higher proportion of glial cells. The glia-to-neuron ratio is five times higher and excitatory-to-

inhibitory ratio is three times lower in humans than that in mice. The MERFISH imaging of 

spatial organization further revealed a complex map in humans in which not only excitatory but 

also most inhibitory neuronal and some non-neuronal clusters adopted laminar organizations. 



The high-spatial resolution cell atlases by MERFISH also allowed us to characterize soma-

proximity-based cell-cell interactions in a cell type-specific manner and revealed drastic 

differences in soma interaction patterns between humans and mice. The cross-species difference 

is particularly pronounced between neurons and non-neuronal cells. We observed substantial 

enhancement in soma contact or proximity between neurons and oligodendrocytes in the human 

cortex compared with the mouse cortex, suggesting a potential evolutionary adaptation to higher 

energy demands during firing of a single neuron in the human brain. In addition, we also 

observed preferential enrichment for contact or proximity between microglia and excitatory 

neurons, compared with inhibitory neurons, in the human cortex. Some ligand-receptor pairs 

enriched in the contacting microglia-neuron pairs in human are genetically associated with 

neurodegenerative diseases, suggesting a possible molecular basis underlying the observed 

microglia-neuron interactions and a potential connection of these cell-cell interactions to 

neurodegenerative diseases. 
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Abstract: Regulation of transcript structure generates transcript isoform and splicing diversity 

and plays an important role in health and disease. Differences in isoform expression account for 

substantial effect sizes and genetic enrichments in neuropsychiatric disorders such as ASD and 

schizophrenia; however, a systematic characterization of isoform expression in the human brain 

is lacking as most isoforms are yet to be directly profiled at the tissue or cellular level. As a 



result, our understanding of the genetic control of splicing and isoform usage remains 

incomplete. Here, we performed deep single-molecule real-time isoform long-read sequencing of 

mRNA and lncRNA-capture enriched prefrontal cortex samples from >26 individual donors. 

Large-scale analysis of these data with RNA-Seq profiles of >1300 PsychENCODE cortical 

bulk-tissue samples, resulted in a comprehensive quantitative map of coding and noncoding 

transcript isoforms. Our map of ~440k isoforms greatly expands the transcriptional landscape of 

brain-expressed genes with >320k novel unannotated complete isoforms (72%), extends known 

coding and noncoding gene annotations, and uncovers >1000 novel or reconstructed gene loci 

that can show cell-type specific expression. Orthogonal data, including, ribosome sequencing 

and mass-spectrometry data from >280 prefrontal cortical samples, as well as 5’-end TSS 

profiling and nanopore long-read sequencing, were used to further characterize novel isoforms 

and open reading frames. We further leveraged PsychENCODE single-nuclei transcriptomic and 

chromatin data to annotate cell-type-specific regulatory interactions for novel isoforms, 

reconstructed loci, and novel genes. Comparison to long-read data from an additional 12 

cerebellum (CBL), anterior cingulate cortex (ACC) and hippocampus (HIP) samples uncovered 

tissue-specific patterns of isoform abundance and usage, and splicing changes in genes relevant 

to neuropsychiatric risk. Multi-platform analysis of >80k single-nuclei full-length transcripts 

further revealed that isoform diversity seen in brain tissues is often due to underlying cell-type-

specific patterns. Finally, we leveraged our reference map of full-length isoforms to re-assess the 

functional consequence of rare genetic variants from a compendium of disease studies, and to 

improve quantitative trait analyses and refine the prioritization of dozens of candidate risk genes. 

Taken together, we provide a comprehensive resource to characterize dysregulation of isoform 

expression in neuropsychiatric disorders. 
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Abstract: The therapeutic importance of the subthalamic nucleus (STN) in Parkinson’s disease 

(PD) has been clearly demonstrated in patients receiving deep brain stimulation (DBS), where 

direct stimulation of the STN attenuates pathological beta-band activity and ameliorates 

abnormal motor function. Hence, pharmacological manipulations of STN enriched targets that 

mimic STN-DBS could serve as a therapeutic approach to alleviate PD-related motor 

symptoms.Here, we integrated single-nuclei RNA-seq, spatial transcriptomics and RNAscope to 

characterize rhesus STN transcriptome at a subanatomical level. Enrichment of STN gene 

signature in STN neurons showed concordance with orthogonal Pitx2 RNAscope findings. Cell 

type deconvolution showed enrichment of neurons and astrocytes in the STN. Among spatially-

confined genes, Pvalb expression overlapped with region of the STN innervated by motor cortex. 

Similar to snRNA-seq findings of the mouse STN, current data point to spatially-resolved 

subanatomical regions in rhesus that are transcriptomically unique. The identification of putative 

topographical markers may reveal region specific molecular mechanisms paving the way to 

druggable targets mimicking STN-DBS upon pharmacological manipulation. 
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Abstract: Alternative splicing (AS), which gives rise to multiple mRNA isoforms from 

individual genes, contributes to the vast diversity of the eukaryotic transcriptome. Regulation of 

gene expression through AS has been established as a critical factor during development and 

acquisition of adult tissue identity. Moreover, dysregulation of AS has been implicated in many 

human diseases including cancer and neurological disorders, highlighting the need for 

methodologies that can reliably detect and quantify transcript isoforms. The recent development 



of long-read RNA sequencing platforms, which can capture a full RNA transcript in a single 

read, now offer key advantages for isoform analysis. Here, we harnessed this new technology to 

identify isoform signatures characterizing the programs of differentiation into neuronal cell 

subtypes from human induced pluripotent stem cells (iPSCs) using two long-read RNA 

sequencing platforms (PacBio and ONT). To account for potential sources of biases and artifacts 

arising from sequencing and data processing, we conducted analysis comparing both sequencing 

platforms as well as several data processing approaches. After establishing a rigorous cross-

platform workflow, we performed isoform profiling of iPSC-derived neuron subtypes (motor 

neurons and dopaminergic neurons) at the progenitor and neuronal stages. We identified a 

number of differentially expressed genes and alternative splicing events governing i) the 

transition from neuronal progenitors to differentiated neurons, and ii) neuronal specification to 

the motor and dopaminergic lineages. Interestingly, we found that differences in isoform 

stoichiometry sometimes occur without changes in total gene expression levels, highlighting the 

added value of long-read RNA sequencing over traditional transcriptomic approaches. 

Importantly, this data pointed to many transcripts whose genes have been associated with 

neurodevelopmental and neurological diseases. This led us to perform isoform profiling of 

dopaminergic neurons differentiated from iPSCs carrying triplication in the SCNA gene to 

investigate the importance of AS in the pathophysiology of Parkinson’s disease. Overall, we 

established a robust framework for isoform characterization in several iPSC-derived models, 

allowing us to investigate AS in neurodevelopment and disease. 
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Abstract: Primary motor cortex stroke in mice leads to the degeneration of the corticospinal 

tract (CST) and denervation of the hemicord, leading to motor deficits. However, the healthy 

contralesional CST generates collateral axon sprouts into the denervated hemicord, promoting 

recovery. This synaptic and axonal remodeling may be modulated by activated microglia in the 

spinal cord. 8-11 week old male C57/B6 mice received a photothrombotic motor cortex stroke or 

sham surgery and a contralesional motor cortex injection of an adeno-associated virus driving 



fluorescent protein expression for independent visualization of sprouting CST axons and 

terminals. Mice were sacrificed at 3 days, 1, 4, or 6 weeks post-stroke. Cervical spinal cords 

were imaged using serial two-photon tomography. Central nervous system neuroplasticity was 

visualized across the entire volume of the cervical cord with 3-D representations of sprouting 

axons and terminals. A custom developed pipeline incorporating machine learning-based image 

segmentation and registration into a newly-created reference atlas was used to quantify synaptic 

terminal density in an unbiased region-specific manner. Four weeks post-stroke, synaptic 

terminal density increased in the denervated dorsal horn, with significantly greater densities in 

lamina 4, including the intermediomedial column and internal basilar nucleus, and the lateral part 

of lamina 5, as well as a trending increase in the medial part of lamina 5. Microglia:terminal 

proximity analysis of high-resolution image subvolumes showed an acute post-stroke decrease in 

proximity, but by 1 and 4 weeks post-stroke, a greater percentage of terminals were touching or 

near microglia in the denervated central and ventral gray matter, respectively. At 6 weeks post-

stroke, microglia engulfed synaptic terminals in the white matter near the denervated CST fiber 

tract. These results suggest that spinal cord microglia may mediate neuroplasticity in the 

denervated hemicord during stroke recovery. 
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Abstract: NMDA receptor encephalitis (NMDARE) is an autoimmune disorder of central 

nervous system (CNS) where antibodies are produced commonly against the NR1 subunit of 

NMDA receptors (NMDARs). Currently, it is understood that bound antibodies lead to clustering 

and internalization of NMDARs from the surface of neurons. However, the effector function of 

these autoantibodies following antigen binding specifically the Fc region-dependent engagement 

of the resident immune cells, microglia, remains unexplored. Here we shed light on NMDAR 

autoantibody mediated microglial engagement and its downstream effects using patient derived 

monoclonal NR1 autoantibody (NR1-mAb). Using a co-culture model of primary mouse 

microglia and hippocampal neurons, we observed a decrease of NR1-mAb bound-NMDARs 6 

hours after microglia addition. NMDAR puncta concomitantly appeared inside the lysosomes of 

CD11b positive microglia hinting at phagocytosis of these receptors by microglia. The receptor 

removal was specific to the NR1-mAb bound receptors as we did not observe changes in 

GABAA receptors (GABAARs) after addition of microglia. Similarly, we used patient derived 

monoclonal autoantibody against the α1- subunit of GABAARs and observed significant decrease 

in GABAAR puncta 6 hours after microglia addition but without changes in the number of 

NMDARs. In parallel to receptor removal, we also observed significant decrease in synaptic 

number in particular of different post-synaptic markers like PSD-95, Homer1 however no such 

decrease was noted in markers of pre-synaptic boutons e.g., vGLUT1, Synapsin. Importantly, 

blocking the downstream engagement of microglia by introducing mutations in the Fc region of 

the bound NR1-mAb prevented both loss of NMDARs and synapses, indicating that antibody-

microglia engagement is critical for receptor/synapse removal. Moreover, our data argue that 

microglia could be actively involved in mediating the loss of NMDA and other receptors in 

individuals with autoimmune encephalitis contributing to their associated pathophysiology. 
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Abstract: Chronic pain affects more than 20% of Americans and there is a need to understand 

lifestyle factors that contribute to pain development. Data shows that Americans consume 

approximately 1 bottle of wine per week, on average. While chronic alcohol consumption 

induces alcohol-induced neuropathy, there have been little to no observations of the ability of 

low-to-moderate alcohol use to alter sensitivity or produce allodynia. Toll-like receptor-4 

(TLR4), is an immune receptor expressed by many cells that are involved in alcohol-induced 

neuroinflammation and mediate sex differences in pain signaling. TLR4 on microglia is 

important in promoting microglial activation states and has been purported to mediate pertinent 

alcohol-specific behaviors, such as depression. Our hypothesis was that microglial TLR4 would 

be important for mediating pain in males and not females, similar to studies from us and many 

others. To assess whether TLR4 on central microglia only is sufficient to drive allodynia in mice, 

independent of TLR4 on peripheral immune cells or nociceptors, we exposed male and female 

mice to a liquid diet consisting of 5% ethanol or control diet for 14 days. Our study used a novel 

genetic model in which TLR4 expression is restricted to microglia (Cx3CR1:CreERT2: egfp: 

TLR4LoxTB) on a TLR4-null background (TLR4LoxTB). We then assessed changes in allodynia 

after a local intraplantar injection of subthreshold non-pain inducing stimulus. We tested our 

hypothesis by using battery of pain behavioral assays for spontaneous pain, mechanical 

hypersensitivity, and hot/cold sensitivity. Preliminary findings show that short-term alcohol 

exposure induced allodynia in females only, and sexual dimorphisms in microglia activity and 

morphology in the spinal cord via immunohistochemistry analysis. These changes led us to 

investigate whether TLR4 on microglia alone was sufficient to drive the allodynia seen in 

females. Similar to the wild-type females, reactivated TLR4 mice had higher microglial cell 

counts in the lumbar spinal region and adopted a more amoeboid morphology compared to their 

control counterparts. This study begins to uncover the cell- and sex-specific role of TLR4 in the 

mechanisms behind the development of short- and long-term alcohol-induced hypersensitivity. 
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Abstract: Neuronal Ceroid Lipofuscinosis 3 (CLN3) is a fatal autosomal recessive lysosomal 

storage disorder in the group of Batten Diseases. Disease characteristics are cognitive and motor 

decline, vision impairments and seizures ultimately leading to premature death in early 

adulthood. The cellular mechanisms by which CLN3 mutations cause Batten disease are poorly 

understood, with not very much known about the function and expression of CLN3 in neurons, 

and even less about the contributions of glial cells, especially astrocytes, to disease mechanisms 

and progression. To address this, we used a direct reprogramming method to generate Neural 

Progenitor Cells (iNPCs) from primary fibroblasts derived from CLN3 patients. We then 

differentiated the iNPCs into induced astrocytes (iAs) to evaluate classic stress markers such as 

mitochondrial and endoplasmic reticulum stress commonly observed in neurological disease. 

While no difference was found in levels of ER stress in either fibroblasts or iAs compared to 

healthy controls, CLN3 iAs showed an abnormal mitochondrial morphology, with fragmented 

and rounded mitochondrial network. Interestingly, the abnormal mitochondrial network and 

morphology was specific to astrocytes and was not observed in CLN3 fibroblasts. Based on this 

observation, we evaluated the mitochondrial activity profile of CLN3 iAs using the Seahorse 

Bioscience XF96 Extracellular Flux Analyzer platform, finding cell line specific changes in 

mitochondrial activity in CLN3 iAs in both basal and ATP linked respiration. While 

mitochondrial dysfunction was previously observed in mouse Cln3Δex7/8 astrocytes, our results 

suggest that patient specific variables may have a differential effect on the mitochondrial 

phenotype. We also developed a co-culture system using healthy mouse GFP+ neurons in contact 

with the patient iAs. Using this system, we found that iAs induced a high degree of neuronal 

death, with some lines showing a more toxic phenotype than others. Additionally, to further 

study the effect of mutations in neurons, we generated induced neurons (iNs) from patients 

fibroblasts and are currently evaluating patient specific phenotypes. These in vitro culture 

systems are also being used for testing of new therapeutic strategies in order to accelerate 

development of novel treatments. 
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Abstract: Microglial calcium signaling is a relatively unexplored aspect of their function, 

partially due to the low-to-absent levels of calcium signaling observed in naive mice. However, 

microglia dramatically elevate their calcium signaling in response to injury/cell death, 

inflammation, or neuronal hyperactivity. Using ex vivo two photon imaging combined with 

pharmacology and genetic approaches, we have determined the key purine receptors and 

pathways that influence microglial calcium signaling in the basal state and in epileptogenic 

mouse brain slice, as well as their overall contributions to ATP and UDP signaling. In addition, 

we have utilized receptor knockout approaches and in vivo two photon microscopy to explore a 

key purine receptor influencing microglial calcium signaling longitudinally during 

epileptogenesis. Our ongoing experiments, using histology, electrophysiology, and 

transcriptomics will determine how the attenuation of microglial calcium signaling during 

epileptogenesis influences disease outcomes including neuropathology, inflammatory states, and 

epilepsy development risk. 
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Title: Role of immature glia in modulating neuronal hyperactivity and cognition in patients with 

epilepsy 

Authors: *A. AMMOTHUMKANDY1, K. RAVINA1, V. WOLSELEY1, A. TARTT2, P.-N. 

YU1, L. CORONA1, N. ZHANG1, G. NUNE1, B. LEE1, J. SMITH3, D. SONG1, T. BERGER1, 

C. HECK1, R. CHOW1, M. BOLDRINI4, C. LIU1, J. RUSSIN1, M. BONAGUIDI1;  
1USC, Los Angeles, CA; 2NYS Psychiatric Inst., New York, NY; 3Univ. of Texas Southwestern 

Med. Ctr., Dallas, TX; 4Columbia Univ., New York, NY 

Abstract: Abstract: The hippocampus is the most common seizure focus in people. Within the 

hippocampus, aberrant cell genesis plays a critical role in the initiation and progression of 

epilepsy in rodent models, but it is unknown whether this also holds true in humans. To 

deconstruct the role of cell genesis in neuronal hyperactivity and cognitive decline in human 

epilepsy we used a combination of histology, neural stem cell cultures and multi-electrode 

recordings on surgical resections from patients with mesial temporal lobe epilepsy (MTLE). We 

found neurogenesis declined with increasing disease duration, neuronal hyperactivity, and led to 

verbal learning impairment. In addition to neurogenesis, we also observed astrocytes generated 

in the adult human MTLE hippocampus, and immature astrocytes persist during epilepsy 

progression. The location and activity of immature astrocytes are dependent upon epileptiform 

activity, where immature astroglia activity anticorrelates with neuronal hyperactivity. Further, 

we identified the expression of neurotoxic (A1) and neuroprotective (A2) glial markers within 

the immature glial cells. Most of the immature astroglial cells expressed both A1 and A2 markers 

and their expression did not differ significantly based upon disease duration, age at surgery and 

epileptiform activity. However, higher number of immature astrocytes are associated with a 

decline in intelligence and language skills. We therefore suggest new born astrocytes display 

preserved mechanisms across patients, while their activity transitions in association with 

epileptiform-like activity. Immature astroglia therefore represent a new potential target to 

modulate neuronal hyperactivity as well as cognitive decline in adult human MTLE patients. 
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Abstract: White matter dystrophy in the brain occurs early in the development of late-onset 

Alzheimer’s disease (LOAD) as well as in advanced aging. However, the contribution of white 

matter alterations to LOAD remains poorly understood. BIN1 (bridging integrator 1), the second-

most common genetic risk factor for LOAD after ApoE, has been shown to be localized to 

cerebral white matter tracts and oligodendrocytes in humans and mice, yet its function in 

oligodendrocytes is unknown. In this study, we seek to identify the physiological functions of 

BIN1 in oligodendroglial development and myelination. We generated two inducible conditional 

knockout mouse lines where Bin1 is selectively ablated in oligodendrocytes at different 

developmental stages - oligodendrocyte progenitor cells (OPCs, Pdgfrα-CreERT;Bin1fl/fl) and 

mature oligodendrocytes (Plp1CreERT;Bin1fl/fl). We found that targeted deletion of Bin1 in OPCs 

and their progenies during early postnatal brain development suppressed developmental 

myelination, which was associated with increased apoptosis of newly formed oligodendrocytes. 

Consistently, in primary cultures, oligodendroglial Bin1 deficiency resulted in process retraction 

and degeneration of newly matured oligodendrocytes. Moreover, our preliminary data showed 

that homeostatic Bin1 deletion in adult oligodendrocytes led to neurobehavioral alterations. 

Together, our data reveal previously unrecognized functions of Bin1 in maintaining 

oligodendrocyte health and suggest that dysregulation of oligodendroglial Bin1 may compromise 

axon-glia interaction and sensitize axons to aging-related neurodegeneration. 

Supported in part by the National Multiple Sclerosis Society research grant RG1703 and NIH 

AG072479. 
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Abstract: Microglia sense neuronal activity and regulate activity-dependent synaptic plasticity, a 

process important for learning and memory. The complement cascade is one molecular pathway 

involved in microglia-mediated synaptic pruning that has been implicated in memory 

impairment. While microglia and related factors contribute to hippocampal memory and 

plasticity, the corresponding effects on network activity are still being elucidated. The 

hippocampus is well known for its role in spatial memory and contains place cells, or neurons 

that fire preferentially to specific locations within an environment. We investigate the effects of 

microglia and complement on spatial tuning of hippocampal neuronal activity by utilizing 

longitudinal in vivo calcium imaging in mice. We also examine corresponding effects on 

hippocampal-dependent behavior. First, we study the physiological role of microglia by 

depleting them from the brain. Second, we knock out complement component C1q in microglia 

to determine the contribution of this pathway to hippocampal function. Preliminary data suggest 

that microglia ablation or loss of microglial complement signaling impairs spatial tuning. 

Furthermore, microglia-ablated animals show deficits during a spatial memory task. Ongoing 

experiments aim to clarify the cellular mechanisms involved in these changes. This work will 

further our understanding of how microglia can impact hippocampal function on a network level. 
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Title: Microglia in the presynaptic dysfunction and neurodegeneration in mice lacking the 

synaptic co-chaperone CSPα/DNAJC5 
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Abstract: In the central nervous system, synapses are specialized junctions that connect neurons 

into circuits. To maintain the specialized structure and function of synapses, neurons have 

dedicated synapse-specific proteostasis, of which chaperones are a fundamental component. 

Imbalances in proteostasis result in neurotransmission deficits and protein aggregates that 

ultimately trigger synaptic loss and neurodegeneration. Co-chaperone Cysteine String Protein 

α(CSPα/DNAJC5), is critical for presynaptic proteostasis and synapse maintenance, especially in 

highly active synapses. Microglia, the CNS’s resident immune cells monitor and interact with 

synapses to modulate neural circuit formation and function and their interaction is prevalent. In 

neurodegenerative diseases, studies have demonstrated that microglial activation is often 

detected before the first signs of neuronal cell death, leading to the hypothesis that early 

microglial activation may promote the degenerative disease progression. Nevertheless, the 

mechanisms through which microglia could mediate synaptic damage in mice lacking 

CSPα/DNAJC5 have not been identified. In this study, we are interested in deciphering the 

specific microglial contribution in mice lacking CSPα/DNAJC5. Moreover, by using newly 

generated mice to conditionally target Dnajc5, we have analyzed the involvement of microglia in 

the presynaptic dysfunction of highly active synapses of the GABAergic parvalbumin-positive 

(PV) neurons (PVCre:Ai27D:Dnajc5flox), and glutamatergic neurons that operate at a low activity 

regime (CaMKCreERT2:Ai27D:Dnajc5flox). Our data demonstrate that microglia are activated in 

the absence of neuronal CSPα. Similar activation was observed in PVCre:Ai27D:Dnajc5flox mice 

with increased microglia-PV+ neurons interaction. Interestingly, only slight involvement of 

microglia was detected in CaMKCreERT2:Ai27D:Dnajc5flox mice. We are investigating the 

molecular mechanisms by which microglia might cause dysfunction of synaptic maintenance and 

contribute to the pathogenesis of neurodegeneration. 
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Abstract: GABA is a main inhibitory neurotransmitter, however, excitatory GABA actions have 

been observed in brain slices of patients with temporal lobe epilepsy and in many in-vitro seizure 

models. This is caused by neuronal GABAA receptor-mediated Cl- accumulation and consequent 

collapse of Cl- gradient at the inhibitory postsynapses. Astrocytic processes tightly wrap around 

inhibitory synapses, enabling astrocytes to modulate synaptic cleft ion concentration. In contrast 

to neuron, astrocytic Cl- concentration is high due to abundance in Na+-K+-2Cl- cotransporter 

type 1 (NKCC1), so that the astrocytic GABAA receptor activation leads to Cl- efflux. This Cl- 

efflux from the astrocyte could buffer the synaptic cleft Cl- concentration ([Cl-]o) to sustain the 

postsynaptic Cl- gradient during intense activation of GABAergic synapses (Egawa et al., J. 

