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Abstract: Mutations in proteins that organize chromatin are implicated in neurodevelopmental 

disorders, such as Cornelia de Lange Syndrome (CdLS). CdLS patients present with 

microcephaly, intellectual disability, and autism spectrum disorder caused by heterozygous loss-

of-function mutations in genes encoding the cohesin complex proteins and the cohesin-loading 

factor, Nipped-B (NipB). These proteins function together in regulating chromatin structure and 

gene transcription. Our objective is to determine how cohesin and cohesin-related proteins 

regulate memory and social learning in the fruit fly Drosophila melanogaster. In the presence of 

a larval endoparasitoid wasp, adult flies perform two behaviors: either decrease egg laying or lay 

their eggs on ethanol-laden food. Flies will remember this exposure following wasp removal. 

Our lab has shown that known long-term memory genes and a functional mushroom body (MB) 

are necessary for this memory. Adult flies (10 replicates 5 female and 1 male 3-5 days past 

eclosion (dpe)) are allowed to lay eggs on their choice of food made with water or 6% ethanol in 

the presence or absence of 3 female wasps. After 24 hours, wasps are removed and flies are 

moved to new enclosures each day with fresh food while the proprtion of eggs laid of ethanol-

laden food is reported. 

Flies that have been exposed to wasps will also communicate their exposure to naïve fruit flies 

which subsequently decrease egg laying. We use this behavior to assay social learning by placing 

wildtype Canton-S flies (12 replicates 10 female and 2 male 3-5 dpe) in one section of a two-part 

enclosure with or without 20 female wasps in the neighboring chamber for 24 hours. After 

measuring the egg depression of these ñteachersò, each replicate is paired with naµve ñstudentò 

flies (12 replicates 10 female and 2 male 3-5 dpe) in new enclosures with fresh food. The egg 

depression of students is recorded as a measure of learning. Using these assays, we have 

measured how flies with mutations in cohesin or NipB are able to remember and learn. We found 

that mutations in SMC1, a cohesin protein, impaired memory formation while flies with 

mutations in NipB have impaired memory retention. Additionally, flies with mutations in Rad21, 

another cohesin protein, are unable to learn while flies with mutations in SMC1 and NipB have 



an impaired ability to learn. Because flies with NipB mutations have been observed to have 

abnormal MB structures while loss of SMC1 and Rad21 cause dendrite and pruning defects in 

the MB, we have evaluated MB structure of mutants across their development. We are 

investigating these phenotypes to evaluate influences of cohesin and cohesin-related proteins on 

memory and learning. 
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Abstract: Mutations in the ATP-dependent chromatin remodeller chromodomain, helicase, 

DNA binding (CHD) 7 are the primary cause of CHARGE syndrome and have been associated 

with autism spectrum disorders (ASD). However, the mechanisms by which mutations in CHD7 

affect brain development and function are poorly understood. To address this question, we have 

developed a zebrafish chd7 CRISPR/Cas9 knockout model owing to the suitability of this 

vertebrate model for the study of early neurodevelopment. chd7 knockout (chd7-/-) zebrafish 

larvae exhibit a small head phenotype, defects in craniofacial cartilage development, heart 

defects and had no swim bladder. We also found that chd7-/- fish display aberrant axonal 

network development. Interestingly, the mutant fish displayed hyperactivity particularly during 

dark light cycle. It has been proposed that an aberrant inhibitory signaling in the brain is a 

mechanism underlying ASD; we thus next sought to perform a detailed analysis of the brain in 

our model. We observed a marked decrease in proliferation as well as significant decrease in 

GABAergic cells in chd7 mutants. The decreased number of GABAergic cells in certain regions 

of the brain is due to a failure in the migration of these cells. Treatment with the GABA-A 

receptor antagonist pentylenetetrazol (PTZ) showed that chd7 mutants exhibit an increased 

sensitivity to PTZ-induced seizure, providing further evidence for GABAergic deficits in chd7 

mutants. Using an unbiased whole transcriptomic approach, we identified many genes involved 

in cell proliferation, migration and cell adhesion that are dysregulated in chd7 mutant. Together, 



our findings indicate loss of chd7 results in a deficit of inhibitory neurons and suggest an 

essential role of chd7 in the brain neuronal network development. 
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Poster 

550. Neurogenesis and Gliogenesis: Neuronal Development II 

Location: SDCC Halls B-H 

Time: Tuesday, November 6, 2018, 1:00 PM - 5:00 PM 

Program #/Poster #: 550.03/A3 

Topic: A.07. Developmental Disorders 

Support: Intramural NIH Grant Z01 NS003041-11 

Title: Long distance plasticity of callosal connections: From men to mice 

Authors: *D. SZCZUPAK 1,2, C. C. YEN1, C. LIU1, S.-H. CHOI1, F. MEIRELES3, C. 