Physiol. 2013). We therefore investigated the function of astrocytes in modulating the 

postsynaptic GABA action in epilepsy. We used the astrocyte-specific conditional NKCC1 

knock-out (astroNKCC1 KO) mice, in which astrocytic GABAA receptor-mediated Cl- efflux 

would be reduced. The decrease in astrocytic Cl- efflux is expected to lower the [Cl-]o, hence 

hasten the collapse of postsynaptic Cl- gradient. The seizure-like events (SLEs) in CA1 

pyramidal neurons were triggered by tetanic stimulation of stratum radiatum in hippocampus. 

We found that the threshold of stimulation intensity for SLEs is significantly lower in 

astroNKCC1 KO, compared to wild-type littermates (WT). In addition, in astroNKCC1 KO the 

duration of SLEs was significantly longer and the bicuculline-sensitive excitatory GABA current 

was significantly larger. Consistent with these in vitro results, in vivo pilocarpine-induced seizure 

model indicated astroNKCC1 KO mice are significantly seizure-prone with the lower induction 

dose and the higher score of Racine scale. Thus, our findings suggest a protective role of 

astrocytic NKCC1 in excitatory GABA-mediated seizures. This might provide an answer to the 

question why some clinical trials of bumetanide, a cell-type nonselective NKCC1 inhibitor, 

failed to show appreciable results. 
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Abstract: Little is known about the contributions of astrocytes to behavior in the adult brain. To 

fully understand circuit changes underlying behavior, it is important to study both neurons and 

glial cells in human models. Brain tumor, namely gliomas, commonly cause cognitive deficits 

and represents one of the few human cognition models that offer mechanistic interrogation at 

both cellular and network levels. Here, we integrate both in vivo and in vitro neurophysiology 

spatially matched with gene and protein expression programs across 66 IDH WT adult 

glioblastoma (GBM) patients to identify thrombospondin-1 (TSP-1) as a molecular driver of 

glioma-induced network remodeling. Cognitive task-related neuronal activity was assessed in 14 

adult GBM patients with cortically projecting glioma infiltration in the lateral prefrontal cortex 

(LPFC). Using electrocorticography, we show that speech initiation induces recruitment of not 

only LPFC, but also regions of tumor-infiltrated cortex not normally involved in speech 

processing. We also find that compared to healthy cortex, speech initiation results in task-

relevant hyperexcitability (as measured by high gamma power) within tumor-infiltrated cortex. 

Using single cell RNA-sequencing of intratumoral regions maintaining brain functional 

connectivity (13,730 cells analyzed), we find elevated expression of several genes involved in 

neural circuit assembly, including the synaptogenic factor, TSP-1. We further show that these 

TSP-1 expressing astrocyte-like glioma cells have a distinct synaptogenic phenotype with 

increased pre- (synapsin-1) and post (PSD95)- synaptic marker expression in tumor tissues and 

neuron-glioma co-cultures. These findings suggest that tumor-infiltrated brain regions with 

increased functional connectivity include a subpopulation of synaptogenic TSP-1 expressing 

malignant tumor cells, and that these cells not only promote neuronal hyperexcitability but also 

potentially contribute to the functional circuit-level remodeling mentioned above. Therapeutic 

vulnerabilities to TSP-1 inhibition by gabapentin was performed in vitro. Multi-electrode array 

analysis of neuron-glioma co-cultures show increased neuronal spiking activity and network 

burst synchrony in the presence of TSP-1 over expressing cells. Strikingly, these increases are 

eliminated in the presence of gabapentin, indicating the strong link between glioma cell-derived 

TSP-1 and network hyperexcitability. In sum, our results identify TSP-1 mediated paracrine 

interactions between glioma cells and neurons as a key contributor to neuronal hyperexcitability 

and functional circuit remodeling in glioma patients. 
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Abstract: Studying how vigilance is represented in the brain is essential to understanding mind 

as well as neurological and psychiatric diseases. Both noradrenergic and cholinergic neurons 

activate during periods of heightened vigilance and may contribute to behavioral state by shaping 

astroglia Ca2+ dynamics. Here we used transgenic mice with GCaMP6f expression in astrocytes 

or noradrenergic neurons on a linear motorized treadmill for two-photon Ca2+ imaging. During 

prolonged locomotion, visual cortex astrocytes exhibited a Ca2+ response characterized by 

multiple components: an initial transient response and a reduced sustained response that lasted 

until the end of locomotion. Using a combination of pharmacological tools and gene deletion, we 

found that these dynamics were shaped by cholinergic facilitation of activation of noradrenergic 

terminals and subsequent activation of α1A-adrenergic receptors. Given that early degeneration of 

cholinergic and noradrenergic nuclei are hallmarks of Alzheimer’s disease, we monitored 

vigilance-dependent Ca2+ signaling in the AppNL-F mouse model of Alzheimer’s disease and 

elucidated an underlying deficit in neuromodulator signaling. Together, these data offer 

mechanistic insight into how astrocytes get engaged in behavioral state-dependent adjustment of 

neural processing in both healthy and AD brains. 
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Abstract: Alzheimer’s Disease (AD) is a neurodegenerative disorder representing the most 

common form of dementia in the elderly. Despite decades of intensive research, AD 

pathophysiology remains elusive, and the therapeutic strategies proposed for its treatment have 

failed so far. Dopamine D3 receptors (D3-Rs) are involved in several functions such as reward, 

social behavior, and movement control. Indeed, D3-Rs have been proposed as a therapeutical 

target for addiction, schizophrenia, and Parkinson’s disease. More recently, some studies have 

evidenced the role of D3-Rs in cognition, demonstrating that activation of D3-Rs impairs 

attention and working memory. Results obtained in our laboratory suggested that D3 inhibition 

exerts a pro-cognitive effect on long term potentiation (LTP) and recognition memory on healthy 

wild-type (WT) mice.Based on these findings, here, we aimed to investigate whether the positive 

effect shown by D3 inhibition at the synapse could be exploited to counteract the synaptic 

plasticity and memory impairment found in aged and AD mice. To this end, we used WT and D3 

knock out (D3-KO) mice at 18-22 months of age as a physiological model of aging and the 

transgenic mouse model of AD 3xtg. To test whether the pharmacological inhibition of D3-Rs or 

their genetic deletion could rescue LTP and memory impairment, we performed 

electrophysiological recordings at CA3-CA1 synapses in hippocampal slices and behavioral 

experiments of novel object recognition, novel object location and Morris Walter Maze. We 

found that inhibition of D3-Rs rescued the LTP impairment in aged WT mice and 3Xtg mice. 

Behavioral experiments showed that D3 antagonism was able to completely restore recognition 

memory and spatial learning and memory in our models of aging and AD. Interestingly, the 

genetic deletion of D3 receptors prevented the synaptic plasticity and memory decline that 

occurs with aging. In fact, D3 KO mice at 18-22 months showed no alteration of LTP and 

memory. In conclusion, our findings suggest that D3-Rs inhibition exerts a pro-cognitive effect 

in synaptic plasticity and memory and could represent a viable strategy in the treatment of 

cognitive dysfunction occurring during aging and AD. 
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Abstract: Reduction of adult hippocampal neurogenesis is an early critical event in Alzheimer’s 

disease (AD), leading to progressive memory loss and cognitive decline. The nucleoporin 

Nup153, besides its role in nuclear transport, has been described as a key regulator of NSC 

plasticity through gene modulation. Here we investigated the potential role of Nup153 as target 

to improve neurogenesis in the 3xTg mouse model of AD in vitro and in vivo. We found that 

reduced Nup153 levels characterized NSCs from the 3xTg mice (AD-NSCs) and caused 

inefficient proliferation, migration and differentiation that were restored by Nup153 

overexpression in vitro. Lentiviral-mediated Nup153 hippocampal delivery in AD mice led to an 

increase in the number of BrdU/DCX+, BrdU/NCAM+ and BrdU/NeuN+ cells at 10 days and 1 

month respectively. Consistently, LV-Nup153-injected AD mice showed an improvement of 

cognitive performance in comparison to AD control mice at 1 month after LV-Nup153 injection 

(MWM test). iPSC-derived brain organoids produced from control and AD patients were also 

used to further validate the role of Nup153 in neurogenesis and development. AD organoids 

produced from AD-iPSC transduced with the LV-Nup153 (AD-ORG-Nup) showed a better 

maturation at 1 month than control-AD-organoids as well as the presence of ventricle-like 

structures as in healthy control organoids. A proteomic approach was performed to identify 

Nup153 interactors in WT- and AD-NSCs potentially implicated in neurogenesis regulation. GO 

analysis showed that Nup153-bound proteins in WT-NSCs were involved in RNA metabolism 

(tRNA, mRNA, ncRNA, splicing and transport) and epigenetic mechanisms (DNA methylation, 

histone modifications). Nup153-bound proteins in AD-NSCs were involved in pathways of 

neurodegeneration and AD, mitochondrial dysfunction, proteasomal processing, cell cycle and 

RNA degradation. Our data indicate that Nup153 restoration promotes neurogenesis and 

cognitive performance. Molecular data suggest that the complex regulatory network orchestrated 

by Nup153 is based on multiple interactions that are differently regulated in WT and AD-NSCs. 
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Abstract: Alzheimer’s disease (AD) is characterized by progressive memory loss and cognitive 

decline. These impairments correlate with early alterations in neuronal network activity in AD 

patients. Disruptions in the activity of individual neurons have been reported in mouse models of 

amyloidosis. However, the impact of amyloid pathology on distinct neuronal types remains 

unexplored within intact neuronal circuits. Here we use in vivo calcium imaging with 

multiphoton microscopy to monitor and compare the spontaneous activity of excitatory and two 

types of inhibitory interneurons in the cortices of APP/PS1 and control mice. We also determine 

the relationship between amyloid accumulation and the deficits in spontaneous activity in 

APP/PS1 mice. We show that somatostatin-expressing (SOM) interneurons are hyperactive, 

while parvalbumin-expressing interneurons are hypoactive in APP/PS1 mice. Only SOM 

interneuron hyperactivity correlated with proximity to amyloid plaque. These inhibitory deficits 

were accompanied by decreased excitatory neuron activity and decreased pairwise activity 

correlations in APP/PS1 mice. Our study identifies cell-specific neuronal firing deficits in 

APP/PS1 mice driven by amyloid pathology. These findings highlight the importance of 

addressing the complexity of neuron-specific deficits to ameliorate circuit dysfunction in 

Alzheimer’s disease. 
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Abstract: The gene CD2-Associated protein (CD2AP) has been associated with an increased 

risk of late-onset Alzheimer’s disease in multiple genome-wide association studies (GWAS). Our 

published research has previously shown that loss of CD2AP’s Drosophila homolog cindr 

exacerbates tau toxicity and impairs synaptic maturation and function at the neuromuscular 

junction. However, little is understood about CD2AP at the central mammalian synapse, and due 

to the protein’s important function in the kidney, knockout mice die at a young age. The present 

study demonstrates conservation of CD2AP function at the pre-synapse from fly to mouse, 

characterizes CD2AP’s role in maintaining post synaptic structure, and introduces an alternative 

model to the full-body CD2AP knockout.We examine short- and long-term plasticity using 

electrophysiologic measurements and synaptic structure and morphology using confocal imaging 

in vivo and in vitro. Experiments were performed on homozygous CD2AP knockout mice and 

heterozygous CD2AP knockout mice to investigate potential haploinsufficient requirement. Mice 

constitutively expressing Cas9 endonuclease were used for brain-specific CD2AP knockout. We 

also developed a conditional knockout model, allowing studies in the mouse past 6 weeks of age, 

and began behavioral characterization of the model at 3 months.We find that homozygous and 

heterozygous CD2AP knockout mice exhibit increased paired-pulse facilitation - a result that 

matches our data from Drosophila and indicates altered short-term plasticity and decreased 

probability of presynaptic vesicle release with CD2AP loss. In CD2AP knockout neurons in 

vitro, we find increased dendritic branching but decreased dendritic spine density. Our 

characterization of dendritic spine types reveals an increase in the number and density of 

filopodia, potentially indicating immature synapses in the knockout neurons. Lastly, we see no 

difference in young CD2AP conditional knockout mice (3.5-4 m.o.; N=24, 10 males) compared 

to controls (age-matched; N=13, 7 males) across multiple behavioral assays, including Open 

Field, Elevated Plus Maze, Barnes maze, Y maze, and fear conditioning. Studies are currently 

ongoing to examine performance in these behavioral tests in older animals.Our analyses 

implicate CD2AP in modulation of synaptic plasticity and structure, suggest a conservation of 

CD2AP function from flies to mice, and support CD2AP haploinsufficiency. Going forward, we 

will investigate age-dependent effects of CD2AP loss using aged CD2AP knockout animals. 
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Abstract: Memories must be accessible for them to be useful. Alzheimer’s disease (AD) is a 

progressive form of dementia in which cognitive capacities slowly deteriorate due to underlying 

neurodegeneration. Interestingly, anecdotal observations have demonstrated that Alzheimer’s 

patients can exhibit cognitive fluctuations during all stages of the disease. In particular, it is 

thought that contextual factors are critical for unlocking these hidden memories. To date, 

however, exploration of the neural basis of cognitive fluctuations has been hampered due to the 

lack of a behavioral approach in mouse models to dissociate memories from contextual 

performance. Our previous work demonstrated that interleaving ‘reinforced’ trials with trials 

without reinforcement (‘probe’ trials) in an auditory go/no-go discrimination task, allows us to 

distinguish between acquired sensorimotor memories and their contextual expression. Here, we 

used this approach, together with two-photon calcium imaging on behaving AD-relevant mice 

(APP/PS1+), to determine whether amyloid accumulation impacts underlying sensorimotor 

memories (measured using ‘probe’ trials) and/or contextual-performance (measured using 

‘reinforced’ trials) in an age dependent manner. Importantly, peripheral auditory function, 

measured using the threshold for detecting an auditory brainstem response, was similar between 

WT and APP/PS1+ mice. We found that while contextual-performance is significantly impaired 

in young adult APP/PS1+ mice compared to age-matched controls, these animals show little to 

no impairments in the underlying sensorimotor memories. However, middle aged APP/PS1+ 

mice show deficits in both domains. The impairment found in the young adults was accompanied 

by a reduction in stimulus selectivity and behavioral encoding in the auditory cortex of 

APP/PS1+ mice that that can be partially restored in probe trials. Ongoing analyses aim to 

identify whether this impairment is cortex-wide or is concentrated near Aβ plaques. Finally, 

these effects were recapitulated by using a reinforcement learning model that accounts for 



changes in contextual signals. The main network model parameters affected between the control 

and the APP/PS1+ mice were those governing contextual scaling and behavioral inhibition. 

These results suggest that Aβ deposition impacts circuits involved in contextual computations 

before those involved in storing memories and that neural circuit interventions, such as 

modulating inhibition, may hold promise to reveal hidden memories. 
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Abstract: Hippocampal spatial memory is impaired during normal aging and in Alzheimer’s 

disease (AD). However, the relationship between these two effects has not been defined. We 

characterized hippocampal spatial coding in both wild-type and AD model mice during aging. 

Our AD model mice had three human AD-related mutations knocked into their amyloid 

precursor protein gene (APP-TKI; Nature Neurosci. 17: 661). In vivo two-photon calcium 

imaging was used to measure the activity of hippocampal CA1 neurons when the mice moved on 

a 220-cm treadmill. The effects of aging on spatial coding were examined by comparing young 

(3-8 months) and old (17-24 months) wild-type (WT) mice expressing GCaMP6f (PloS ONE 9: 

e108697). Compared to young mice, the hippocampal neuron population of old mice exhibited a 

230% larger spatial decoding error and a 19% lower spatial information content (SIC) in the 

responses of individual neurons. Place cell properties changed in old mice: changes included a 

22% reduction in place cell fraction, 3% decrease in the fraction of multi-field place cells, a 20% 

increase in place field width, and a 4% reduction in the entropy of place field positions. We also 

characterized spatial coding in APP-TKI mice during aging. Age-related degradation of spatial 

coding and place cell properties were also observed in APP-TKI mice. These results indicate 

spatial coding declines in aging of both normal and AD mice. Next, we examined the effects of 

AD by comparing WT mice with APP-TKI mice. APP-TKI mice showed a mild relative 

impairment of spatial coding at 3-8 months, which was more severe at 17-24 months. Compared 

to old WT mice, old APP-TKI mice exhibited a 260% larger decoding error and a 21% lower 



SIC. They also had altered place cell properties, including a 2% reduction in place cell fraction, a 

5% reduction in multi-field place cell fraction, and a 10% increase in place field width. In 

summary, AD and aging affect spatial coding in qualitatively similar ways, differing only in 

severity. The common spatial coding deficits in aging and AD suggest that similar circuit-level 

mechanisms underlie both. 
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Title: Acute and chronic ethanol alters amyloid-β and neuronal excitability/inhibitory 

phenotypes in APP/PS1 mice. 
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Abstract: Alcohol use disorder (AUD) is a risk factor for Alzheimer’s disease (AD), and 

preclinical studies consistently show that chronic ethanol exposure increases amyloid-β (Aβ) in 

male APPswe/PSENdE9 (APP/PS1) mice. Nevertheless, the underlying mechanisms by which 

excessive alcohol drinking drives AD-like pathology are poorly understood. In this study we 

used male APP/PS1 mice to explore the mechanisms by which acute and chronic ethanol 

increase Aβ. For the acute studies, mice were given 2.0 g/kg or 3.0 g/kg ethanol. We used in vivo 

microdialysis to measure changes in Aβ levels in hippocampal interstitial fluid (ISF) during 

ethanol exposure and withdrawal. ISF Aβ levels did not initially change in response to a 2.0 g/kg 

dose of ethanol but increased by ~20% during withdrawal. Conversely, ISF Aβ levels decreased 

by ~15% after 3.0 g/kg ethanol and increased by ~20% during withdrawal. We next used a 

moderate two-bottle choice drinking paradigm to measure how 10 weeks of ethanol exposure 

altered Aβ pathology. Ethanol-exposed APP/PS1 mice had increased brain atrophy and an 

increased number of amyloid plaques. Further analysis revealed that ethanol-exposed mice 

developed a greater number of small amyloid plaques, potentially setting the stage for greater 



plaque proliferation. Aβ is released into the brain in an activity-dependent manner and ethanol 

bidirectionally alters brain activity during exposure and withdrawal. Therefore, we investigated 

how ethanol altered cortical GABAA and NDMA receptor subunit mRNA transcription. Grin2b 

mRNA levels were higher in ethanol-exposed APP/PS1 mice than in wild-type mice. There was 

also a trend towards decreased Gabra5 mRNA levels in ethanol-exposed APP/PS1 mice 

compared to H2O-exposed APP/PS1 mice. Together these studies demonstrate that acute ethanol 

directly increases ISF Aβ levels during withdrawal. Also, chronic moderate intake of ethanol 

may prime the brain for greater plaque proliferation later in life. We identified changes in the 

neuronal excitatory/inhibitory phenotypes as a potential mechanism driving these effects. 

Together, these data provide foundational research for a growing field investigating the 

mechanisms by which AUD increases the risk for AD. 
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Abstract: Alzheimer’s disease (AD) is a disease of complex etiology in which genetic, 

epigenetic and environmental factors, alone or combined, lead to patient-specific alterations in 

brain circuitry and ultimately, in the cognitive decline associated with AD. Such complexity has 

limited our ability to identify therapeutic target(s) to account for the multiple pathological 

pathways that contribute to AD progression. Our recent findings that stressors and vulnerabilities 



associated with AD rewire proteome-wide connectivity, and thus cellular function through 

epichaperomes, maladaptive disease-associated pathologic scaffolds composed of tightly bound 

chaperones, co-chaperone and other factors, provide such a core unifying AD mechanism. In 

AD, epichaperomes negatively impact assembly of proteins important for synaptic plasticity, 

cell-to-cell communication, protein translation, cell cycle re-entry, axon guidance, and metabolic 

processes and inflammation, all biological functions known to decline in AD. This disrupts and 

remodels brain networks ranging from intercellular to brain connectome levels. Epichaperomes 

therefore provides unique proteostasis-related precision medicine opportunities for detection and 

reversal of functional imbalances associated with AD. The discovery and clinical translation of 

the epichaperome agent PU-AD, currently in Phase 2 studies in AD 

(https://www.alzforum.org/therapeutics/pu-ad), and of a companion diagnostic, including recent 

developments are presented. 
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Abstract: Neurons possess both stable and dynamic microtubules. Dynamic microtubules differ 

from stable microtubules in their ability to undergo depolymerization and polymerization and for 

lacking tubulin modifications. While it has long been known that stable microtubules support 

dendritic and axonal structure, the role of microtubules at synapses has been explored only over 

the past decade. Recent evidence indicates that dynamic microtubules play key regulatory 

functions in neurotransmission and synaptic plasticity. Stable microtubules contain de-

tyrosinated tubulin while dynamic microtubules are composed almost exclusively of tyrosinated 

tubulin, suggesting that the tubulin detyrosination/tyrosination/(deTyr/Tyr) cycle can modulate 



synaptic function. In the deTyr/Tyr tubulin cycle, the C-terminal tyrosine of newly synthesized 

α-tubulin is episodically cleaved on microtubules and then returned by the tubulin tyrosine-ligase 

(TTL) on depolymerized tubulin. We investigated whether the deTyr/Tyr cycle had an impact on 

synaptic plasticity and was affected in Alzheimer’s disease (AD). We found that: 1) soluble 

oligomeric amyloid β1-42 (oAβ), the synaptotoxic peptide that accumulates in the brain of 

patients affected by AD, generates de-tyrosinated microtubules in primary neurons and this 

activity is sufficient to phosphorylate tau and induce tau-dependent neuronal injury; 2) defects in 

tubulin re-tyrosination are a feature of sporadic and familial AD; 3) Ttl+/- mice exhibit more de-

tyrosinated microtubules and defects in synaptic activity and memory function; 4) loss of tubulin 

re-tyrosination inhibits microtubule dynamics, while inducing tau hyperphosphorylation and loss 

of dendritic spines; 5) spines invaded by dynamic microtubules are more resistant to oAβ, and 

normalizing tubulin re-tyrosination promotes microtubule entry into spines and prevents oAβ-

induced spine pruning.Our results argue strongly for a role of tyrosinated dynamic microtubules 

in the regulation of synaptic function and provide evidence that induction of tubulin de-

tyrosination is a feature of AD and may contribute to AD pathology by affecting synaptic 

function. Our data further suggest that previously unrecognized microtubule-dependent pathways 

regulating tau phosphorylation may lead to the identification of novel therapeutic approaches to 

reduce tau hyperphosphorylation in AD and related tauopathies. 
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Abstract: The dentate gyrus (DG) is one of the few regions of the mammalian brain that 

continuously integrates new neurons through adulthood. Adult-born neurons (ABNs) contribute 

to memory discrimination tasks during a critical developmental period at 4-6 weeks post-mitosis. 

Exposing animals to enriched environments (EE) results in an increased number of ABNs, and 

improvement in context discrimination and spatial memory tasks. Conversely, decreasing the 

number of ABNs results in spatial memory deficits. Still, it is unknown how a small cohort of 

ABNs can influence the network activity and information encoding of the DG. Here, we 

demonstrate that exposing mice to EE results in an increase in spatial information encoding of 

the DG neuronal population responses compared to controls and can be largely attributed to 

sharper spatial tuning of individual DG neurons. Conversely, ablating DG adult neurogenesis 

resulted in a decrease in spatial tuning. Importantly, the increase in spatial tuning seen in EE 

mice is not present in mice exposed to EE where neurogenesis was ablated by focal irradiation, 

indicating that ABNs are necessary for the effects of EE on DG network activity. Additionally, 

we show that acutely silencing ABNs using a chemogenetic approach also results in a decrease 

in spatial tuning and in the EE-exposed animals being less able to discriminate between similar 

contexts during a contextual fear conditioning task. These results demonstrate, for the first time, 

that ABNs increase both the information content of the DG and the spatial tuning of individual 

DG granule cells, providing novel insight into the mechanisms behind the cognitive benefits of 

adult neurogenesis. 
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Abstract: Real world memories are formed in a particular context and are often not acquired or 

recalled in isolation. Time is a key variable in the organization of memories. Previous studies in 

our laboratory showed that when there is substantial overlap between the neuronal ensembles of 

two memories encoded close in time, recall of one memory increases the likelihood of recalling 

the other memory, thus linking the two memories across time. Understanding the mechanisms 

that regulate the temporal window of memory linking is critical for understanding how the brain 

segregates events that are temporally distinct. Here, we show that that C-C chemokine receptor 

type 5 (CCR5), an immune receptor well known as a co-receptor for HIV infection, plays a key 

role in closing the temporal window for memory linking. Following contextual conditioning 

there was a delayed (12-24h) increase in the expression of the C-C chemokine receptor type 5 

(CCR5). This delayed CCR5 expression in mouse dorsal CA1 (dCA1) neurons results in a 

decrease in neuronal excitability, which in turn negatively regulates neuronal memory allocation, 

thus reducing the overlap between dCA1 memory ensembles. Lowering this overlap affects the 

ability of one memory to trigger the recall of the other, thus closing the temporal window for 

memory linking. Remarkably, our findings also show that an age-related increase in neuronal 

CCL5/CCR5 expression leads to impairments in memory linking in aged mice, which could be 

reversed with a CCR5 knockout and an FDA approved drug that inhibits this receptor, a result 

with significant clinical implications. All together the findings reported here provide the first 

insights into the molecular and cellular mechanisms that shape the temporal window for memory 

linking. 
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Abstract: Adult hippocampal neurogenesis is diminished with age and compromised in diseases 

such as Alzheimer’s disease (AD). However, a direct mechanism linking the enhancement of 

hippocampal neurogenesis in familial AD (FAD) models to the rescue of memories is still 

lacking. Here, we showed that enhancing neurogenesis in an FAD model rescued associative and 

spatial memories by restoring memory engram. Specifically, the newly mature neurons were 

preferentially incorporated in the neuronal ensemble active during both the acquisition and 

retrieval stages of memory formation, the bona fide engram cells. FAD engrams cells possessed 

altered transcriptomic profiles with far-less developed dendrites in length, branching, spine 

density, and morphological changes. Remarkably, these defects were reversed in the genetically 

enhanced neurogenesis model in FAD. Chemogenetic silencing the newly mature neurons in the 

FAD with genetically enhanced neurogenesis model reversed the aforementioned rescued 

memory. Interestingly, AD‐ linked App, ApoE and Adam10 were some of the top differentially 

expressed genes in the engram. Taken together, this study was the first to implicate direct 

mechanistic evidence that targeted augmented neurogenesis ameliorates memory impairments by 

increasing the number of recruited engram cells, leading to memory restoration. This study 

implies that augmenting hippocampal neurogenesis in AD may be therapeutic. 
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Abstract: Recent work reveals an important role for network dysfunction in Alzheimer’s disease 

(AD), a devastating neurodegenerative disorder that is characterized by the accumulation of toxic 

proteins, aberrant neural activity, and deficits in spatial learning and memory. Alterations in 

neural activity have been shown to influence disease pathology and impair cognition, suggesting 

that neural activity may be a promising target for therapeutics to treat AD. Neural activity 

deficits emerge early in AD in the hippocampus, an area of the brain crucial for spatial learning 

and memory. AD pathology disrupts gamma oscillations (30-50 Hz, also known as slow gamma) 

and sharp-wave ripples (SWRs, 150-250 Hz), patterns of activity known to be important for 

learning and memory. Prior work has shown that exposure to 40 Hz auditory and light flicker 

stimulation drives gamma frequency neural activity in the hippocampus, reduces levels of toxic 

proteins that accumulate in AD, recruits microglia, the immune cells of the brain, and improves 

performance in spatial memory tasks in a mouse model of AD. However, it is unknown how 

prolonged gamma sensory flicker impacts endogenous neural activity crucial for learning and 

memory. To answer this question, we trained 5XFAD mice to navigate through a virtual reality 

(VR) environment to receive rewards. We recorded local field potentials and spiking activity 

from large populations of single neurons in hippocampal areas CA1 and CA3 as mice navigated 

in a VR task before and after several days of exposure to 40 Hz audio-visual flicker stimulation. 

We investigated the effects of prolonged exposure to 40 Hz audio-visual stimulation on aspects 

of hippocampal activity that have previously been found to be deficient in Alzheimer’s disease or 

correlated with cognitive function. We found impacts on SWR properties and SWR-associated 

place cell firing activity following 40 Hz sensory flicker stimulation as compared to random 

stimulation. These findings elucidate the effects of 40 Hz sensory flicker on endogenous neural 

activity in a mouse model of Alzheimer’s disease and suggest mechanisms through which 

exposure to flicker stimulation acts to improve cognitive function. This non-invasive method to 

impact neural activity essential for cognitive function carries promising translational applications 

to Alzheimer’s disease, as well as other neurological diseases with altered rhythmic neural 

activity. 
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Abstract: Paros Bio is developing an AAV gene therapy for the treatment of Autosomal 

Dominant Alzheimer’s Disease (ADAD), an early onset form of AD (onset at <65 years of age). 

ADAD is mainly caused by mutations in the PRESENILIN1 (PSEN1) gene, which encodes the 

catalytic subunit of the γ-secretase complex and is responsible for the cleavage of amyloid 

precursor protein (APP). This cleavage produces Aβ of varying lengths, with longer peptides like 

Aβ42 being more prone to aggregation than shorter peptides such as Aβ40. PSEN1 mutations 

result in a significant loss of γ-secretase function, resulting in decreased production of Aβ40 and 

an increase in the ratio of Aβ42:Aβ40. Aggregation of Aβ peptides into amyloid plaques in the 

brain is a hallmark of ADAD. Paros Bio is employing a gene-replacement approach to normalize 

γ-secretase function. Using an AAV vector, Paros has successfully expressed a functional copy 

of PSEN1 in mouse and patient-derived-cellular models of PS1 dysfunction. In several efficacy 

studies, we have demonstrated that treatment with our therapeutic in both ADAD mouse models 

and patient-derived cell lines effectively restores g-secretase function to normal levels. A single 

injection of our therapeutic both prevents pathological increases in the ratio of Aβ42:Aβ40 and 

normalizes functional neurodegenerative phenotypes in mouse models of ADAD. Non-human 

primate studies show our AAV vector can be broadly distributed and expressed in brain tissue 

and provides attractive expression of PS1. Paros Bio has developed a vector that enables broad 

expression of functional PSEN1 in brain tissue and is capable of normalizing the g-secretase 

dysfunction present in in vitro and in vivo models of ADAD. 
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Abstract: Flavonoids, which have numerous health benefits, are of growing interest to 

neuroscientists thanks to their potential to lower the risk of developing Alzheimer’s disease (AD) 

and dementia. In animal models, some flavonoids are able to reduce the levels of toxic amyloid 

associated with AD and, although ongoing clinical trials remain in the early stages, they show 

similar promise. To help understand the ability of flavonoids to clear toxic amyloid-beta and to 

aid in the development of suitable interventions for AD, we utilise a genetically versatile 

Drosophila melanogaster model of AD that replicates the overproduction and secretion of toxic 

amyloid-beta (hAβ42) from neurons. This AD model presents distinctive behavioural 

phenotypes such as locomotor defects and early mortality. Immunofluorescent staining shows 

that these phenotypes are associated with characteristic hAβ42 accumulation in subsets of 

neurons. By feeding different flavonoids to these animals in a blinded and statistically powerful 

study, we have undertaken structure-activity relationships and observed varying abilities of 

flavonoids to reduce the levels of hAβ42 around the neurons and prevent locomotor defects. All 

animals were age-matched and sex differences were assessed in this study. Notably, when 

neuronal clearance of hAβ42 was partial, the locomotor rescue was correspondingly weaker. In 

conclusion, we have developed a genetically tractable and versatile in vivo model of AD that 

allows us to quickly explore the mechanisms through which ingested flavonoids can exert anti-

amyloid activity in AD and support further development of flavonoid-based therapeutics. 
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Abstract: Our lab has developed a novel CRISPR-based, APP-editing approach that effectively 

deletes the YENPTY endocytic domain at the extreme C-terminus of APP and favorably 

modulates APP processing by attenuating pathologic ß-cleavage and upregulating 

neuroprotective a-cleavage. Importantly, the vast majority of the APP molecule - including the 



elaborate N-terminus and membrane-spanning domain - remains intact in this setting ensuring 

that physiological processes continue unabated. In order to assess the safety and efficacy of our 

approach in vivo, we used CRISPRs to generate germline and somatic edits in Wt mice and in an 

APP knockin (APPNL/G/F) mouse model of Alzheimer’s disease (AD). In vivo editing of the APP 

C-terminus in embryos efficiently eliminated the YENPTY domain, while preserving the N-

terminus. No behavioral or gross histological defects were detected in edited Wt mice and edited 

APP KI mice displayed a dramatic reduction of amyloid plaques and associated 

neuroinflammation compared to controls. Similar changes were seen with somatic AAV-

mediated editing, along with a marked increase in neuroprotective sAPPα. In total, these data 

demonstrate the in vivo feasibility of APP C-terminus CRISPR editing as a treatment strategy for 

AD. 
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Abstract: microRNAs have emerged as a new class of therapeutic targets that regulate the 

expression of target genes by binding their 3’-untranslated regions. Growing evidence suggests 

that dysregulation of microRNAs may contribute to the onset and/or progression of various 

diseases. However, the functional and therapeutic implication of microRNAs dysregulation in 

Alzheimer’s disease (AD) remains largely unclear. To gain insight into the roles of microRNAs 

in AD pathogenesis, we recently performed unbiased microRNA profiling in entorhinal cortices 

of AD and age-matched non-demented subjects. We found that microRNA-21 (miR-21) 

expression was markedly increased in AD patients. Therefore, we investigated the 

pathogenic/therapeutic potential of miR-21 in AD. miR-21 levels were increased in neurons 

treated with oligomeric amyloid-beta (Aβ), suggesting that miR-21 induction is directly 

associated with Aβ pathology. In addition, we demonstrated that miR-21 deficiency decreases 



spatial learning and contextual memory in Morris Water Maze and Contextual fear conditioning 

tests, respectively, in APP/PS1ΔE9 transgenic mice. Moreover, genetic deletion of miR-21 

increases the levels of insoluble Aβ40 and Aβ42 accumulation, amyloid plaque, and X-34-

positive fibrillar plaque load in the cortex and hippocampus. CD45-positive, IBA1-positive 

microgliosis, and GFAP-positive astrogliosis were also increased in mir-21 KO;APP/PS1ΔE9 

transgenic mice. Mechanistic studies identified RECK as a potential target gene of miR-21. miR-

21 deficiency upregulated the RECK protein level, leading to inhibition of ADAM10 activity. 

This finding was also corroborated by the decrease in the soluble APPα level. Taken together, 

our results demonstrated an important role for miR-21 in AD pathogenesis, suggesting that miR-

21 may regulate multiple AD-associated pathologies. Therefore, modulation of miR-21 may 

represent a novel potential therapeutic strategy for AD. 
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Title: An aging-induced neuronally secreted factor that promotes cognitive resilience 
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Abstract: Age-associated cognitive decline is characterized by numerous physiological changes 

in the hippocampus including synapse loss, increased neural stem cell quiescence, and 

emergence of inflammatory microglia and reactive astrocytes. In a genetic screen for secreted 

factors induced by dentate granule neuronal synapse loss, we identified a Group IIF secreted 

phospholipase A2 (hereafter referred to as sPlaA2) of unknown function in the brain. We found 



that sPlaA2 expression is negligible in the adult hippocampus but is gradually upregulated 

exclusively in dentate granule cells during aging. Genetic or viral deletion of sPlaA2 in the 

dentate gyrus of middle-aged animals prematurely induced age-related phenotypes in microglia, 

astrocytes, neurogenesis, synapse loss, and impaired hippocampal-dependent memory. In 

contrast, viral overexpression of sPlaA2 in the dentate gyrus of aged animals restored memory 

precision. Taken together, these results indicate that Group IIF secreted phospholipase A2 exerts 

a neuroprotective and anti-inflammatory role in the hippocampus during aging to confer 

cognitive resilience. Group IIF secreted phospholipase A2 represents a novel therapeutic target 

to slow down age-related cognitive decline and moderate the effect of aging as a risk factor for 

Mild Cognitive Impairment and Alzheimer’s disease. 
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Abstract: Sleep plays a critical role in consolidating many forms of hippocampus-dependent 

memory. While various classes of hypnotic drugs have been developed in recent years, it remains 

unknown whether, or how, some of them affect sleep-dependent memory consolidation 

mechanisms. We find that administration of ML297, a novel candidate hypnotic agent that 

selectively activates the G-protein coupled inwardly rectifying potassium channel subunit 

GIRK1, alters sleep architecture in C57BL/6 male mice over the first 6 hours following a single-

trial learning event. Following contextual fear conditioning (CFC), ML297 reversed post-CFC 

reductions in NREM sleep spindle power and REM sleep amounts and architecture, 

renormalizing sleep features to what was observed at baseline, prior to CFC. Renormalization of 

post-CFC REM sleep latency, REM sleep amounts, and NREM spindles at the transition to REM 

were all associated with improved contextual fear memory (CFM) consolidation. We find that 

improvements in CFM consolidation due to ML297 are sleep-dependent, and can be disrupted if 

mice are sleep deprived following ML297 administration. Improved CFM recall is associated 



with increased numbers of highly-activated dentate gyrus (DG), CA1, and CA3 neurons 

expressing immediate early genes after recall. Together our findings suggest that GIRK1 

activation restores normal sleep architecture - including REM sleep, which is normally 

suppressed following CFC - and increases the number of hippocampal neurons incorporated into 

the CFM engram during memory recall. 
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Abstract: Introduction: Being able to predict memory encoding outcomes from intracranial 

EEG (iEEG) during real-time encoding has significant value from a neuropsychological 

perspective. Previous study showed increased hippocampal theta activity (4-10 Hz) is linked to 

better verbal associative memory (Jun et al., 2020). Delivering real-time neurofeedback based on 

previous findings would allow subjects to self-regulate their memory ability and optimize their 

overall performance outcome. However, no study using iEEG has yet investigated 

neurofeedback approaches to enhance memory in verbal memory tasks. Methods: In this study, 

we aim to investigate the effect of theta (4-10 Hz) neurofeedback on memory encoding 

performance. We recorded iEEG from the hippocampus, while one epilepsy patient performed a 

word pair associative memory task. Memory task included three encoding blocks and one 

retrieval block. Each encoding block corresponded with the following three conditions: no 

sound, real-time random sound, and real-time sound neurofeedback based on theta band. During 

the encoding block, the subject had to memorize the given word pairs. After encoding, the 

subject went through some simple arithmetic questions as a distractor. Then, at the retrieval 

block, the subject faced a word pair memory test that was asked to answer among the three 

options: intact, rearrange, and new. The decoding model used the inputs of the theta band power 

values in the hippocampus. The number of inputs depended on subject-specific electrode 

placement within the hippocampus. The real-time sound neurofeedback was given during the 

stimuli presentation and when the subject's threshold level dropped below the criteria. Result: In 



our behavioral results, control and testing blocks were compared to determine whether or not 

neurofeedback enhanced memory encoding performance. Compared to no sound and sound 

given, whether or not it was random or theta based, the memory performance increased when 

sound was given on a trial base. For the brain wave analysis, the hippocampal time-frequency 

map showed a high power in the 20-100 Hz frequency. A high power appeared before the word 

pair onset for no sound condition, and it appeared after the onset timing for theta-based sound 

neurofeedback condition. Conclusion: We discovered that giving theta-based sound 

neurofeedback enhances subject’s memory performance. The results also suggest that giving 

theta-based neurofeedback may provide additional effects on other ranges on brain waves. 
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Title: Heterogeneous Microglia Activation Mediates Chronic Stress-Induced Synapse Loss 
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Abstract: Stress-induced synapse loss is the biological substrate underlying many of the 

cognitive deficits associated with chronic stress. However, the molecular and cellular substrates 

of stress-induced synapse loss are not well understood. Here, we show that multiple chronic 

stress protocols cause complement deposition and microglia activation in the upper layers of the 

mouse prefrontal cortex. This heterogeneous microglia activation results in layer-specific 

microglial phagocytosis of synapses and synapse loss, along with behavioral deficits such as 

anhedonia and working memory impairment. This heterogeneous activation is also reflected in 

scRNA-seq data revealing the existence of multiple microglia subpopulations in the stressed 

mouse cortex. Importantly, mice lacking complement component C3 were protected against 

chronic stress-induced microglial synapse phagocytosis and synapse loss, and did not develop 

anhedonia or impairment in working memory. Our data indicate that stress-induced complement 

activation drives synapse loss and behavioral deficits through heterogeneous microglia 

activation. This work may provide insight into why specific neural circuits are particularly 



vulnerable to stress, and how stressful life events can precipitate or exacerbate psychiatric 

diseases such as schizophrenia and multiple sclerosis. 
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Abstract: The brain exhibits diminishing function with age that manifests as cellular, molecular, 

and cognitive changes. Aging renders the brain susceptible to neurological disorders, such as 

Alzheimer’s Disease (AD), for which aging is the strongest risk factor. Given the universally 

unmet need to lessen the impact of AD, novel approaches are needed to curtail the influence of 

risk factors for the disorder. Emerging evidence has revealed rejuvenation of the aged CNS by 

exposure to young blood-borne factors, raising the possibility that CNS function can be 

improved by targeting systemic pathways. Studies have yet to evaluate how microglia sense and 

respond to youth-associated plasma factors to mediate plasma-induced changes in aging and AD. 

To begin to determine how individual factors present in young plasma alter microglia in the 

context of aging and AD, aged mice were systemically treated with two youth-associated blood-

borne factors, tissue inhibitor of metalloproteinases-2 (TIMP2) or colony-stimulating factor 2 

(CSF2), resulting in reduced microglial activation in hippocampus compared to vehicle-treated 

aged mice. Upon exposure to environmental challenges present in aging and AD, a subset of 

microglia acquire a disease-associated microglia (DAM) phenotype thought to be protective in 

response to debris. In addition to its role as a secreted protein acting on cells, we find that TIMP2 

is expressed by microglia and is a marker of the DAM transcriptional profile, indicating that 

TIMP2 may play a cell-intrinsic role regulating microglial state. Mice lacking TIMP2 display 

hippocampal microgliosis. Transcriptomic differences were observed between primary microglia 

isolated from TIMP2 KO and WT mice by RNA-seq that corresponded to changes in 

homeostasis, activation, and immune response, based on pathway analyses. Our results argue that 

microglia are responsive to youth-associated plasma proteins and may regulate aging and AD 

phenotypes. Characterization of blood-CNS communication may facilitate development of 

therapies that target detrimental aging processes to limit onset of neurodegenerative diseases. 
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Abstract: Neuroinflammation is a common feature of Alzheimer’s disease (AD), implicating the 

importance of microglia’s role in AD progression. Microglia are specialized resident 

macrophages of the central nervous system that help to clear debris, pathogens, and neuronal 

synapses. Under physiological conditions, microglia maintain plasticity by providing trophic 

support to neurons. Under pathological conditions, microglia often prune synapses excessively, 

increase pro-inflammatory cytokine release, and reduce trophic factor release. Currently, it is 

unclear how microglia impact AD. Although microglia activation is associated with amyloid 

deposits, a causative relationship to disease progression has not been shown. Using a recently 

established microglia differentiation protocol, we have converted AD and age-matched control 

patient derived induced pluripotent stem cells (iPSCs) from 16 individuals (8 AD/8 CTLR) into 

human microglia in order to investigate microglia specific changes inherent to AD. The goal of 

this project is to analyze the transcriptome and functionality of AD microglia cells in comparison 

to age-matched controls. By employing single cell RNA sequencing, we are able to analyze 

differences in gene expression between control and AD microglia cells, revealing AD risk factors 

specific to microglia that may contribute to pathogenesis. This finding suggests that microglia in 

AD are contributing to the disease, rather than solely reacting to AD pathogenesis. Using 

phagocytosis and activation assays, such as adding synaptosomes or bacteria-like 

lipopolysaccharides (LPS) with the microglia, respectively, allows us to assess if microglia 



functionality is impaired/affected in AD. We hypothesize that AD microglia will exhibit 

differences in activation potential and duration compared to age matched controls. The findings 

from this study will elucidate aspects of microglial contribution to AD, potentially offering new 

therapeutic avenues for treatment. 
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Abstract: Oligodendrocyte progenitor cells (OPCs) differentiate into mature myelinating 

oligodendrocytes and insulate axons with layers of myelin to increase their conduction velocity 

and provide metabolic support. Recent work published from our laboratory (Nemes-Baran A. et 

al., 2020 Cell Reports) showed that amoeboid microglia phagocytose OPCs in the corpus 

callosum during a restricted window of development before myelination. We further showed that 

blocking this process in a fractalkine receptor-dependent manner resulted in reduced engulfment 

of OPCs, increased oligodendrocytes, and thinner myelin suggesting that microglia phagocytose 

OPCs as a homeostatic mechanism to regulate myelin sheath formation. Changes in neuronal 

activity are associated with OPC proliferation and consequently changes in axonal myelination. 

It is, however, not clear if activity-dependent processes regulate microglial phagocytosis of 

OPCs. Therefore, the goal of this study is to explore the role of activity-dependent mechanisms 

in microglial engulfment of OPCs. Our results indicate that pharmacological inhibition of action 

potentials during early postnatal development caused significant changes in microglial 

engulfment of OPCs, suggesting that this phenomenon is sensitive to changes in neuronal 

activity. Furthermore, activity-dependent microglial phagocytosis of OPCs occurred during a 

specific time period when activity-dependent processes are also regulating microglia pruning of 

synapses. We propose microglial engulfment of OPCs to be a novel mechanism regulating 

precise axonal myelination, which ultimately has consequences for neural circuit development. 
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Abstract: The complement cascade modulates the innate immune system, which leads to the 

elimination of pathogens and dead or dying cells, as well as contributing to the extent and limit 

of the inflammatory immune response. Complement C3 is part of the innate immune system and 

participates in synapse elimination during normal brain development to refine neuronal 

networks. Further, this molecule may be detrimental in several neurodegenerative diseases, 

including Alzheimer’s disease (AD). C3 levels in the brain are elevated during aging and AD. 

Our group previously showed that lifelong C3-deficiency protected against hippocampal synapse 

loss in aged WT and APP/PS1dE9 mice, correlating with improved performance on cognitive 

tests. Recently, we developed an inducible conditional C3 knockout mouse model (C3iKO) by 

crossing C3 floxed (C3fl/fl) mice with Rosa26-Cre-ERT2+/- mice on a C57BL/6J background. 

Our goal was to investigate whether C3 lowering in adulthood, after normal brain development, 

would still protect hippocampal function in these mice. First, 4-5-mo-old male and female 

C3iKO mice were i.p. injected with tamoxifen (TAM) or corn oil (CO; control) daily for 5 days. 

Tamoxifen treatment of C3iKO mice led to a sustained ~92% lowering of serum C3 levels. 

Behavioral testing for hippocampal-dependent spatial memory, object memory, and object 

location was performed when TAM-treated and CO-treated C3iKO mice reached 16-17 mo of 

age. Mice that received TAM treatment performed significantly better than COtreated mice in 

these behavioral tasks, indicating that C3 lowering after brain development protected mice from 

age-related cognitive decline. In another study, mice were treated with TAM or CO at 3-4 mo of 

age and electrophysiological recording of long-term potentiation (LTP) was conducted 3 mo later 

in hippocampal slices incubated with neurotoxic Aβ S26 dimers. Remarkably, C3 lowering 

protected hippocampal synapses from Aβ S26 dimer-mediated LTP impairment. Further, we also 

analyzed the number of dendritic spines in the hippocampus when these mice reached 14-17 mo 

of age. C3 depletion significant alleviated the dendritic spines loss in aged mice. In conclusion, 



global C3 lowering in C3iKO young adult mice protected against hippocampal dysfunction many 

months later, suggesting that targeting C3 may be an effective therapeutic strategy for AD. 
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Abstract: Glial cell phagocytosis is essential for regulating brain function during health and 

disease. Alzheimer’s disease (AD) is linked to amyloid β (Aβ) accumulation; yet, the Aβ-

induced changes to the glial phagocytic function are poorly understood. Recent studies indicated 

that microglia in aged brains accumulate lipid droplets (LDs) and exhibit a proinflammatory and 

defective phagocytic phenotype (Nat Neurosci. 23(2), 194-208, 2020). However, the effect of Aβ 

on microglial lipidome and function in AD is uncharacterized to date. Here, we show that Aβ 

alone is sufficient to stimulate LDs in microglia and that LD-laden microglia from AD mouse 

brains exhibit impaired Aβ phagocytosis, which may be one of the ways they contribute to AD 

pathology. Specifically, unbiased lipidomics showed that microglia from wild-type (WT) mice 

exposed to Aβ in culture counteract the initial fatty acid accumulation by upregulating 

triacylglycerols (TAGs)—a major LD component. The acutely isolated LD-laden microglia from 

5xFAD mouse brains are dependent on age, sex, and brain region compared to the WT microglia. 

Additionally, these LD-laden 5xFAD microglia showed reduced phagocytosis of AβpH—a 

human Aβ1-42 analog that exhibits green fluorescence upon lysosomal internalization (Chem 

Sci. 12, 10901-10918, 2021). Interestingly, we found that most LD-laden microglia were 

associated with the plaques and had a unique amoeboid reactive morphology compared to the 

plaque-distant microglia. Human AD brains also contained higher LD density and a higher total 

LD volume inside the plaque-proximal microglia. Finally, we identified and found the 

Diacylglycerol O-Acyltransferase 2 (DGAT2) protein to be increased in Aβ-induced LD-laden 



microglia in 5xFAD and human AD brains. Pharmacological inhibition of DGAT2 reduced LDs 

and improved AβpH phagocytosis in 5xFAD microglia. In summary, we present a model of Aβ-

induced microglial LD accumulation and phagocytic dysfunction in chronic inflammation. We 

propose that microglia in AD become “fat and lazy” induced by Aβ and an inflammatory 

environment that includes neurotoxic fatty acids secreted by reactive astrocytes (Nature. 599, 

102-107, 2021) that may also be converted to TAGs and LDs leading to their dysfunction. This 

work shows the ever-growing dynamic role of LDs, once considered inert fatty organelles. 
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Abstract: Neuroinflammation is implicated in the response accompanying mechanical damage 

to neural tissue, but the pathways linking strain to neuroinflammation are unclear. The release of 

ATP through pannexin hemichannels is frequently observed following mechanical strain in 

neural tissues, suggesting stimulation of receptors for extracellular ATP is likely. This study 

examines the consequence of stimulating the P2X7 receptor for ATP on activation and cytokine 

release from microglial cells and asks whether this contributes to the neuroinflammation 

accompanying mechanical strain. Injection of the P2X7 receptor agonist BzATP increased 

expression of M1-like Nos2 and TNFa, and M2-like Arg1 and Chil3 (YM1) transcriptions in the 

retina. Increased gene expression was accompanied by morphological changes in microglial 

cells; Sholl analysis identified a shift in projections from ramified to a more retracted phenotype, 

with increased soma size. Similar morphological changes were observed when isolated tissue 

was exposed to BzATP, implying the changes did not require recruitment of extracellulr 

monocytes. Isolated microglia recapitulated these changes, with BzATP increasing expression of 

Nos2 and Arg1, and retraction of ramifications detected within minutes of BzATP application. 

While ATP increased the migration of microglia through a Boyden chamber, the P2Y12 receptor 

was the primary driver of the chemotactic response. Transient elevation of intraocular pressure 



induced ATP release and parallel changes in microglial morphology and gene expression in 

C57Bl/6J, but not P2X7 KO mice, implicating a role for the receptor in the microglial activation 

accompanying mechanical damage. ATP induced a release of IL-1β from isolated brain 

microglia. Interestingly, this IL-1β release was inhibited by CA-074, a blocker of lysosomal 

enzyme cathepsin B. Given that the P2X7 receptor can target lysosomes and raise luminal pH, 

this suggests a model where release of cathepsin B follows lysosomal leakage, with cathepsin B 

activating the NLRP3 inflammasome, leading to caspase-1 cleavage then IL-1β maturation and 

release. Overall, this study demonstrates stimulation of the P2X7 receptor mediates a non-binary 

activation of microglial cells, with IL-1β release at least partially linked to lysosomal leakage. As 

such, age-dependent lysosomal accumulations may accelerate the inflammatory response 

induced by receptor activation. 
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Abstract: Neuronal transduction of AAV-Progranulin rescues pro-inflammatory microglial 

morphology in a mouse model of progranulin deficiency Shreya N. Kashyap, Katherine I. 

Wilson, Andrew E. Arrant, Erik D. RobersonDisclosures: EDR has served as consultant for 

AGTC, serves on the DSMB for Lilly, and is the owner of an IP related to Tau.State of the Art: 

Of the more than 70 GRN mutations associated with FTD, nearly all cause progranulin 

haploinsufficiency. Therefore, progranulin replacement is a straightforward therapeutic approach 

for the FTD-GRN patient population. There are two AAV-Progranulin gene therapeutics 

currently in clinical trials. PR006, manufactured by Prevail Therapeutics, is a human progranulin 

transgene product packaged in an AAV9 capsid which transduces both neurons and astroglia. 

PBFT02, manufactured by Passage Bio, is human progranulin packaged in an AAV1 capsid, 

which selectively transduces neurons. Our lab has demonstrated that mouse progranulin 

packaged in AAV1 rescues microglial lysosomal dysfunction in progranulin homozygous 

knockout (Grn–/–) mice as measured by CD68 immunostaining, and reduces microglial soma 



size, as measured by IBA1-positive particle analysis of DAB micrographs. Here, we further 

characterized microglial morphological phenotypes of Grn–/–mice and determined if neuronal 

restoration of progranulin influences microglial morphology. Methodology: A blinded 

experimenter used 3D Slicer to manually segment and perform 3D reconstruction of microglia 

from 40X Z-stacks of IBA1-stained sections of Grn–/–and Grn+/+ brains. We also used a 

MATLAB-based script which segments and skeletonizes microglia based on a threshold set by 

the user. We repeated these analyses with Grn–/– mice that received AAV1mGrn or AAV1GFP. 

Results: Grn–/– mice had age-dependent increases in microglial cell volume, territorial volume, 

and average branch length and AAV1mGrn treatment rescued these morphologic phenotypes. 

Exogenous progranulin was detected only in neurons, not microglia.Conclusions: Neuronal 

transduction of AAV-Progranulin rescues pro-inflammatory microglial morphology in Grn–/– 

mice. 
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Title: Disrupted neuron-astrocyte mitochondrial communication in Alzheimer´s disease 
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Abstract: Neurons have a complex morphology and consequently face a greater challenge in 

distributing and maintaining mitochondria throughout their arborizations. Data from our lab 

combining transcriptomic, imaging, and functional studies in AppNL-G-F mice, a knock-in mouse 

model of Alzheimer´s disease (AD), revealed early mitochondrial dysfunctions very localized at 

pre-synaptic terminals, leading to synaptic ATP loss before overall delay of energy metabolism. 



Here we report an exchange of mitochondria between astrocytes and neurons, which is disrupted 

in the AppNL-G-F model and potentially contribute to the loss of heathy mitochondrial pool in 

axonal terminals. Using an in vitro coculture system, we observed that neurons release functional 

mitochondria via extracellular microvesicles (mitoEVs), which can be further captured by 

astrocytes through actin-dependent endocytosis. While WT mitoEVs mainly integrate in the host 

astrocytic mitochondrial network, AppNL-G-F-derived mitoEVs show reduced engulfment and 

integration. Instead, they were found to colocalize with lysosomes. An upregulation of 

mitophagy-related genes in AppNL-G-F astrocytes cocultured with neurons further support 

mitoEVs degradation hypothesis. Astrocytes were also observed to transfer mitochondria 

through tunneling nanotubes (TNTs). Remarkably, AppNL-G-F astrocytes fail to increase the 

percent of transferred mitochondria in TNTs to neighboring cells under a mitochondrial stress 

stimulus. Moreover, AppNL-G-F neurons do not benefit of mitochondrial transfer from AppNL-G-F 

astrocytes. On the contrary, WT astrocytes-derived mitoEVs mitigate mitochondrial respiratory 

deficits in AppNL-G-F neurons, an effect dependent on mitochondria since mitochondria-depleted 

EVs showed no ability to upregulate oxygen consumption. Overall, these data indicate that AD 

astrocytes are poor mitochondrial donors, and this disrupted neuron-astrocyte mitochondrial 

communication likely contributes to localized energy deficits in AD neurons. 
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Abstract: Due to the slow rate of regeneration (1-3mm/day), nerve repair surgeries following 

proximal peripheral nerve injury are often incomplete. Despite the advancements in surgical 

techniques, over half of patients with peripheral nerve injury experience lifelong deficits that can 

severely impact quality of life. The conditioning crush lesion (CCL), a technique in which a 

crush injury is performed one week prior to a nerve transection and repair surgery, increases the 

rate of nerve growth 2-4-fold. However, CCL cannot be translated to clinical use as it requires an 



intentional nerve injury which evokes an invasive inflammatory response. Conditioning 

electrical stimulation (CES) upregulates the same regeneration-associated genes (RAGs) as CCL 

to accelerate nerve regeneration and promote sensorimotor functional recovery. We hypothesized 

that unlike CLL, CES is non-injurious and non-inflammatory. One day post conditioning, there 

was an upregulation of activation transcription factor-3 expression (ATF3) in the CCL, but not 

the CES dorsal root ganglion (DRG) neurons. Lineage tracing studies of CX3CR1-expressing 

tissue-resident macrophages (TdTom+; Iba-1+) demonstrated an infiltration of blood-born 

macrophages at the DRG and nerve (TdTom-; Iba-1+) 3-7 days following CCL. There was no 

increase in tissue resident macrophage expression (TdTom+; Iba-1+) at the DRG or nerve 

following CCL. In contrast, CES did not increase blood born or tissue resident macrophages 

density within the nerve or DRG. Further, innate macrophages expression at the DRG and nerve 

did not increase their activation (as depicted by dectin-1 and IBA-1 expression) following CES. 

Ablation of the CX3CR1 population of macrophages (blood-born and tissue resident 

macrophages) demonstrated that the effects of CCL, but not CES, were reduced suggesting 

different mechanism of action from immune cells in these two conditioning events. In summary, 

unlike CCL which requires nerve injury that is associated with monocyte-derived macrophage 

entry into the DRG to evoke a pro-regenerative effect, CES activates RAG expression and 

accelerates nerve regeneration in a manner independent of nerve injury macrophage 

accumulation. 
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Abstract: Whole-body imaging could capture cellular insights and provide integrated biological 

knowledge in healthy rodents. However, while the mouse is the mouse commonly used animal 



model, we still lack basic information about its body, namely how diverse organ and tissue 

systems are organized in the whole mouse. Here we used a new DISCO technique, which 

allowed high-resolution 3D imaging of the peripheral nervous system (PNS), lymphatic system, 

and vascular system in the whole mouse body:  

1. We could observe the PNS innervation in most organs, including the heart, lung, liver, 

kidney, stomach, and intestine. Moreover, we visualized the vagal nerves innervate the 

gastrointestinal tract. 

2. We presented lymphatic capillaries heterogeneously penetrated in the center of intestine 

villi and regional specific 3D villi lymphatics network. Interestingly, we discovered lymph nodes 

were innervated by a population of PN with immunomodulatory potential. 

3. We imaged organ-specific vascular patterns and a network of transcortical capillaries as 

the main support for multiple bones. 

Thus, mapping whole mouse body systems can provide a roadmap for diverse studies, including 

the neural circuits, immunomodulation, and angiogenesis in the entire mammalian body. 
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Abstract: The functional architecture of the human spinal cord (SC) is not well understood, 

despite its vital role in sensory, motor, and autonomic functions. Disruptions stemming from 

injury or disease at any level of severity, can lead to functional limitations, chronic pain, and 

permanent paralysis. Research on the functional anatomy of the human spinal cord is limited due 

to susceptibility to artifacts arising from its physiological location, and technical challenges 

associated with existing neuroimaging modalities. 

Herein, we leverage the superior spatiotemporal properties of functional ultrasound imaging 

(fUSI), a recent revolutionary neuroimaging technique, to illuminate the spinal cord functional 

organization by investigating the effects of epidural electrical spinal cord stimulation (ESCS). 



We characterize and decode spinal cord hemodynamic responses to modulation at a single trial-

level, using fUSI spinal cord images acquired from 4 patients who underwent ESCS stimulator 

implantation surgery for chronic back pain therapy. An ESCS protocol consisting of 10 ON-OFF 

stimulation cycles - 30 s each for a total of 10 minutes was used. The single trial decoding of 

ESCS induced spinal cord states was performed utilizing classwise principal component analysis 

integrated with linear discriminant analysis. 

Our findings demonstrate that responses to ESCS reflects a spatiotemporal modulation of the 

human spinal cord circuitry not previously recognized - with stimulation induced spinal cord 

states that can be decoded from fUSI images (accuracy: 84.0 ± 11.4 % Mean ± Std, and 98.3 % 

optimized accuracy across patients. From statistical parametric maps and event-related-average 

curves, we observe region-specific increases or decreases of spinal cord hemodynamic responses 

during stimulation. Additionally, our analysis identifies spatial regions affected significantly by 

the stimulation protocol (p < 0.05) and show that the most informative content for decoding 

spinal cord induced states is contained in small arterioles and capillaries. 

This first in-human study is significant as it provides analytical capabilities to assess neural 

activity modulations indirectly coupled to blood-flow changes with a new level of precision in-

vivo. Our ability to decode spinal cord states in a single trial is novel and opens avenues to 

understand the functional anatomy, dysfunction, and effects of neuromodulation. Ultimately this 

is vital for translational development of real-time closed-loop neurorehabilitation systems. 
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Abstract: Spinal cord injury (SCI) is a severe condition that results in loss of function in 

mobility. The corticospinal tract (CST) is a clinically important target for functional recovery 

after SCI. Multiple molecular pathways including the Pten/mTOR signaling pathway have been 

revealed to regulate axon regeneration and sprouting from the CST. However, among diverse 

populations of CST neurons, only a subset regenerates axons following molecular intervention 

and the number of regenerating neurons declines with age. Here, we have performed single cells 



RNA-seq using Patch-seq after retrograde tracer injection in animals with Pten/mTOR pathway 

modification. Through differential gene expression and pathway / network analyses, we 

identified known and new potential regulators of CST regeneration and found that regenerating 

transcriptomes differentially map to previously defined neuronal clusters based on single cell seq 

data. 
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Abstract: Traumatic spinal cord injury (SCI) impairs local neuronal conductance and induces a 

subsequent synaptic remodeling cascade in the rostro-caudal perilesional zone. K+/Cl− 

cotransporter 2 (KCC2) is a differentially expressed synaptic ligand-gated channel, which is 

pivotal for signal propagation in inhibitory spinal interneurons. Reduced KCC2 expression post-

SCI disrupts the excitatory/inhibitory (E/I) ratio in the preserved spinal interneurons and blocks 

the relay of signals in the injured spinal cord. The recent advances in AAV9 gene therapy present 

a promising approach to therapeutically upregulate KCC2 upregulation and restore the functional 

neurotransmission in the injured spinal cord. The aim of the study is to examine the ability of 

KCC2 gene therapy to improve functional recovery by altering SCI-induced synaptic 

neuroplasticity. We demonstrate for the first time the ability of intrathecal AAV9 administration 

to induce KCC2 expression in the preserved neural tissue without any deleterious off-target 

effects. This induced KCC2 expression alters the transcriptional profile of the targeted neurons, 

which improves the long-term forelimb and hindlimb motor recovery. This is also accompanied 

by restored electrophysiological and immunohistochemical alterations in the injured spinal cord. 

Overall, this study can have a significant impact on the neuromodulation regimen for SCI 

patients to improve their recovery and well-being. 
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Abstract: In the United States, there are approximately 18,000 new cases of spinal cord injury 

(SCI) each year, with individual economic costs in the millions. SCI can diminish or abrogate 

both motor and sensory systems, though most research to date has emphasized motor 

impairments and recovery. With the application of human induced pluripotent stem cells 

(hiPSCs), the potential for targeted neural regeneration and repair in sensorimotor systems after 

SCI has greatly improved. In the past decade, the use of hiPSC-derived motor neurons has 

increased our understanding of degenerative spinal motor diseases, as well as shown successful 

transplantation in rat models. However, comparatively little has been published applying the 

same strategies to the dorsal sensory neurons and promotion of sensory recovery, despite the 



prevalence of sensory dysfunction and chronic pain in SCI patients. An imperative next step is to 

develop protocols to generate the necessary sensory and interneuron populations. We report here 

the results of our work generating a rapid differentiation protocol for region specific dorsal spinal 

neural progenitor cells (dsNPCs) from hiPSCs. This novel protocol allows us to generate both 

dorsal and ventral spinal populations (ventral protocol previously published) from a shared 

lineage. These cell populations are being used to study injury and sensorimotor recovery in vitro 

and in vivo. In the future we will use our dorsal and ventral cells in tandem in a rodent 

transplantation model to evaluate their capacity to attain correct repair and reconnection at the 

site of injury, restoring both motor and sensory systems. These discoveries will push the field of 

spinal regeneration forward and advance the translation of cell transplantation therapies. 
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Abstract: Spinal cord injury (SCI) is a traumatic and life altering event that frequently results in 

the loss of voluntary motor function after injury. Currently, there are no clinically effective 

treatments that can improve locomotor function after SCI. Neural progenitor cells (NPCs) are a 

promising potential therapy for SCI, due to their ability to mature into spinal cord neuronal 

subtypes and act as a neuronal relay between surviving host neurons rostral and caudal to the site 

of the injury. In order to repair locomotor circuitry following traumatic spinal cord injury using 



NPCs, it is first critical to determine the number and phenotypes of transplanted NPC-derived 

neurons that establish direct and indirect synaptic connections onto spinal cord motor neurons 

(MNs) after spinal cord injury and their function in modulating locomotor recovery. We first 

used the monosynaptic rabies virus to characterize direct graft inputs onto spinal cord motor 

neurons in adult ChATCre mice following SCI and NPC transplantation. We found that less than 

1% of graft neurons established monosynaptic inputs onto host lumbar MNs; of these cells, they 

were identified to be of cholinergic and glutamatergic fate. We next used the pseudorabies virus 

to characterize the direct and indirect synaptic connections between NPC graft and host 

locomotor circuitry. Due to our identification of different phenotypes of graft neurons 

synaptically connected to locomotor circuitry using the monosynaptic rabies and pseudorabies 

virus, we next visualized cell type-specific graft projections using AAV-SynTAG to label 

anatomical projections from all graft neurons, cholinergic graft neurons, or V2a graft neurons. 

We found that each of these subtypes exhibited a distinct termination pattern in the lumbar spinal 

cord, suggesting that graft neuron phenotype influences patterns of synaptic connectivity. 

Finally, we examined the effects of modulating graft activity on locomotor behaviour. To do this, 

we performed SCI on adult C57BL/6 mice and transplanted NPCs expressing excitatory 

DREADDs (hM3Dq) in all graft neurons. Ten weeks later, we observed that DREADD-mediated 

activation of graft neurons significantly altered locomotor behaviour. This is the first study to 

show direct and indirect synaptic connections of NPCs onto spinal locomotor circuitry and 

demonstrate that graft activity directly modulates locomotor function. Ultimately, these findings 

provide important mechanism that will inform future work on development of cell-based 

therapies to restore locomotor function after spinal cord injury. 
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Abstract: Advances in cell-based strategies offer new promise for some of the most devastating 

neural injuries like spinal cord injury (SCI). However, to harness the full therapeutic potential of 

stem cells, it will be necessary to understand how to direct their differentiation to appropriate cell 

phenotypes and ensure that their phenotype and function persist after transplantation into a 

pathologic environment. We used a pre-clinical cervical contusion SCI in adult rats to transplant 

human induced pluripotent stem cell (hiPSC)-derived pre-motor spinal interneurons (SpINs). We 

hypothesized that donor spinal interneurons, known to contribute to plasticity post-injury, will 

promote novel neuronal relay formation and improve functional outcome. Quantitative PCR, 

immunocytochemistry, multielectrode array (MEA) analysis and single cell and nuclei RNA 

sequencing were used to characterize engineered human SpINs prior to transplantation to 

confirm identity and neuronal function. Neuroanatomical tracing (transynaptic pseudorabies 

virus) and immunohistochemistry were used to assess transplant integration and connectivity 

with injured host tissue. Optogenetic activation of hiPSC-SpINs was used to assess development 

of synaptic connectivity to injured host circuits with time (1- and 2-months post-transplantation). 

Bilateral terminal diaphragm electromyography was used to quantitatively assess functional 

contribution of transplanted human SpINs to the recovery of phrenic function after injury and 

transplantation. These studies demonstrated that transplanted human SpINs survived and 

integrated with injured cervical spinal cord circuits, displayed anatomical (e.g., positive for 

transsynaptic tracing) and functional (e.g., modulate respiratory activity when activated) 

evidence of connectivity. Having rigorously established improvement in diaphragm muscle 

activity with objective metrics, this strategy holds great promise to establish motor recovery 

post-SCI. 
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Abstract: Mitochondrial dysfunction is a confounding factor found in traumatic injuries such as 

spinal cord injury (SCI). Transplantation of human neural stem cells (hNSC) to repair damaged 

tissues has shown promise in pre-clinical studies and early SCI clinical trials. However, neural 

regeneration after SCI is hindered due to the harsh ischemic oxidative microenvironment, loss of 

mitochondria bioenergetics in the damaged tissues, and the presence of pro-inflammatory signals 

such as complement component C1q. We have previously derived and characterized several 

human neural stem cells (UCI-hNSCs) lines and their potential for restoring locomotor function 

(efficacy) after SCI in mice. We hypothesized that the survival and efficacy of donor stem cells 

in the SCI niche may depend on their mitochondria function. Transcriptomic analysis comparing 

efficacious (UCI161) and non-efficacious (UCI152) hNSC lines identified differences in key 

categories termed as “mitochondria fitness traits” (MFTs): bioenergetics, redox and membrane 

permeability, mitophagy, and biogenesis. We have previously reported that C1q, which is present 

in high levels at SCI site, modulates hNSC fate, bioenergetics level, and capacity for in vivo 

repair. Here we show that C1q exposure leads to increased mitochondria protein oxidation and 

mitochondria fission in the UCI hNSC cultures. Consistent with RNA-seq data for these lines, 

C1q treatment for 2 days also lead to loss of TFAM (a biogenesis transcription factor) and 

activation of the inflammasome pathway. To test whether MFTs could be modulated 

pharmacologically, we screened and tested several drugs that are known to modulate 

mitochondrial function. Mitochondrial functional assays (MTT, TMRM, ATP, MitoTracker) 

revealed that UCI161 were better responders to bioenergetic drugs, whereas UCI152 responded 

optimally to biogenesis enhancement. Our future aim is to combine stem cell transplantation and 

mitochondria biogenesis drug Bezafibrate to improve the resilience and therapeutic potential of 

hNSC lines for transplantation in SCI. 
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Abstract: The adult spinal cord contains a population of multi-potent ependymal-derived neural 

stem/progenitor cells (epNSPCs) with the capacity to regenerate and promote repair after injury. 

epNSPCs are normally quiescent but are acutely activated after spinal cord injury (SCI). Despite 

this, the activation of these cells is insufficient to promote robust neural regeneration and 

recovery. Thus, it is of therapeutic interest to harness the endogenous regenerative potential of 

epNSPCs. However, little is known about the underlying mechanisms that govern the biology of 

these cells and their response to injury. We thus aim to characterize the mechanisms of epNSPC 

activation after SCI and examine a therapeutic strategy to harness their regenerative capacity. 

epNSPCs isolated from the central canal region of the adult spinal cord were used for in vitro 

mechanistic analysis. In vivo, cervical SCI was induced in adult rodents using a clinically 

relevant compression-contusion model of SCI. Lineage tracing of epNSPCs was done using 

FoxJ1-Cre-tdT reporter mice. We found that excitotoxic levels of glutamate, a hallmark in the 

pathogenies of SCI, leads to calcium influx in spinal cord epNSPCs via AMPA receptors 

(AMPARs) and this change in calcium in concert with Notch signaling increases the 

proliferation of epNSPCs via pCREB, and induces astrocytic cell fate specification through Hes1 

upregulation. AMPAR blockade after SCI with NBQX inhibits epNSPC proliferation, migration 

and differentiation. Conversely, positive allosteric modulation of AMPARs subacutely after SCI 

with the agent CX546 enhances epNSPC proliferation, astrogliogenesis, increases neurotrophic 

factor production and promotes neuronal survival and functional recovery. Our study uncovers 

an important mechanism by which glutamatergic signaling via AMPARs alters the proliferation 

and phenotype of spinal cord epNSPCs. Pharmacological modulation of AMPAR signaling 

offers a novel and highly translational therapeutic strategy to regulate the fate of epNSPCs and 

harness their regenerative potential after SCI. 
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Abstract: Recent progress in cortical stem cell therapy has demonstrated its potential to repair 

the brain. However, current stem cell transplant models have yet to demonstrate that the circuitry 

of transplant-derived neurons can encode useful function to the host after neurodegeneration or 

trauma. This may be due to missing cell types, their proportions, and/or their cytoarchitecture. In 

addition, there is a need for vasculature to increase viability and function of transplanted cells. 

Here, as a platform for further improvements in neocortical cell grafts, we devised a reproducible 

aspiration lesion and transplant paradigm. In this paradigm, donor cells differentiate into upper 

and deeper layer neurons, glial cells are present, and grafts are vascularized. The grafted neurons 

project outside of the graft to appropriate brain areas. We also find that the donor neurons fire 

action potentials. The graft becomes fully vascularized by 2 weeks post-transplant and perfused 

with blood. Finally, with this paradigm, we can organize cells into layers. Overall, we have 

developed a model that should allow us to build complex neocortical-like tissue, containing 

many of the precursor cell types and cytoarchitecture necessary for a properly developing cortex. 

Importantly, this in vivo model could also be used for investigating development and diseases. 
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Abstract: Perception is enhanced at spatially attended locations. Previous research has 

demonstrated that population receptive fields (pRFs) are attracted to the position of the 

attentional locus, yet how the precision of attention impacts pRF properties remains to be 

elucidated. The attention field model is often used to summarize the locus and precision of 

attention by a Gaussian field. This model predicts that attentional precision, i.e. the size 



(Gaussian standard deviation) of the attention field, should influence pRF properties. Here, we 

investigate the effect of attentional precision on pRF properties while keeping the attended 

location constant. 

We measured pRFs using ultra-high field 7T MRI while participants performed a color 

discrimination task. Two attention conditions were compared: attention focused at fixation (0.1 

deg) and attention maximally distributed across the entire screen (>5 deg). In both conditions the 

same visual stimulus was presented and only the spatial extent of attention varied. The stimulus 

included a standard pRF mapping contrast-defined bar. 

Behavioral results showed that participants were able to modulate their spatial distribution of 

attention and that the difficulty of the two attention conditions was matched. The fMRI time 

courses revealed structured task-dependent differences. These time-series differences translated 

into eccentricity-dependent task responses in early visual areas. In particular, higher foveal 

BOLD responses to the focused attention task and higher peripheral BOLD responses to the 

distributed attention task were observed. Furthermore, pRF positions were also altered as a 

function of the attentional precision of the task with larger pRF position changes observed in 

higher visual areas. pRF position changes followed predictions from the attention field model. 

These results indicate that the precision of the spotlight of attention influences visual 

representations of space in line with the predictions of the attention field model. 
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Abstract: We recently introduced a new population Receptive Field (pRF) model based on 

Divisive Normalization (DN), a mathematical operation considered a prime candidate for a 

canonical neural computation. Using 7T functional MRI, we showed that 1) the DN pRF model 

unifies and outperforms existing models throughout the human visual cortex, 2) specific model 

parameters, dubbed activation and normalization constants, modulate distinct response 

properties. We next investigated the biological correlates of the DN pRF model. Activation of 

specific receptors is thought to differentially modulate properties of visual responses; hence, we 



reasoned that neuromodulatory mechanisms may also underlie DN computations. In particular, 

we hypothesised that GABA and serotonin (5-HT) 1A receptors, by modulating inhibition and 

baseline activity, might underlie the activation constant; and that 5-HT1B and 5-HT2A receptors, 

thought to exert a bidirectional gain modulation, might underlie the normalization constant. 

To test these hypotheses, we compared maps of DN pRF model parameters obtained from a 

large-scale 7T fMRI dataset (n=180), with receptor densities obtained from PET neuroimaging. 

Consistent with our hypotheses, we found highly significant (both p<10-6) opposite correlations 

between GABA, 5-HT1A, and the activation constant; a significant positive correlation of 5-

HT1B (p<10-2), and a n.s. negative correlation of 5-HT2A, with the model normalization 

constant. Next, we used a crossvalidated-GLM approach to show that the pairs of hypothesised 

receptors provide a significantly better prediction for model constants than individual receptors 

in the pair. Finally, a data-driven principal component analysis also confirmed that most of the 

variance is shared between the two datasets. 

Our findings 1) extend the role of DN as a canonical visuospatial pRF computation and 2) 

provide novel evidence of the involvement of serotonin and GABA systems in DN operations. 

We propose that these findings provide new insights into the computational principles of 

information encoding in the cortex, as well as their biological correlates. 

Disclosures:  M. Aqil: None. T. Knapen: None. S.O. Dumoulin: None. 

Nanosymposium 

681. Neural Computations of Visual Cortex 

Location: SDCC 25 

Time: Wednesday, November 16, 2022, 1:00 PM - 4:15 PM 

Presentation Number: 681.03 

Topic: D.06. Vision 

Support: KAKENHI JP (21K19803) 

Kyoto Sangyo Univ. Reserach Grant (M2001, E2101) 

Title: Stimulus dependent variations of spike count correlation improve decoding of stimulus 

directions from neuron populations in visual cortex 

Authors: *H. ITO1, Y. TABATA1, R. KOHNO1, Y. MARUYAMA2, Y. MORI3;  
1Kyoto Sangyo Univ., Kyoto, Japan; 2Nat. Inst. of Tech., Hakodate Col., Hakodate, Japan; 3Nat. 

Inst. of Tech., Tsuyama Col., Tsuyama, Japan 

Abstract: Even under repeated presentations of the same stimulus, the spike counts of a single 

sensory cortical neuron show a considerable amount of trial-to-trial variability. One of the 

challenges in the BMI is to decode the stimulus information from the single trial activities of 

simultaneously recorded multiple neurons. We recorded multiple single neurons in the visual 

cortex of anesthetized cats under the moving bar of 16 different directions. We have shown that 

the variabilities were correlated between the neuron pairs (spike count correlation) and some 

neuron pairs showed stimulus dependent spike count correlations (Maruyama & Ito, 2013). Our 



main interest is how the spike count correlations and their stimulus dependence contribute to the 

decoding performance of the stimulus directions. We applied the non-linear Support Vector 

Machine (SVM) model with the RBF kernel and carefully selected the hyper parameters to 

optimize the performance of the cross-validation. Non-linearity was essential since the non-linear 

SVM showed higher discrimination accuracy than the linear SVM (Wilcoxon, P<0.001, N=35). 

At first, we found that the original data with finite spike count correlations showed higher 

discrimination accuracy than the data without correlation (independent variabilities) obtained by 

the trial shuffling (Wilcoxon, P=0.029, N=35). Examining the contribution of stimulus 

dependent spike correlation, we introduced a novel stimulus shuffling method by which unit 

pairs in all the stimulus clusters had the identical but finite spike count correlation averaged over 

all the stimuli. The original data with stimulus dependent spike count correlations showed higher 

discrimination accuracy than the stimulus shuffled data (Wilcoxon, P=0.042, N=35). For each 

neuron population, the degree of stimulus dependent variations of the spike count correlations 

was quantified by averaging the test statistic H-value of the Kruskal-Wallis test over all the unit 

pairs. We also estimated the ratio of the increase in the discrimination accuracy of the original 

data compared with the stimulus shuffled data. We found that the ratio of the increase in the 

discrimination accuracy showed a significant positive correlation to the degree of stimulus 

dependent variations of the spike count correlations (r=0.36, P=0.033). Neuron populations with 

larger stimulus dependent variations of the spike count correlations tended to have larger 

increase ratios in the discrimination accuracy. Our findings suggested that both the spike count 

correlations and their stimulus dependence add extra decoding information to the population 

coding based solely on the spike counts of individual neurons. 
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Abstract: Quantifying the timing (duration and frequency) of brief visual events is vital to 

human perception, multisensory integration and action planning. For example, this allows us to 

follow and interact with the precise timing of speech and sports. Tuned neural responses to visual 

event timing have been found in areas of human association cortices implicated in visual 

perception, multisensory integration and action planning. Predominant models predict that such 

event timing representations are derived from specialized central pacemakers or processes. In 

contrast, we hypothesized that such event timing representations may be derived from neural 

response dynamics to events in sensory processing areas. Therefore, we asked whether and how 

timing-tuned responses are related to early visual responses, which monotonically increase with 

event duration and frequency. Participants were presented with repetitive visual events which 

gradually varied in event duration and/ or period during 7-Tesla functional magnetic resonance 

imaging. We characterized both monotonic and tuned responses to visual event timing using 

neural model-based analyses. We found increasingly clear monotonic responses to visual event 

duration and frequency from primary visual cortex to lateral occipital cortex. From here, we 

found a gradual transition from monotonic to tuned responses beginning in area MT/V5. 

Therefore, across successive stages of visual processing, timing-tuned response components 

gradually become dominant over the inherent modulation of sensory responses by event timing. 

This additional timing-tuned response component was independent of retinotopic location. We 

propose that this hierarchical emergence of timing-tuned responses from sensory processing 

areas quantifies sensory event timing while abstracting temporal representations from the spatial 

properties of their inputs. 
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Abstract: The cortex is never silent: ongoing, spontaneous activity occurs continuously, 

providing cortical neurons with constantly fluctuating input (Arieli et al., Science 273, 1996). 

Recently, we found that spontaneous fluctuations of neural activity in Area MT of the awake, 

behaving marmoset are organized into intrinsic traveling waves (iTWs) that traverse MT several 

times per second (Davis*, Muller*, et al., Nature 587, 2020). The probability that the monkey 

detects a target at perceptual threshold varies as a function of iTW phase. The range of measured 

iTW propagation speeds is similar to the speeds of action potentials as they traverse 

unmyelinated horizontal fibers (0.1-0.6 m/s). We find that a model that incorporates these action 

potential speeds and has distance-dependent falloff in synaptic connectivity and reasonable 

synaptic conductance yields iTWs that are similar to those we observe in vivo. The model 

organizes asynchronous-irregular activity into sparse iTWs, where the spiking activity of only a 

small fraction of the local neural population contributes to any given iTW (Davis*, Benigno*, et 

al., Nature Communications, 2021). We call this unique operating mode, where the benefits of 

the asynchronous-irregular state can coexist with sparse iTWs across the cortex, the "sparse 

wave regime". We now extend this spiking model to include multiple regions. We find that 

diffuse feedforward and feedback projections can transiently coordinate spatiotemporal activity 

patterns across multiple regions. These results have several important implications for the 

structure of ongoing activity in the visual system. First, retinotopic coordination of spontaneous 

iTWs may serve to create transient windows of interareal communication. Importantly, because 

we have previously shown spontaneous iTWs occur during the complex, non-narrowband 

fluctuations of ongoing activity, the coordination observed in our models provides a novel 

potential mechanism of inter-area information transfer in the absence of narrowband oscillations. 

[GBB and ZWD contributed equally to this work.] 
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Abstract: Precisely estimating event timing is essential for survival, yet temporal distortions are ubiquitous in our daily sensory experience. 

Here, we tested whether the relative position, duration, and distance in time of two sequentially-organized events —standard S, with constant 

duration, and comparison C, varying trial-by-trial— are causal factors in generating temporal distortions.We found that temporal distortions 

emerge when the first event is shorter than the second event. Importantly, a significant interaction suggests that a longer inter-stimulus interval 

(ISI) helps counteracting such serial distortion effect only when the constant S is in first position, but not if the unpredictable C is in first position. 

These results suggest the existence of a predictability-dependent perceptual glitch in perceiving ordered event durations, mechanistically 

contributing to distortion in time perception. Our results clarify the mechanics generating time distortions by identifying a hitherto unknown 

duration-dependent encoding inefficiency in human serial temporal perception, akin to a strong prior that can be overridden for highly predictable 

sensory events but unfolds for unpredictable ones. 
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Abstract: Computational theories posit that attention is guided by a combination of spatial maps 

that index image-computable salience for individual feature dimensions (e.g., color or motion), 

and which are re-weighted and combined based on task goals to form a feature-agnostic ‘priority 

map’ (Itti & Koch, 2001; Serences & Yantis, 2006). While several regions in parietal and frontal 

cortex have been reported to index the overall ‘priority’ of stimulus locations based on a 

combination of top-down task demands and bottom-up stimulus salience, the neural bases of 

individual feature dimension maps remain unknown. Here, we tested the hypothesis that 

retinotopic maps in visual cortex selective for specific feature dimensions (color: 

hV4/VO1/VO2; motion: TO1/TO2) act as neural dimension maps across two experiments. In E1, 

we scanned participants (n = 8) while they performed a demanding fixation task as they viewed 

full-field dot stimuli containing a salient location defined by color (static dots; salient location 

presented in a different hue from the background) or motion (black & white dots; salient location 

presented in a different motion direction from the background). We used a spatial inverted 

encoding model (IEM; Sprague & Serences, 2013) to reconstruct spatial maps of stimulus 

representations from activation patterns in each region. Reconstructed maps showed stronger 

salient stimulus representations in motion-responsive ROIs when salience was defined by motion 



than when defined by color, and color-responsive ROIs showed the opposite result, consistent 

with a key role for these regions in computing feature-specific salience. In E2, we scanned 

participants (n = 8) while they viewed an identical stimulus containing colored moving dots and, 

between trials, were cued to report either the color or motion direction of the dots. Stimulus 

representations in reconstructed spatial maps were strongest when participants attended the 

feature dimension preferred by each region, consistent with the notion that dimension maps 

computed within these regions can be dynamically reweighted in service of visual cognition. 

Altogether, our results support a model whereby retinotopic regions responsive to specific 

feature dimensions index image-computable salience based on feature contrast within their 

preferred dimension, and the resulting activation profiles are sculpted to reflect top-down task 

demands prior to aggregation into a feature-agnostic priority map. 
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Abstract: Selective attention is an essential cognitive function that helps prioritize the 

processing of behaviorally relevant sensory information. The disruption of selective attention is 

thought to be the underlying cause of a wide variety of neurological and neurodevelopmental 

disorders. A dominant view in the field of attention posits that selective attention operates via 



modulating gain of neural responses in early visual cortex. Consistent with this idea, multiple 

past studies in human and non-human adult primates have found that when attention is directed 

to a certain space on the visual field, it increases the activity of neurons that are tuned to visual 

stimuli spatially overlapped with the attended location. That said, there is still a paucity of data in 

younger organisms. Thus, it is poorly understood how selective attention operates throughout 

human development. Here, we tested this question by measuring spatially selective 

hemodynamic responses to the attended and unattended visual stimuli from retinotopically 

organized areas in the early visual cortex of male and female human subjects with ages ranging 

from 12-34 years old. We used a model-based approach to reconstruct and quantify changes in 

spatial extent of selective visual attention, and compared them across different age groups. We 

found that both groups exhibited comparable attentional gain modulations in the spatial 

representations reconstructed based on neural activity in early visual areas. These results suggest 

that attentional gain mechanisms in human early visual cortex are developed as early as 12 years 

of age. Ultimately, this study helps establish the experimental and modeling methods as well as 

produce baseline data in typically developing individuals that could be compared to future 

clinical data to study attention deficits in neurodevelopmental disorders. 
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Abstract: Mild cognitive impairment (MCI) is a neurodegenerative disorder found in more than 

30% of the elderly population. Patients with MCI exhibit a variety of cognitive deficits, 

including working memory and attention. Classifying MCI into meaningful subtypes based on 

these functional deficits will thus help determine selective brain targets for effective 

interventions for Alzheimer’s disease and other dementias. Recently, we have found that early 

selective visuospatial attention is generally impaired in MCI. We used a model-based approach 

(i.e., inverted encoding model; IEM) to reconstruct spatially selective representations of the 

attentional focus based on the activity of slow-going EEG oscillations at ~9-12Hz (i.e., alpha 

band activity) recorded while subjects performed a variant of the attention-cueing Eriksen 

Flanker tasks and compared the fidelity of the alpha-based spatial representations across the MCI 

and healthy aging populations. In general, we found the reduced fidelity of alpha-based spatial 

reconstructions in the MCI compared to the healthy aging groups. In the present study, we 

examined further how the neural deficit in early selective visuospatial attention is related to 

working memory function. Here, we divided MCI patients into different subtypes based on their 

behavioral performance on subsets of the Montreal Cognitive Assessment (MoCA), which 

require WM. We found that MCI patients with intact WM functions were slower than those with 

WM deficits. Moreover, these working memory-intact MCI patients showed the reduced fidelity 

of alpha-based reconstructions compared to the patients who exhibit substantial WM impairment. 

On the other hand, the MCI patients with WM deficits exhibited the increase in the activity of the 

late frontal negative-going wave in response to the incongruency between targets and distractors. 

Together, these results suggest dissociable neural deficits underling dysfunctions in selective 

attention in different MCI subtypes categorized based on their WM function, which could be 

used as potential brain targets for the future development of personalized treatments for MCI. 
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Abstract: Visual attention enables the selection of relevant information in the environment for 

further processing. Spatial attention results in changes in spatial receptive fields (RFs) of single 

neurons and fMRI voxels (vRFs), including warping, shifting, and rescaling (e.g., Womelsdorf et 

al, 2006; Klein et al, 2014; Vo et al, 2017). In many of these studies, attention was directed either 

to the RF mapping stimulus or the fixation point, which typically results in an increase in 

measured vRF size in extrastriate cortex when attending the mapping stimulus, or attention was 

directed to a fixed location while vRFs are measured with an ignored mapping stimulus, which 

typically results in vRF position shifts. However, in all these studies, the entire mapping stimulus 

was either attended or ignored. Thus, it remains unknown how attentional selection of a subpart 

of the stimulus impacts vRFs. Here, we acquired fMRI data while participants viewed a 

traversing bar stimulus broken into 3 segments. Each segment contained moving black and white 

dots. Across scanning runs, we manipulated which segment(s) of the bar participants attended 

using a central cue. Importantly, the stimulus sequence was fixed across scanning runs, so 

changes in observed signals necessarily result from a change in the locus of attention. We 

compared vRF models in which the stimulus drive was modeled based on the stimulated region, 

ignoring attended location (‘stim’ model), or based on the attended location, ignoring unattended 

but stimulated locations (‘attn’ model). First, direct comparison of activation timeseries revealed 

similar spatial selectivity, but an attentional reweighting of activation levels when the attended 

bar segment passed each voxel’s preferred position. Next, we compared vRF model fits between 

the stim and attn models: in visual cortex, the stim model performed well at predicting timeseries 

when only a sub-segment of the bar was attended, while in parietal cortex, this model performed 

worse, suggesting that it is necessary to incorporate attentional state to accurately model 

responses in this region. Conversely, for the attn model, fits were worse in visual cortex, because 

this model disregards the ignored (but still salient) segments of the bar. In parietal cortex, 

however, the attn model outperforms the stim model even though it does not consider ignored 

but salient locations on the screen, consistent with a role of these regions in directing attention. 

Altogether, these results suggest that it is necessary to consider both stimulus and task properties 

when formulating and testing vRF models, and confirm a key role for parietal cortex in the 

direction of top-down spatial attention. 
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Abstract: The traditional view of neural computation in the cerebral cortex holds that sensory 

neurons are specialized; they are selective for certain dimensions of sensory stimuli. This view 

was challenged by evidence of nonlinear contextual interactions between stimulus dimensions 

such that a neuron’s response to one dimension strongly depends on other dimensions. Here we 

use methods of mathematical modeling, psychophysics, and electrophysiology to address 

shortcomings of the traditional view. Using a model of a generic cortical circuit, we begin with 

the simple demonstration that cortical responses are always distributed among neurons, forming 

characteristic waveforms, which we call neural waves. When stimulated by patterned stimuli, 

circuit responses arise by interference of neural waves. Results of this process depend on 

interaction between stimulus dimensions. Comparison of modeled responses with responses of 

biological vision makes it clear that the framework of neural wave interference provides a useful 

alternative to the standard concept of neural computation. We show in particular how selectivity 

of individual neurons and their lateral interaction—previously studied in the framework of 

separate mechanisms of classical and nonclassical receptive fields—can arise from a single 

mechanism. This work contributes to the larger body of theoretical and empirical investigation of 

wave phenomena in neural systems. Prior theoretical studies explored such phenomena as 

propagation of activity in spatially structured networks and formation of patterned activity in 

neural fields, by means of traveling waves. These investigations suggested that traveling waves 

can contribute to formation of stimulus selectivity in cortical mechanisms (such as directional 

selectivity) and that interaction between patterns of activity propagating across cortex can 

perform computations, even though these predictions have not yet received empirical 

confirmation. Prior empirical studies concentrated primarily on how wave phenomena coordinate 

cortical operations—in terms of creating synchronous patterns of activity between neural circuits 

that underlie various behavioral states, and in terms of transfer of information between circuits—

rather than on computational properties of wave phenomena. Here we combine theoretical and 

empirical methods to investigate computational properties of wave phenomena. We find that this 

approach helps to understand visual phenomena that appear to be puzzling from the traditional 

perspective of neuronal specialization. 
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Abstract: Using fMRI, the receptive field of a single voxel can be modeled as the collection of 

receptive fields of all neurons within that voxel, which is referred to as the population receptive 

field (pRF) (Dumoulin and Wandell, 2008; Victor et al., 1994). Previous research with pRF 

mapping has shown that category selective subregions of the visual cortex (such as face, place, 

and word selective regions) contain pRFs of unique sizes and biases across the visual field. For 

example, face and word selective regions tend to be biased towards coverage of the center of the 

visual field (Kay et al., 2015; Gomez et al., 2018, Le et al., 2017), whereas the PPA is much 

more peripherally biased (Levy et al., 2001; Malach et al., 2002). To date, no work has directly 

examined the receptive field properties of body- or limb-selective regions in visual cortex. In this 

study, we use a visual category fMRI localizer to identify four body-selective regions in each 

participant’s (n=28) occipitotemporal cortex-three surrounding the hMT+ complex (e.g. one of 

each of the lateral occipital sulcus, the inferior temporal gyrus, and the middle temporal gyrus) 

and one ventrally in the occipitotemporal sulcus. The same participants underwent a sweeping-

bar retinotopic mapping experiment which importantly employs new stimuli and motion 

parameters to more readily drive activity in extrastriate cortex and improve modeling of pRFs 

near the fovea. We ask the following: do different limb-selective regions display distinct pRF 

properties, and how do those compare to other visual regions? We demonstrate that body-

selective regions contain uniquely peripheral and large receptive fields (F’s>21.7, p’s<0.001) 

when compared to face-selective regions, and that pRF properties vary significantly across body-

selective regions (F=6.7, p<0.001) and across hemispheres (F=6.1, p<0.01). These findings hold 

implications for theories on visual cortex development, as body-selective regions contain pRFs 

that mirror viewing behavior well but some contain pRF’s much more peripheral than would be 

predicted by their cortical location. 
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Abstract: Representing image content in visual short-term memory is essential to performing 

many visual tasks. But how does the brain respond to the load on visual short-term memory? In 

an exploratory study, we measured responses to varying numbers of items in visual short-term 

memory in six human subjects (two female) using 7T fMRI. Our displays had a constant 

numerosity of six items but required remembering a variable number of items. The task was 

designed to elicit responses to changing visual short-term memory load independent of changes 

in color contrast and orientation contrast. We analyzed the responses with neural population 

response models tuned to the remembered number (i.e. visual short-term memory load). We 

found eleven bilateral areas showing tuned responses to visual short-term memory load in the 

dorsal stream and fronto-parietal attention network. This tuning was better captured by 

logarithmic Gaussian functions of remembered item number than by linear Gaussian or 

monotonic functions. These responses were invariant to task difficulty and trial order. 

Furthermore, in those participants for which we also had access to visual field mapping data, and 

numerosity data, observed visual short-term memory load preferences were not correlated to 

eccentricity preferences or numerosity preferences. We found gradual changes in the preferred 

visual short-term memory load of these neural populations across the cortical surface within 

these areas, such that they formed topographic maps. Superior parietal maps were the largest, 

showed the clearest responses and responded to the broadest range of short-term memory loads 

(i.e. had broader tuning widths). Left hemisphere maps showed clearer responses, but all maps 

were similarly sized in both hemispheres. We found hierarchical transformations of visual short-

term memory load representations from posterior to anterior maps, focusing increasingly on 

higher visual short-term memory loads. These representations of visual short-term memory load 

mirror properties of other quantity representations and sensory cortices and demonstrate that 

tuned neural responses can encode task properties as well as stimulus properties. 

Disclosures:  M. van Ackooij: None. J.M. Paul: None. N. van der Stoep: None. B.M. 

Harvey: None. 

Nanosymposium 

682. Neuronal Circuits Driving Reward and Motivated Behavior 

Location: SDCC 23 

Time: Wednesday, November 16, 2022, 1:00 PM - 3:15 PM 

Presentation Number: 682.01 

Topic: G.03. Motivation 



Support: Stanford Neuroscience Institute NeuroChoice Initiative grant to Brian Knutson 

Title: Blunted loss sensitivity in anterior insula predicts relapse to stimulant use 

Authors: *L. MORTAZAVI, K. H. MACNIVEN, B. KNUTSON;  

Stanford Univ., Stanford, CA 

Abstract: Psychostimulant drugs are among the most addictive substances, and patients with 

Stimulant Use Disorder (SUD) in particular show high rates of relapse one year after leaving 

treatment. While most research has focused on neural predictors of developing a SUD diagnosis, 

processes that promote abstinence or relapse have received less study. Since relapse is difficult to 

predict with conventional measures (e.g., self-report, behavior), we sought to test whether neural 

responses to incentives could predict relapse. We recruited 42 healthy volunteers and 60 SUD 

patients who were abstinent and in treatment at the time of testing, following up over 6 months 

after treatment discharge. Participants were scanned with Functional MRI (FMRI) as they 

performed the Monetary Incentive Delay (MID) task, which is designed to probe neural 

responses during the anticipation and receipt of monetary gains and losses. Between patients and 

controls, there were no differences in neural activity in any pre-registered regions of interest. 

Among patients, however, patients who relapsed (n=33) had lower functional activity 

specifically during anticipation of high losses in the Anterior Insula (AIns) than patients who 

abstained (n=27). This difference remained robust after controlling for several confounds (i.e., 

craving, negative mood, years of use, age, and gender. Blunted AIns loss anticipation activity 

also predicted shorter time to relapse. Behaviorally, slower reaction times for loss avoidance 

correlated with AIns anticipatory activity and also predicted relapse. Further, in previous 

research on the same sample, we reported that lower Fractional Anisotropy (FA) in the right 

AIns to Nucleus Accumbens (NAcc) tract predicted shorter time to relapse (Tisdall & MacNiven 

et al., 2022). Here, we found that AIns-NAcc FA was positively associated with loss anticipatory 

activity in the right AIns as well as with the correlated activity between right AIns and NAcc 

specifically during loss trials. Together, these findings provide convergent multi-modal evidence 

implicating avoidance motivation and its neural correlates in the AIns as risk factors for relapse 

in SUD. This neural signature may serve as a markers capable of prospectively predicting relapse 

above and beyond self-reported and demographic variables. These findings also more broadly 

implicate loss anticipation in maintenance of abstinence, consistent with distinct neurobehavioral 

circuits promoting “getting into” versus “getting out of” addiction. 
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Abstract: Several cross-sectional studies indicate that early life stress (ELS) alters brain activity 

in the context of reward tasks. Importantly, childhood deprivation and sex are risk factors for a 

range of behavioral problems in adolescence. Despite well-documented associations, few studies 

have assessed these relations longitudinally. In this study, we examined the development of the 

anterior insula (AIns) following childhood deprivation and the moderating role of sex in order to 

advance our understanding of the sequelae of ELS. 

We administered a child-friendly version of the Monetary Incentive Delay Task across 3 

timepoints to examine neural activity during the anticipation and receipt of loss. Participants 

underwent functional Magnetic Resonance Imaging (fMRI) at Time 1 (n=144; Mage=11.59, 

SD=1.05), Time 2 (n=122; Mage=13.47, SD=1.16), and Time 3 (n=101; Mage=15.53, SD=1.08). 

We used fMRIPrep to preprocess the fMRI data and extracted raw percent signal change in the 

bilateral AIns. We computed deprivation based on the average of z-scores from the 

Multidimensional Neglectful Behavior Scale (Time 1), family socioeconomic status (SES), and 

neighborhood disadvantage (based on Census tract information). Participants completed the 

Sensitivity to Punishment and Reward Questionnaire (SPSRQ) at Time 3. 

There was a significant interaction of sex and deprivation in predicting change in AIns activity 

from Time 1 to Time 3 (anticipation of loss: B=0.59, p=.024; receipt of loss B=0.73, p=.005). 

Females, but not males, who experienced more deprivation in early life exhibited increases in 

AIns activity during the anticipation (B=0.39, p=.030) and the receipt of loss (B=0.47, p=.010) 

across adolescence. Notably, increasing activity in the AIns during the anticipation (but not 

during the receipt) of loss was associated with higher levels of fear, assessed by the SPSRQ 

(r=0.27, p=.022). 

Increasing activity in the AIns during the anticipation of loss may be a mechanism by which ELS 

leads to a higher prevalence of anxiety disorders in females than in males. Girls are more than 

twice as likely as boys to develop clinically significant internalizing symptoms. Importantly, we 

found a significant association between increasing AIns activity and fear during adolescence. 

Future work should examine the unfolding of AIns activity and the development of anxiety 

following adversity, which could inform the generation and implementation of effective 

prevention and treatment strategies. 
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Abstract: Do structural connections carrying dopamine to the nucleus accumbens (NAcc) 

correlate with NAcc functional activity during reward anticipation? Previous research could 

characterize the white-matter tract projecting from the Ventral Tegmental Area (VTA) to the 

NAcc, and separate research has found greater NAcc activity during the anticipation of monetary 

rewards. However, no studies have linked the structural coherence of the VTA-NAcc tract to 

NAcc activity. To test this link from structure to function, we analyzed raw data of 4,944 

subjects from the Adolescent Brain Cognitive Development Study (ABCD). Diffusion-weighted 

and Functional Magnetic Resonance Imaging (FMRI) data were screened for quality (<2 mm 

movement in 95% of acquired volumes; discovery sample n=87, mean age=10 years, 53% 

female). We identified regions to seed for tractography with the FreeSurfer subcortical 

segmentation of the NAcc and the Pauli atlas of the VTA. We then performed constrained 

spherical deconvolution-based probabilistic tractography with MRtrix to visualize the VTA-

NAcc tract in each hemisphere of every subject, and measured Fractional Anisotropy (FA) of the 

tract along its trajectory. Functionally, we extracted raw activity timecourses (percent signal 

change) from the NAcc, aligned the timecourse with task trial phases, and targeted NAcc activity 

during reward anticipation. Replicating the functional literature, NAcc activity was greatest 

during the anticipation of large gains ($5>$0: left hemisphere: t(86)=2.97, p<0.01; right: 

t(86)=2.98, p<0.01). Structural coherence at the beginning of the VTA-NAcc tract was 

associated with greater NAcc activity during the anticipation of large gains in both hemispheres 

(left: r=0.25, p<0.05; right: r=0.34, p<0.01). The tract was not associated with NAcc activity 

during the anticipation of smaller gains and no reward. We then reproduce the analysis in 

randomly-sampled subsets of the full dataset based on a power analysis corrected for the 

observable correlation given test-retest reliability of the structural and functional measurements 

(n=461; observable r=0.13 with 80% power at alpha=0.05). These findings suggest that structural 

tracts are associated with functional activity at tract endpoints, and further identify targets to 

study the reciprocal development of deep brain structure and function. 
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Abstract: Pain is experienced by over half of US adults. Opioids are potent analgesics used to 

treat pain symptoms but are highly prone to abuse - creating a major dilemma for public health. 

Evidence suggests that the proclivity for opioid abuse under pain conditions varies between 

sexes. Though women are more sensitive to pain, men are more likely to escalate opioid doses, 

meet diagnostic criteria for opioid use disorder, and die from overdose. Previous reports from our 

lab indicate that pain disrupts opioid receptor-dependent dopamine (DA) release from the ventral 

tegmental area (VTA). However, it remains unclear whether pain impacts the ability of VTA DA 

neurons to respond to opioid reinforcement in a sex-dependent manner. To investigate this 

possibility, GCaMP was expressed in a Cre-dependent manner and an optic fiber was implanted 

in the VTA of male and female TH-Cre rats (2-3 m.o.). After 14 days, rats were implanted with 

jugular catheters and received right hind-paw injections of saline (No Pain) or Complete 

Freund’s Adjuvant (CFA; Pain). After 3 days, rats underwent self-administration during 15 daily 

2-h sessions where correct lever presses were reinforced with an infusion of fentanyl (5 ug/kg or 

2 ug/kg, i.v.) and illumination of a light cue (5 s). Effects of CFA on fentanyl motivation and 

dose-response were assessed during subsequent sessions (days 16-20). Simultaneous intravenous 

self-administration and fiber photometry recordings were achieved using wireless in vivo fiber 

photometry. Every 1-5 days, a wireless, battery-powered transmitter head stage was secured to 

the optic fiber and GCaMP fluorescence was measured throughout the duration of the session. 

Baseline fluorescence and within-session signal decay were stable over time across groups. Pain 

increased consumption of, and motivation for, fentanyl, selectively in males. These behavioral 

effects developed over time and were paralleled by sex- and pain-specific effects on tonic VTA 

DA ∆F/F signals throughout the sessions and phasic VTA DA ∆F/F signals time-locked to 

fentanyl-reinforced lever presses. Males with pain showed deficits in fentanyl-evoked VTA DA 

∆F/F activity at early time points which were amplified over time in a manner that corresponded 

with increased fentanyl intake. Finally, we found that this activity was necessary for increased 

fentanyl intake in males with pain as chemogenetic inhibition of VTA DA neurons during late 

stages of self-administration was sufficient to normalize fentanyl intake in males with pain and 

associated VTA DA neuron activity. These findings reveal sex-specific pain-induced adaptations 

to VTA DA neuron function that underlie maladaptive patterns of opioid use. 
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Abstract: Although task-based Functional Magnetic Resonance Imaging (FMRI) can replicably 

elicit subcortical responses to incentives in small samples, recent work in large samples has not 

yielded similarly robust effects (Elliott et al., 2020; Kennedy et al., 2022). Beyond suboptimal 

data acquisition protocols (Mortazavi et al., 2021), reduced psychometric integrity of the 

measures (including reliability, validity, and generalizability) may help account for these 

discrepancies. To explore how to increase reliability, we combined FMRI with the Monetary 

Incentive Delay (MID) task (Knutson et al., 2000) as a probe of Nucleus Accumbens (NAcc) and 

Anterior Insula (AIns) activity during anticipation of gains and losses, respectively. Healthy 

subjects from two cohorts (cohort 1: n=40, 18-64 years old, 19 females; cohort 2: n=37, 18-85 

years old, 17 female) completed the MID task during FMRI scanning. Task trials (n=90) 

included an incentive cue (2 s; ±0, ±1, ±5), a delay with fixation (2-2.5 s), a briefly-presented 

target (~250 ms), and an outcome (2 s), separated by a variable intertrial interval (2-6 s). FMRI 

data were preprocessed with a pipeline optimized for identifying subcortical activity using AFNI 

software (Cox et al., 1996). Raw activity timecourses were averaged by trial type and extracted 

from NAcc and AIns volumes of interest. Analyses compared the reliability (split-half within 

session; ICC(3,1)) of both raw activity timecourses and modeled fits, focusing on anticipation of 

gains in NAcc and losses in AIns, based on previous research (Knutson and Greer, 2008). 

Consistent with predictions, findings in both NAcc and AIns showed higher reliability for raw 

peak activity in the strongest conditions than for fit activity in the strongest conditions or for fit 

activity contrasted between the strong versus weak conditions. This predicted a pattern of results 

replicated across cohorts. These findings suggest a tractable and actionable analytic strategy for 

immediately improving the reliability of task-related FMRI data in small and large datasets alike, 

potentially translating to savings of time and money. 
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Abstract: How is brain activity during reward anticipation different in adolescents with 

Attention Deficit Hyperactivity Disorder (ADHD) and can treatment with stimulant medications 

recover the activity? Previous findings are mixed, with some studies finding reduced activity in 

mesolimbic brain areas and others reporting greater activity. Furthermore, less research has 

tested whether treating ADHD with stimulant medication changes the activity. Here we tested 

whether adolescents diagnosed with ADHD might differ from healthy controls in functional 

brain activity during reward anticipation, and further if those treated with stimulant medications 

differed from unmedicated individuals. We analyzed raw data from the Adolescent Brain 

Cognitive Development (ABCD) study. Brain activity was measured using Functional Magnetic 

Resonance Imaging (FMRI) while adolescents ages 9-11 years old completed the Monetary 

Incentive Delay task. FMRI analyses were performed on 631 individuals with ADHD, 70 of 

which had ongoing treatment with stimulant medication (i.e., Ritalin or Adderall), along with 

4,313 age-matched healthy controls. Raw FMRI activity was extracted from targeted regions of 

interest in the Nucleus Accumbens (NAcc) and Ventral Tegmental Area (VTA). The NAcc 

region was an 8 mm diameter sphere centered at coordinates +/-10,12,-1 in Talairach space, and 

the VTA region was derived from the Pauli atlas. Both regions were transformed from template 

space to native space with registration on the participant’s T1 anatomical scan, and raw percent 

signal change was extracted from the FMRI timecourse. Results indicate that adolescents with 

ADHD had lower NAcc activity during anticipation of large gains (+$5: t=2.36, p=0.019), but 

not during anticipation of large losses (-$5: t=1.40, p=0.163). VTA activity was lower in 

adolescents with ADHD during anticipation of both large gains and large losses (+$5: t=2.01, 

p=0.044; -$5: t=2.45, p=0.014). Adolescents with ADHD who were treated with stimulant 

medication had higher NAcc activity when anticipating large losses than un-medicated 

individuals (-$5: t=- 2.22, p=0.0299), but not during anticipation of large gains (+$5: t=0.386, 

p=0.701). Stimulant medication treatment was not associated with any differences in VTA 

activity. These findings suggest that ADHD is associated with less mesolimbic brain activity 

during gain and loss anticipation, and further that stimulant medication might recover NAcc 

activity during loss anticipation. 
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Abstract: Astrocytes play key roles in regulating brain metabolism and injury repair. They also 

release neurotransmitters like glutamate, D-serine, and ATP. These “gliotransmitters” can 

dynamically drive synaptic plasticity, contributing to cognition, mood, food intake, and sleep. 

Our previous studies have shown that insulin induces ATP exocytosis in astrocytes to potentiate 

dopamine release in the nucleus accumbens. Loss of insulin-mediated astrocytic ATP release 

leads to increased depressive-like behavior in mice. To further investigate the role of astrocytic 

exocytosis of ATP on dopamine signaling and behavior, we have developed a new mouse model 

to target ATP exocytosis in astrocytes. Cytosolic ATP is loaded into secretory lysosomes through 

vesicular nucleotide transporters (VNUT). We have crossed VNUT-flox mice with astrocyte-

specific Aldh1l1-CreERT2 mice to delete VNUT in astrocytes in a tamoxifen-dependent manner 

(iA-VNUTKO), thus inhibiting ATP exocytosis. In primary astrocytes, loss of VNUT reduces 

basal ATP release by ~60%. RNA sequencing analysis from these astrocytes reveals that loss of 

ATP exocytosis leads to robust transcriptional remodeling, with more than 2500 genes 

significantly up- or down-regulated (FDR < 0.05). Pathway analysis shows that these 

differentially regulated genes in VNUTKO astrocytes are enriched in many biological pathways, 

including cholesterol biosynthesis, axon guidance, and extracellular organization. This indicates 

a cell-autonomous metabolic effect of VNUT deletion in astrocytes, and potential mechanisms to 

affect nearby neuronal function. Given the important role of purinergic signaling on 

dopaminergic neural circuit suggested by previous studies, we are analyzing the modulation of 

dopamine release in the nucleus accumbens and dorsal striatum in the iA-VNUTKO mice using 

carbon fiber amperometry. In addition, we have assessed dopamine-dependent behavior in these 

mice. The female, but not male, iA-VNUTKO mice show significantly increased time of 

immobility during the forced swimming test and tail suspension test, indicating increased 

“despair” in female iA-VNUTKO mice in response to an inescapable stressor. In contrast, the 

male, but not female, iA-VNUTKO mice show a dramatic reduction in motivation in an effort-

based operant task. Thus, male iA-VNUTKO mice quit on the task much sooner than the control 

VNUT-flox mice as the effort required to obtain a reinforcing sucrose pellet increases 

progressively. Together, our data show that exocytosis of ATP from astrocytes regulates multiple 



metabolic and neuronal pathways that could contribute to the modulation of dopamine signaling 

and related behavior. 
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Abstract: Adaptations in motivated behavior are prominent in a plethora of neuropsychiatric 

disorders. However, the neuronal mechanisms underlying this process have not yet been fully 

elucidated. One of the key brain regions mediating motivated behavior is the nucleus accumbens 

(NAc), a major target of dopamine signaling underpinning motivation control. Dopamine D3 

receptor (D3R) is highly enriched in the NAc, and alterations in its function have been postulated 

as a prominent pathophysiology of several mental disorders. How these receptors modulate 

processing of motivated behavior and information processing in the NAc is yet poorly 

understood. By using a combination of viral-mediated anatomical tracing, genetic ablation and 

fiber photometry, we show that D3R regulation of information processing in the NAc is essential 

for the development of motivated behavior in mice. In-situ hybridization revealed that that D3R 

colocalizes with D1R but is largely absent in D2R-expressing medium spiny neurons (MSNs). 

Our results also suggest that D3R-MSNs project to the ventral pallidum, lateral hypothalamus 

and the ventral-tegmental area, similar output regions as D1R-MSNs. Patch-clamp 

electrophysiology and optogenetics suggest that local, while efferent inhibitory transmissions are 

inhibited by D3R activation in a pathway-independent manner, further supporting our anatomy 

results. Genetic ablation of D3R signaling blocked motivated behavior in three different models 



of motivation. This effect is also recapitulated when D3R is selectively deleted from neurons 

projection to each of their three NAc output regions. By using a combination of pharmacological 

antagonism and genetic ablation, we were also able to show that this behavioral output is 

mediated by a local D3R activation within the NAc. D3R-expressing NAc MSNs are activated in 

response to reward-related stimuli and chemogenetically silencing them blocks motivation. 

Collectively, our work delineates how D3R is embedded within NAc circuits and functions, in 

addition to identifying NAc D3R as a potential therapeutic target for the mental disorders caused 

by alterations in motivated behavior. 

Disclosures:  J. Enriquez Traba: None. H.E. Yarur: None. R.J. Flores Garcia: None. S. 

Roy: None. T.B. Usdin: None. R. Moratalla: None. H.A. Tejeda: None. 

Nanosymposium 

682. Neuronal Circuits Driving Reward and Motivated Behavior 

Location: SDCC 23 

Time: Wednesday, November 16, 2022, 1:00 PM - 3:15 PM 

Presentation Number: 682.09 

Topic: G.03. Motivation 

Support: NIH Intramural Funding 

Title: Superior Colliculus neurons encode position and object value information. 

Authors: *A. GOPAL P A, X. YU, O. HIKOSAKA;  

Lab. of Sensorimotor Res., Natl. Eye Inst., Bethesda, MD 

Abstract: Value information is critical for all animals to make appropriate decisions. 

Interestingly value may be associated with certain objects or with specific locations in the 

environment. It is not clear if there exist separate circuits and representations in the brain to 

process these two types of value information. To test this, neurons from the superior colliculus 

(SC) were recorded while monkeys performed two different value tasks that involved making 

similar visually guided saccades to fractal targets. In the object task, 4 objects were associated 

with larger volumes of juice reward (good objects) while the other 4 gave smaller volumes (bad 

objects). In the position task, objects appeared in 2 locations; one of which provided greater 

volumes of juice reward (good position) compared to the other location (bad position). The high 

reward positions switched to the opposite side after a block of 25-30 trials. The saccades directed 

to good objects and positions had faster reaction times and greater peak velocities compared to 

their bad counterparts suggesting that the animal formed value associations in both tasks. We 

found that value modulation (difference between good vs bad) due to the position is seen in SC 

neurons during the baseline and the initial visual transient after target onset. In contrast value 

modulation due to objects is seen during the later phases i.e. 80ms after the target onset. These 

data suggest that SC neurons encode value information based on both position and object. 

Further, we observed faster saccade reaction times in the position task compared to the object 

task consistent with the earlier onset of value modulation in neurons during this task The 



preliminary analysis points to different groups of SC neurons separately encoding position and 

object value information which we hypothesize to be sent from Caudate Head (CDh) and 

Caudate Tail (CDt) respectively. 
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Abstract:  When we move to a new city, we build spatial maps by learning routes from our 

home to new locations. With experience, we are able to update such maps by refining the learned 

relationships between landmarks, streets, and locations. In adults, formation and updating of 

spatial maps are supported by the medial temporal lobe (MTL), particularly the hippocampus 

(HPC), that integrates novel route information with prior spatial knowledge, as well as the 

medial parietal cortex that tracks location and orientation within an environment. Notably, spatial 

learning has a prolonged developmental trajectory. Even through middle childhood, children are 

less accurate at spatial memory and navigation relative to adults, suggesting children’s spatial 

maps distinguish individual locations from one another less precisely. Here, we tested for 

developmental differences in the precision of neural representations of space and how they may 

arise from age-related differences in error-related memory updating during active navigation. 

Children (6-12y) and adults (18-33y) learned the locations of different objects within a virtual 

arena while undergoing functional MRI scanning. During test trials, participants were cued with 

an object and had to navigate to its remembered location. Immediately following navigation, 

participants received feedback about an object’s actual location and navigated from their selected 

location to the correct goal location. This active feedback provided participants with the 

opportunity to update previously learned object-location mappings to improve performance on 

the next trial. We found that across learning blocks, HPC activation patterns elicited by each 

object became more distinct in adults relative to children, suggesting that adults formed more 

refined spatial maps, which differentiated the locations of individual objects from one other. 



Moreover, we found that adults engaged HPC, entorhinal cortex, parahippocampal cortex and 

retrosplenial cortex during feedback more so than children, with the degree of error response 

further tracking spatial memory improvements on the next trial in adults, but not children. 

Together, these results indicate that developmental differences in error-related memory updating, 

guided by MTL and medial parietal regions, led to age-related differences in the precision of 

HPC spatial maps. In particular, children may be less likely to use feedback signals to learn from 

their navigational mistakes as a means to build a refined spatial map of their environment. 
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Abstract: Much of our decision-making during spatial navigation includes risk and uncertainty 

(e.g., a novel shortcut may save time and gas money - but only if I don’t get lost) which interacts 

with our goals to determine the expected value of different navigational choices. Our past 

experiences inform our both our navigational goals and our uncertainty about different ways of 

achieving them. The presented studies ask two critical questions: 1) how do people integrate 

episodic memories into their current navigational decisions, and 2) how does stress and 

uncertainty affect the way memory is utilized from such learning experiences to inform decision-

making in spatial navigation? We developed a virtual navigation paradigm in which participants 

learned to find locations of objects in an environment from a fixed starting location (“rigid” 

spatial learning), and from unpredictable starting locations (flexible learning under heightened 

uncertainty). Participants then performed a value-based decision-making task in which they 

decided whether to reach goal objects from the fixed or unpredictable starting locations, with 

different penalties associated with each option. We developed computational models to 1) 

quantify the temporal scope with which prior experiences are integrated into a navigator’s 

current decision, and 2) test whether, when given an object to find, spatial decisions reflected 

past performance specific to that goal (Target-specific model) or integrated memory from 

performance with all goals in the environment (Target-common model). We found that 



participants made better decisions when adhering to a Target-specific model, but most 

participants’ decisions were better fit by the Target-common model, and this integrative 

tendency may be tied to concurrently greater performance variability with each goal. Moreover, 

greater success on our task was predicted by an interaction between the ability to estimate 

probabilities relevant to decision-making and one’s sense of direction. Finally, when introducing 

experimentally-manipulated stress, we show this impairs rigid learning (in females), but can even 

improve flexible learning when the performance with rigid learning is controlled for. Critically, 

our model reveals that stress reduces memory integration in both genders, making participants 

focus more on recent episodic memory and less likely to integrate information from other related 

sources in decision-making. Collectively, our results elucidate individual differences in 

navigational decision-making and show how acute stress impacts different memory systems and 

the translation of episodic memory into our navigational choices. 
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Abstract: Dynamic memory processes build structured knowledge across our experiences as we 

learn. Such knowledge enables the formation of internal models of the world, or ‘cognitive 

maps’, that we use to plan, make decisions, and act. Recent theorizing posits that mnemonic 

mechanisms of differentiation and integration - which at one level may seem to be at odds - both 

contribute to the emergence of structured knowledge. We used fMRI to test this possibility as 

human participants (n = 23) learned to navigate within local and global virtual environments over 

the course of three days. Participants first learned to navigate between cued-goal locations on 

three distinct tracks (Local Navigation Task). The separately learned tracks were then connected, 

and participants learned to navigate across tracks to reach cued goals (Global Navigation Task). 

Neural pattern similarity analyses in the hippocampus and entorhinal cortex quantified the ways 

in which experienced trajectories through virtual space transformed the similarity between 



features of the environment. Our findings reveal evidence that differentiation and integration 

work concurrently to build local and global environmental representations, and that variability in 

integration relates to differences in navigation efficiency. These results offer new insights into 

the neural machinery and the underlying mechanisms that translate experiences into structured 

knowledge that allows us to navigate to achieve goals. 
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Abstract: The hippocampo-prefrontal pathway is an important circuit in both cognition and 

memory processes. Mounting evidence suggests that regions within the medial temporal lobe 

(MTL) and prefrontal cortex (PFC) are crucial for the disambiguation of overlapping (OL) 

memories (Brown et al., 2013, Chanales et al., 2017, Epstein et al., 2017, Brunec et al., 2021). 

The hippocampus and parahippocampal cortex have been identified in navigational path 

disambiguation, while the PFC has an established role in decision making and schematic 

representation of partially overlapping environments (Zheng et al., 2021). Given known 

interactions between MTL and PFC regions, we hypothesized that the PFC would be important 

for contextual spatial representation, integrating information from MTL in order to represent 

decision points along pairs of overlapping paths. Additionally, we hypothesized that these 

representations would differ from those of non-OL paths, and mismatched non-pairs of OL 

paths, specifically during task learning. This analysis used data from a task-based neuroimaging 

study using functional Magnetic Resonance Imaging (fMRI) during the navigation of novel and 

familiar mazes, some sharing overlapping paths. 16 healthy participants attended one training 

session and one fMRI session, consisting of 10 scans. Brain masks were generated for 3 regions 

of interest (dorsolateral PFC, ventrolateral PFC, and orbitofrontal cortex) using the Desikan 



atlas. Single-trial voxelwise activity patterns for each ROI and event of interest were extracted 

via beta-series regression for pattern similarity analyses (Mumford et al., 2012). Results from all 

ROIs showed that patterns for the first OL decision point in pairs of OL paths were anti-

correlated during learning and became positively correlated and significantly more similar once 

participants had learned the paths. Additionally, as these patterns increased their similarity after 

learning, they became equally as similar as patterns extracted from non-OL paths. This suggests 

that within the PFC, OL paths are strongly disambiguated from one another during learning, and 

despite increases in similarity once learned, remain differentiated enough to be disambiguated. 

Interestingly, mismatched OL paths were significantly less similar than matched pairs after 

learning. This suggests that the PFC is able to decode spatial context such that prefrontal 

representations of OL pairs are kept distinct from one another during learning, and become more 

grouped together when learned, more-so than mismatch pairs in which differences in spatial 

context encoded in the representation further disambiguate them from one another. 
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Abstract: Head and travel directions are crucial in human wayfinding, but we do not yet know 

whether these signals can be classified in the brain during active navigation or how they relate to 

navigation performance. In an fMRI study, we tested a large group of people (N = 98) actively 

navigating in a complex virtual environment. The navigation task consisted of an exploration and 

a test phase. During the 16-minute exploration phase, participants freely explored a maze to 

locate 9 objects, and were instructed to remember their locations. For each of the 48 test trials, 

participants started at one object and were directed to go to another object, without feedback and 

with limited time. We conducted an intra-subject multivariate pattern classification for different 

types of head and travel directions in distributed regions of interest (ROIs) including the 



hippocampus, basal ganglia (caudate, putamen, pallidum, nucleus accumbens), visual cortex 

(extrastriate cortex and early visual cortex), thalamus, and parietal lobe (retrosplenial cortex, 

precuneus). We were able to successfully classify both egocentric (viewer-centered) and 

allocentric (world-centered) signals for head and travel direction. Moreover, during the 

exploration phase, we observed no correlation between classification accuracy and individual 

navigation performance, suggesting behavior-independent common mechanisms for direction 

representation. In contrast, during the test phase, we observed correlations between classification 

accuracy and navigation performance, revealing behavior-dependent variation in direction 

representation. Notably, good navigators had better brain signatures related to future and past 

egocentric movements, suggesting that they have converted directional information into 

actionable egocentric trajectories, particularly when considering their previous and upcoming 

movements. 
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Abstract: There is a substantial amount of variability in the accuracy of different individuals’ 

internal representations of space (cognitive maps). However, we know little about how such 

variability is reflected in neural activity, and whether these differences arise from different 

navigational strategies. There are two different spatial representations people might be using 

when navigating to goals: 1) a path-based representation, encoded as a sequence of road 

segments and turns, and 2) a map-based representation, encoded as Euclidean (straight-line) 

distances between locations. We designed a city-like virtual reality environment comprising only 

one-way streets, allowing us to disambiguate between Euclidean and path distance. We recruited 

participants along a spectrum of navigational ability, assessed on a separate navigation task 

(Virtual Silcton). Participants were taught the layout of the city and the locations of 16 objects, 

each placed at one of the intersections. They were first guided along routes by following route 

markers. The routes were designed to be either direct (similar Euclidean and path distances) or 

indirect (very different Euclidean and path distances). After three blocks of guided navigation, 



participants were asked to navigate along the same routes independently, following the one-way 

road system. Their Euclidean spatial knowledge was then assessed through a judgment of 

relative direction (JRD) task: on each trial, they were asked to imagine standing at one object and 

to indicate the relative Euclidean direction of another object. Their path knowledge was tested by 

querying their memory for the one-way street network, and they were also asked to construct a 

bird’s eye view map of the environment. We find that these measures are inter-related but that 

path- and Euclidean distance representations are partially dissociable. Importantly, we also found 

a moderate relationship between participants’ performance on Virtual Silcton and the JRD task, 

suggesting stable individual differences across different environments and task demands. These 

results suggest that variability in cognitive map accuracy may be linked to the types of 

representations individuals use in goal-directed navigation, and highlight the importance of 

testing multiple alternative cognitive map models in the same individuals. 
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Abstract: Viewing and recall engage overlapping neural systems in the human brain. They are 

further linked through gaze reinstatement, the recapitulation of encoding-related gaze patterns 

during recall. Here, we characterize the relationship between these phenomena for continuous 

narratives. Specifically, we investigate whether eye movements reflect the event structure of a 

movie, and whether the observed neural overlap is grounded in shared gaze patterns. We tested 

this by combining eye tracking and model-based gaze predictions with fMRI data acquired while 

participants watched and recalled an episode of the BBC show Sherlock. First, we found that 

gaze patterns during movie viewing were indeed event specific. Further, these patterns were 

consistent across participants and in-scanner and out-of-scanner eye tracking, predicted by 

frame-wise saliency, and predictive of how memorable each event was. Second, we 

reconstructed the movie event structure during recall using a hidden Markov model trained on 



the MR-signal of the eyeballs during viewing, suggesting that encoding related gaze patterns 

were partially reinstated during recall. Finally, we related the eyeball multi-voxel pattern to brain 

activity and found substantial overlap in gaze-dependent activity between viewing and recall, 

with the latter engaging the medial temporal lobe. Collectively, our results suggest that gaze 

patterns are inherently linked with how we remember events, and that behavioral and cortical 

reinstatement jointly support recall of episodic memories. 
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Abstract: Navigation and episodic memory are two fundamental cognitive processes that guide 

mature decision-making. Conceptually, they are linked by reliance on accurate retrieval of spatial 

and temporal context and coding within medial temporal lobe structures However, the extent and 

nature of interdependence at behavioral and neural levels is unclear, with some recent evidence 

suggesting they are mechanistically distinct or mediated by scene construction. In this study, we 

investigate how spatial navigation and episodic memory relate to each other behaviorally 

and how they are represented in the medial temporal lobe in children and adults. We 

developed a real-world tour task in which children (8-13 years) and young adults took a guided 

walk through a novel environment and encoded sixteen distinct events. Next, they experienced a 

second encoding event in a testing room that was episodically rich but devoid of a spatial 

component. We assessed knowledge of the environment (only tour encoding) and episodic 

recollection of the events (both tour and room). On the second day, participants received an 

fMRI scan while viewing images of the tour and room objects, along with brand new objects. 

Preliminary linear modeling shows an interaction of age on the relationship between 

autobiographical episodic memory and spatial performance, with a significant relationship in 

children. In ongoing analyses, we will isolate areas of BOLD activation and contrast neural 

representations of the tour, room, and new objects, teasing apart nuances in the neural 



representation of the spatial (tour v room) and episodic components (room v new). We will focus 

specifically on the hippocampus, a region historically implicated in both episodic memory and 

spatial coding, isolating the long-axis and subfield segmentations to inform possible variable 

coding of these closely related systems. We will present data from a full adult sample (N=40) 

and a partial child sample (N~20). These data will inform the developmental trajectory of the 

neural coding underlying spatial and episodic memory systems and tease apart how they relate 

both overall and componentially. 
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Abstract: The brain is faced with the formidable task of adaptively organizing and storing the 

continuous stream of information that we experience daily. One way in which we mentally break 

the spacetime continuum is by chunking events into discretely organized sequences. Research 

across various fields of brain and cognitive sciences has shown that environmental boundaries 

such as walls and doorways not only provide crucial input to the representation of spatial 

structure but that they also influence the representation of temporal structure. A limitation of 

earlier studies, however, is that it is not clear whether boundary representations that subserve 

navigation (i.e., spatial mapping) are the same ones that influence the temporal organization of 

episodic memory. 

To address these issues, we conducted a series of experiments that probed episodic memory 

using a what-where-when object placement task. First, we found that not only does 

spatiotemporal binding develop early in children, the effect of spatial boundaries on this binding 

is at first limited to 3D terrain-like boundaries that younger children can navigate by; then, as 

children’s representation of navigational boundaries becomes increasingly flexible over 

development (to include abstract boundaries such as a row of objects or a 2D line), the types of 

boundaries that guide their event memory also changes accordingly. 

In adult participants (n=35, mean age 24.3, 18 male) performing a computerized fMRI version of 



the task, we found that not only is the binding of space and time fundamental to the successful 

engagement of the episodic memory network, an enhancement of sequential episodic memory in 

environments with an additional boundary is correlated with boundary-dependent activation of 

the medial temporal lobe (hippocampus and entorhinal cortex) and scene-processing cortical 

regions (e.g., OPA and PPA). We also found that individual differences in the recruitment of 

these brain regions were reflected in the participants’ boundary utilization behavior. These 

results suggest that the influence of spatial representations (e.g., boundaries) on episodic memory 

goes beyond simply providing a contextual framework and extends to providing a temporally 

organized structure for our memories. 
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Abstract: Decision-making in everyday life depends on the context in which choices are made. 

Prior rodent work indicates that after learning, hippocampus (HPC) represents events 

hierarchically based on shared context, value, and spatial position. Ventromedial prefrontal 

cortex (vmPFC) then exerts top-down control of context-dependent HPC representations in 

service of optimal decision-making. Here, we quantify the emergence of such context-dependent 

coding in the human brain during learning. While undergoing fMRI scanning, participants 

learned about objects with context-dependent reward values in a naturalistic, virtual environment 

consisting of an elongated, contextually-varying hallway with decision points on either end. 

During learning, participants learned how the reward value of objects varies as a function of the 

spatial context during the hallway period. Participants initially learned one set of object-reward 

pairings before a new set of object-reward pairings was introduced. We hypothesized that prior 

knowledge of the hierarchical reward structure would transfer, or generalize, to the new set of 

objects. Early in learning, participants gradually learned the context-dependent object-reward 

pairings. Upon introduction to the new set of object-reward-pairings, participants were accurate 



at selecting objects associated with the highest reward values, indicating rapid generalization of 

reward structure to the new set of objects. We trained a pattern classifier to decode reactivation 

of individual objects as participants navigated the hallway to the decision point. Early in 

learning, HPC reflected reactivation of object representations associated with the highest value in 

the current context, with decoding predicting individuals’ choices. During transfer, such 

predictive object decoding further emerged in vmPFC, suggesting a shift in context-dependent 

representation from HPC to vmPFC with the accumulation of experience. Moreover, vmPFC 

decoding showed a prospective-retrospective interaction. Upon entering the hallway, vmPFC 

patterns reflected the object that was most recently selected; as participants moved toward the 

next choice point, vmPFC prospectively reactivated the high-value object for the current context. 

These findings show that HPC and vmPFC representations distinguish objects based on how 

valuable they are in a given context, with HPC context-dependent codes emerging during initial 

learning, while vmPFC representations may support generalization of learned experience. Such 

representations are critical to adaptive decision making, promoting selection of the right action in 

any given context. 
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Abstract: The memory palace technique, also known as “the method of loci”, is a mnemonic 

training strategy which uses mental visualizations of a familiar spatial environment to enhance 

the encoding and recall of a large amount of non-spatial information in order. Grid cells organize 

spatial and non-spatial knowledge into cognitive maps by using a hexagonally symmetric code. 

FMRI has been used to detect grid-like signals in a network of regions in the human brain 

including the medial entorhinal and medial prefrontal cortices. Here we aimed to test if grid-like 

codes organize memory for long lists of words in a memory palace. To ensure participants used 

the same spatial structure, we created a virtual reality (VR) memory palace inspired by Harry 

Potter: a square room with salient landmarks on each wall, and 36 magical objects arranged in a 



6*6 spatial layout. We trained participants with a series of tasks. First, they learnt the precise 

location of the objects in the VR. Second, participants learnt two simple routes: one route 

connected all 36 objects along one direction (an East-West raster pattern), whereas the other 

route connected the objects along an orthogonal direction (a North-South raster pattern). Third, 

participants used the memory palace technique to learn multiple lists of 36 words in order. Each 

word was individually presented on a blank screen, outside the VR. Participants were instructed 

to imagine a vivid association between the word and its corresponding object along one of the 

routes. After training, we scanned their brain with 3T fMRI during VR navigation and while 

learning two novel lists of words each aligned with one of the routes. We hypothesized that 

fMRI activity during list learning could be predicted from stable grid angles (φ) estimated during 

VR navigation. To find the most reliable φ, we split the navigation data in half by carefully 

balancing the distribution of trajectories in each half, did a quadrature filter analysis, and selected 

entorhinal voxels with high magnitude and temporally stable φ. This φ was also consistent with 

grid signals in the medial prefrontal cortex, orbitofrontal cortex and amygdala. Moreover, φ 

predicted fMRI activity during list learning in the medial and orbitofrontal cortices as a function 

of the alignment of the two routes with the grid angle from navigation. Our results suggest that 

grid-like signals organize memory palaces by using the orientation of the spatial map in the 

entorhinal cortex to inform the prefrontal cortex in remembering long lists of words anchored to 

the same spatial structure. 
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Abstract: When we navigate through an environment shared with other people, keeping track of 

another individual allows us to make moment-by-moment predictions about their future location, 

for example to anticipate and avoid bumping into them. This ability requires an estimate of the 

other individual’s position, and the continuous updating of this estimate by integrating their 

speed and movement direction. Grid cells, a spatially-modulated neuron type predominantly 

located in medial temporal lobe (MTL) regions, provide a conjunctive representation of one’s 

own location, movement direction, and self-motion speed. Grid cells are thus an ideal candidate 

to encode motion-related information not only for self-movement, but also for other individuals. 

Previous work has shown that the firing activity of grid cells in the human brain can be measured 

not only on the single-neuron level, but also in the firing signature of large grid cell populations 

(commonly referred to as grid-cell-like representations), in the form of a hexadirectional 

modulation of brain activity depending on one’s movement direction. Using intracranial 

electroencephalography (iEEG) recordings from the human MTL during real-world navigation 

and observation tasks, we investigated whether oscillatory grid-cell-like representations encode 

motion-related information for oneself and others. We found a hexadirectional modulation of 

low-frequency oscillations (around 5-12 Hz), indicative of grid cell population activity, in MTL 

recording channels during self-navigation as well as during the observation of another individual. 

While the precise origin of these signals remains to be determined, hexadirectional modulation of 

theta power was present predominantly in close proximity to the entorhinal cortex and 

subiculum, known to be primary locations of grid cells in the rodent brain. Together, these 

findings suggest that human grid cells and their population-level firing signature encode motion-

related information not only during self-navigation, but also serve to keep track of another 

person in a shared environment. 
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Abstract: The hippocampus is a specialization of the mammalian brain that plays an important 

role in spatial navigation. Most of our knowledge of the hippocampus physiology comes from 

studies in freely navigating nocturnal surface dwellers such as mice and rats. Studies in freely 3D 

navigating primates with sensory adaptations to a diurnal lifestyle are scarce. Here we test the 

hypothesis that a diurnal primate with high resolution foveal stereo-color vision, the common 

marmoset, uses visual navigation to explore the environment, and that such strategy has shaped 

the mechanisms enabling spatial navigation in the hippocampus. We show that during foraging 

marmosets navigate the environment through alternations of full body displacements and stops. 

During stops, marmosets navigate the environment visually, through rapid head-gaze shifts, 

which allows exploiting their far sensing capabilities (e.g., vision) to build cognitive maps of the 

environment without visiting locations and landmarks. On the other hand, during foraging rats 

predominantly use body displacements to visit locations and landmarks, which allows exploiting 

their near sensing capabilities (e.g., whiskers). In the marmoset hippocampus CA3 and CA1 

regions, neurons were predominantly selective for head-view orientation, rather than spatial 

location or place as commonly found in the rat. Moreover, most of narrow spiking interneurons 

in marmosets were tuned to head angular speed rather than to body speed as in rats. Finally, theta 

oscillations were considerably less frequent during locomotion in marmosets than in rats, and 

were rather coupled to rapid head-gaze shifts (head phase resetting). Our results demonstrate that 

the mechanism of spatial navigation in the common marmoset hippocampus have evolved 

relative to those documented in rodents such as rats and mice, likely reflecting evolutionary 

adaptations to diurnal life styles. 
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Abstract: In recent years the advent of single-cell RNA sequencing (RNAseq) technologies gave 

scientists an unprecedented ability to define cell types by their gene expression profiles. 

However, the spatial information retained does not go beyond individual brain regions, and finer 

details (i.e subnuclear or layer specific localization and gradients) are lost in the dissociation 

process. Spatial transcriptomics has the potential to fill in this gap. In order to map 

transcriptomically defined cell types to their precise location in the mouse decided to generate a 

spatial transcriptmics atlas of the whole mouse brain using Multiplexed Error Robust 

Fluorescence In Situ Hybridization (MERFISH) using a commercially available platform 

(MERSCOPE). We sectioned multiple brains coronally at regular intervals between 100 and 200 

µm in its entirety to evenly cover all brain regions. To relate cell type gene expression pattern to 

a spatial location within the mouse brain we measured the expression of 500 genes carefully 

selected to maximize our ability to differentiate all clusters described in our whole brain 

annotation. The generated data are then undergoing a rigorous processing pipeline to ensure that 

the quality of cells used for mapping. We verify our results by comparing gene expression 

pattern of select genes to the Allen ISH-atlas. In addition, we could confirm previous described 

cell type localization (i.e. layer and region specific localization of glutamatergic clusters in the 

isocortex). In addition, we are investigating the distribution of cell types in various midbrain 

regions (i.e superior colliculus, inferior colliculus, periaqueductal gray) of which detailed 

description of cell type composition are scarce. 
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Abstract: A mammalian brain comprises tens of millions to billions of cells intricately 

organized to enable a wide range of brain functions. The enormous cellular diversity and 

complex spatial organization of the brain have so far hindered our understanding of the 

molecular and cellular basis of its function. Recent advances in spatial transcriptomic techniques 

have allowed systematic spatial mapping of cell types in complex tissues. However, due to the 



challenges associated with scaling up the measurement throughput, these approaches have only 

been applied to construct cell maps of a few brain regions. A comprehensive cell atlas of the 

whole brain is still missing. Here, we image >1100 genes in millions of cells across the entire 

adult mouse brain using multiplexed error-robust fluorescence in situ hybridization (MERFISH) 

and perform spatially resolved single-cell gene-expression profiling at the whole-transcriptome 

scale by integrating MERFISH data with single-cell RNA-sequencing data. Using this approach, 

we generate a comprehensive cell atlas of thousands of transcriptomically distinct cell types for 

the whole mouse brain with high molecular and spatial resolution. Our data provide a global 

view of the hierarchical organization of cell classes, subclasses, and types. The high molecular 

and spatial granularity of our cell atlas reveals distinct spatial distributions of the cells across 

different levels, ranging from major neuronal cell types classified by neurotransmitters to finer 

levels classified by transcription factors, neuropeptides, and other functionally important genes. 

At the finest levels, gradual molecular and spatial changes in cells are often observed, typically 

in a correlated manner, reflecting molecular and cellular gradients that may reflect 

developmental origins and/or have functional implications. In addition to a high diversity of 

neurons, our high-resolution cell atlas also enables us to characterize the brain-wide distribution 

of >100 non-neuronal cell types, with many showing regional specificity, and their cell-type-

specific interactions with neurons. Overall, our results establish a comprehensive, spatially 

resolved whole mouse brain cell atlas, providing rich insights into the molecular and cellular 

architecture of the brain. 
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Abstract: The function of the mammalian brain relies upon the precise specification and spatial 

positioning of diversely specialized cell types. Yet, the molecular identities of the cell types and 

their positions within individual anatomical structures remain incompletely known. To construct 

a comprehensive atlas of cell types in each brain structure, we paired high-throughput single-

nucleus RNA-seq with cellular-resolution unbiased spatial transcriptomics across the entire 

mouse brain. From six million single-nucleus RNA-seq profiles, sampled from across the mouse 

nervous system, we identified 4,444 molecularly distinct populations. To precisely map these 

populations to anatomical structures, we performed Slide-seq on 110 serial coronal sections of 

the mouse brain, registering the data to a neuroanatomical common coordinate framework. 

Integration of these datasets allowed for the multi-scale analysis of cell type spatial distributions 

for each neuroanatomical structure across the brain, from examining cellular level adjacency 

networks to evaluating regional cell type composition. We also performed a brain-wide analysis 

of gene network modulation within and between neuroanatomical regions. In doing so, we 

defined rules of neurotransmitter usage in each structure, constructed a brain-wide network of 

neuropeptide signaling, and characterized the heritability enrichment of dozens of neurological 

and psychiatric phenotypes in each cell type, in each brain structure. 

These data should find diverse applications across neuroscience, including the construction of 

interactive tools to interrogate each brain cell type. These tools will give researchers the ability to 

interoperate between cell types' differential expressed genes, spatial distribution, and the 

underlying spatial gene distribution. This flexibility will aid the prioritization of specific cell 

types and regional circuits in the study of brain diseases. 

Disclosures:  J. Langlieb: None. J. Webber: None. K. Balderrama: None. N. Sachdev: 

None. E. Murray: None. N. Nadaf: None. T. Norton: None. V. Gazestani: None. C.R. 

Vanderburg: None. V. Kozareva: None. C. Martin: None. F. Chen: None. E. Macosko: 

None. 

Nanosymposium 

684. Epigenomic and Transcriptomic Cell Type Atlas of the Whole Mouse Brain 

Location: SDCC 1 

Time: Wednesday, November 16, 2022, 1:00 PM - 2:45 PM 

Presentation Number: 684.04 

Topic: I.01. Molecular, Biochemical, and Genetic Techniques 

Support: NIH Grant U19MH114830 

NIH Grant R01EY023173 

NIH Grant U01MH105982 

Title: A whole mouse brain transcriptomic cell type atlas 

Authors: *Z. YAO1, H. ZENG3, B. TASIC4, C. LEE5, K. A. SMITH2, C. V. VELTHOVEN2, N. 

DEE2, M. KUNST2, J. GOLDY2, D. MCMILLEN2, A. TORKELSON2, N. GUIFORD2, R. 

CHAKRABARTY2;  



1Allen Inst. for Brain Sci., 2Allen Inst. for Brain Sci., Seattle, WA; 4Cell and Circuit Genet., 
5Modeling Analysis and Theory, 3Allen Inst. For Brain Sci., Seattle, WA 

Abstract: To understand brain organization and function, it is essential to acquire the 

foundational knowledge about the cell type composition of the brain. Single-cell transcriptomics 

has revolutionized the way to identify and classify cell types. However, despite of many studies 

of cell types in individual parts of the brain, there has been a lack of comprehensive and 

standardized characterization of cell types across the entire brain. Here we report a 

transcriptomic cell-type taxonomy across the entire mouse brain, integrating several whole-brain 

single-cell RNA-sequencing (scRNA-seq) datasets. The datasets contain a total of ~5 million 

cells passing rigorous quality-control criteria. The integrated transcriptomic taxonomy contains 

>4,000 clusters that are organized in a hierarchical manner with groupings of classes, subclasses, 

supertypes and types/clusters. We annotate the anatomical location of each cell type by using 

brain-wide MERFISH datasets. The top level of the hierarchy features the neuronal, neural non-

neuronal and non-neural divisions. Within the neuronal division, major cell classes are defined 

by their regional and/or developmental origins. The transcriptomic landscape of cell types across 

the brain is highly complex, characterized with many highly distinct neuronal and non-neuronal 

cell types, as well as a surprising continuous core of glutamatergic and GABAergic neuron types 

spanning the ventral axis of the brain from forebrain to hindbrain, suggesting that the 

transcriptomic relationships may reflect the inter-regional evolutionary relationships among cell 

types. We generate a comprehensive neurotransmitter and neuropeptide distribution map in the 

transcriptomic taxonomy, which reveals a high degree of correspondence with specific 

transcriptomic types. The MERFISH datasets not only provide accurate spatial annotation of 

major cell types at subclass level, but also reveal very fine resolution spatial gradients for cell 

types within each subclass. We also provide a comprehensive characterization of non-neural cell 

classes and types across the mouse brain. Finally, our study reveals the universal existence of 

subclass-specific sets of transcription factors, suggesting that these transcription factors may be 

master encoders of cell type identity. 
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Abstract: Neuronal cell types are distinguished by their epigenetic state, gene expression, 

anatomy, and physiology. Recent advances in genomic technologies have led to the identification 

of large numbers of transcriptomic and epigenomic clusters corresponding to possible cell types 

across the entire mouse brain. A prominent and distinguishing anatomical feature of different 

brain neuron types is their distinct long-distance axonal projections. To link epigenomic clusters 

and their corresponding gene expression to long-distance projections we have conducted brain-

wide epi-retro-seq (single nucleus methylation sequencing of retrogradely labeled neurons) on 

more than 40,000 neurons dissected from 31 different regions (sources) spanning the entire 

brain, with 26 different projection targets. In total, we have assayed neurons from 295 different 

source and target combinations. Our observations from whole brain epi-retro-seq mapping 

experiments suggest that evolutionarily older structures including brainstem and cerebellum are 

more hard-wired with close correspondences between projection targets and epigenomic clusters, 

while neurons in the neocortex have more flexible relationships between epigenomes and 

projections. Hindbrain neurons in the medulla and pons that project to the cerebellum are each in 

distinct clusters separated from those projecting to the brainstem. The cerebellum-projecting 

neurons in both pons and medulla are characterized by low methylation (linked to high gene 

expression) of multiple genes, including Cdk14 and Map4k3. These differences are conserved 

across cerebellum-projecting pons and medulla neurons, despite extensive overall methylation 

differences between pons and medulla. There are also many clusters of hypothalamic neurons 

that correspond strongly with their projections to the olfactory bulb, entorhinal cortex, amygdala, 

striatum, pallidum, thalamus, superior colliculus, ventral tegmental area, pons, or medulla. 

Notably we identify a sex-specific cluster of hypothalamic neurons that is present only in 

females and projects to thalamus and pons. Amygdala neurons projecting to the hippocampus or 

olfactory bulb are strongly enriched in Vglut1 expressing clusters and are largely separated from 

those that project to the VTA, pons or medulla and express Vglut2. Altogether, this large and 

rich dataset provides many new insights into the brain-wide relationships between epigenetics, 

gene expression and long-distance projection targets and can be used to predict neuronal 

projections from genomics assays. 
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Abstract: The mouse brain is composed of tens of millions of neurons and glial cells, which 

form complex neural circuits responsible for a wide range of cognitive behaviors and 

neurological functions. Advances in single-cell transcriptomics and epigenomics have led to 

detailed characterization of gene expression patterns and epigenome at unprecedented resolution 

indifferent mouse brain regions, but our knowledge of cell-type specific gene regulatory 

programs in the mouse brain is still incomplete. Here we report a comprehensive epigenetic atlas 

of open chromatin in the adult mouse brain by combining our previous dataset from 45 cerebral 

regions(including isocortex, olfactory bulb, hippocampus, and cerebral nuclei) with an additional 

1.5million cells from 72 regions in amygdala, thalamus, hypothalamus, midbrain, pons, 

cerebellum and medulla. Integrating the 2.3 million total cells from the entire mouse brain, we 

defined >140new brain cell types. We characterized the spatial and cell-type-specific state of 

~922,000candidate cis-regulatory elements (cCREs), nearly doubling the number of mouse brain 

cCREs characterized to date. The newly identified elements represent not only more detailed 

brain regions, but also a more comprehensive survey of rare cell types. We find a high specific 

spatial distribution of not only neuronal types, but also a subset of glial cell types. In particular, 

both telencephalon and non-telencephalon astrocytes show gradient difference across brain 

regions. We inferred transcriptional regulators in cell types and characterized the gene regulatory 

sequences associated with regional specificity. We further assessed the evolutionary 

conservation of these elements in the human genome, and identified significant associations 

between 85 genome-wide association study (GWAS) traits with distinct brain cell types. Finally, 

we provide annotation for >1.8 million noncoding risk variants associated with 14 neurological 

and psychiatric disorders at cell-type resolution. Our results provide the most comprehensive 



view of cell type specific gene regulatory programs in the mammalian brain, facilitating the 

annotation and analysis of gene regulatory programs in the human brain. 
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Abstract: Cytosine DNA methylation is a critical epigenetic regulator involved in brain 

development that has been implicated in a variety of neurological disease states. Understanding 

methylation diversity across the whole brain in the context of the brain’s 3D spatial organization 

is a fundamental step toward building a complete molecular atlas of brain cell types and 

understanding their gene regulatory landscapes. We used optimized single-nucleus methylome 

(snmC-seq3) and multi-omic (snm3C-seq) sequencing technologies to collect 310,605 

methylomes and 176,740 chromatin conformation/methylome joint profiles from 117-dissected 

regions across the entire adult mouse brain. Through iterative clustering, we constructed a DNA 

methylation-based cell type taxonomy containing ~2,000 distinct clusters and identified millions 

of differentially methylated regions between the clusters, representing sites of cell-type-specific 

regulation between the clusters. Notably, we found massive cellular diversity in the brain stem 



associated with diverse patterns of DNA methylation at binding sites of specific groups of 

transcription factors, allowing the prediction of a set of master regulators important for specific 

brain region structures. We also observed strong cytosine methylation gradients on both genes 

and regulatory elements in cell types along the anterior-posterior axis within and across brain 

regions. By integrating cell profiles of DNA methylation and genome architecture data with 

companion whole-brain chromatin accessibility and gene expression information, we developed 

an "Activation, Repression in 3D Conformation" (ARC) model, an interpretable machine 

learning model that weights active (accessibility) and repressive (methylcytosine) epigenetic 

signals with cell-type-specific 3D chromatin conformation loops to predict gene expression for 

thousands of cell-types. This model enables the prediction of candidate cell-type-specific 

enhancers and transcription factors for each gene. Together, our study establishes the first brain-

wide, single-cell resolution DNA methylome and 3D multiome atlas, providing an 

unprecedented resource for understanding cellular-spatial and regulatory genome diversity in the 

mouse brain. 
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