VICTORINO3, A. C. SILVA1, R. LENT3,2, F. F. TOVAR-MOLL3,2 
1Natl. Inst. of Hlth., Bethesda, MD; 2Federal Univ. of Rio de Janeiro, Rio de Janeiro, Brazil; 
3Inst. Dôor for Res. and Educ., Rio de Janeiro, Brazil 

Abstract: Brain plasticity is usually associated with microstructural changes, but it can also 

reflect a large macroscopic rewiring of the brain called long-distance plasticity (LDP). LDP was 

first described in humans with dysgenesis of the corpus callosum (dCC), a brain malformation in 

which some or all callosal fibers fail to find their natural tracts and end up forming completely 

new paths. So far, little is known about the detailed anatomical and temporal pattern of the 

development of those connections and, to date, no animal model could reproduce the full 

complexity of brain connectivity in this pathology. In the present study, we used ultra-high field 

diffusion-weighted MRI to map the underlying formation of white-matter fiber tracts in a long-

known murine model of dCC, the Balb/c mouse. We observed that the Balb/c mouse has a large 

variability in size of the CC compared to wild type C57BL/6 mice (Figure 1A). Using the high-

resolution DTI images, we also noticed that, compared to a normal C57BL/6 mouse, in which the 

inter-hemispheric fiber cross midline over a broad swath of the CC (Figure 1B), Balb/c mice 

have their interhemispheric connections cross midline in a very restricted point of the CC (Figure 

1C). Balb/c mice have a whole brain reorganization (FIgure 2). These spontaneous abnormalities 

of the CC in Balb/c validate this strain as a suitable animal model to investigate the genetic 

origins of malformations of the CC, which may lead to a better understanding of how LDP 

occurs in humans. 
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Abstract: Gyrencephaly is a unique structure found in limited species including human beings. 

Since the expansion of neocortex providing the structure basis for much more neurons to form 

elaborate cortical network, it is of importance to investigate the underlying mechanism of cortex 

folding conformation. According to previous exploration, researchers have found that outer 

subventricular zone(OSVZ) is specially appears in species with complex neocortex. Further 

observations strengthen that outer radial glial cells may be a major source of neocortex 

expansion. Here, we suggest that A3 is involved in stemness maintenance of progenitor pool by 

adjusting mitotic process. At the level of mRNA expression, A3 is highly expressed in OSVZ 

human cortex detected by RNA sequencing. Consistently, in situ hybridization probe of A3 was 

enriched in VZ/SVZ during mouse early development. Applying in-utero electroporation, in vivo 

overexpression A3 yielded the potent increase of the number of proliferative progenitors. 

Meanwhile, A3 deficiency after RNAi causes neurogenesis defect both in vitro and in vivo 

assays. Furthermore, in several loss-of function experiments via CRISPR/Cas9-mediated genome 

editing, A3 knockdown in mouse perturb progenitors pool with mitotic delay and chromatin 

structure disrupted. A3 deletion mice showed deficient cortical thickness comparing with their 

wildtype littermate. Immunostaining displayed that projection neurons sitting in deeper layers of 

the cortex with Ctip2 (layer V) was diminished. Base on the potential function of A3 and related 

observation, our work propose that A3 plays a role in maintaining the neural progenitors and 

reveal the impact of mitosis delay on self-renew and development potency in corticogenesis. 

Disclosures: M. Ou:  None. Z. Luo:  None. 
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Abstract: Cortical GABAergic interneurons are a crucial population of inhibitory cells that 

comprise approximately 20% of the total cortical neuron population and can be identified by 

numerous distinct genetic profiles, morphological characteristics, firing properties, and patterns 

of connectivity. Cortical GABAergic interneuron deficits have been linked to several human 

neurological disorders including autism spectrum disorder, schizophrenia, epilepsy, and more 

recently, the RASopathies. The RASopathy family of neurodevelopmental disorders arise from 

perturbations of RAS/MAPK signaling and often result in a variety of neurological 

abnormalities. However, it is unclear how altered RAS/MAPK signaling affects the trajectory of 

cortical GABAergic interneuron development. To address this question, we generated mice 

expressing the GABAergic neuron-specific VGAT:Cre recombinase to selectively target a Cre-

dependent caMEK1 (Mek1S217/222Q) mutation to all GABAergic cells. Adult VGAT:Cre caMEK1 

mutant mice displayed a noticeable reduction in total cortical GABAergic interneuron number in 

comparison to controls. Inspection of GABAergic interneuron subtypes revealed a selective 

reduction in parvalbumin-expressing GABAergic interneurons with no changes in somatostatin-

expressing GABAergic interneuron number. We detected similar reductions in the proportion of 

parvalbumin interneurons in a separate MGE-derived mutant mouse line using Nkx2.1:Cre. 

Upon further investigation, we found that some nascent caMEK1-expressing GABAergic 

interneurons located in the subpallial mantle zone exhibit increased activated-caspase-3 labeling 

and apoptotic features. This suggests that early cell death is a key mechanism driving reduced 

cortical parvalbumin interneuron number in adult mutants. Previous work has shown that 

RASopathy mutations alter the expression and secretion of extracellular matrix components from 

astrocytes. Preliminary evidence shows that mutated GABAergic interneurons may also 

contribute to differences in perineuronal net formation as assessed by immunohistochemistry and 

GABAergic-specific RIPseq. Overall, these data implicate RAS/MAPK signaling in early 

parvalbumin interneuron cell death and the subsequent formation of cortical circuitry. 

Disclosures: M. Holter:  None. G.R. Bjorklund:  None. S. Shah: None. K. Nishimura:  

None. J. Newbern: None. 
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Title: Repeated exposure to brief periods of enhanced visual experience rehabilitates the injured 

brain in xenopus tadpoles 
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Abstract: Traumatic brain injuries introduce functional and structural circuit deficits that must 

be repaired for an organism to regain function. In Xenopus laevis tadpoles, as in other systems, 

injury induces neurogenesis and the newly-generated neurons then integrate into the existing 

circuit, however, the mechanisms governing this integration are poorly understood. We 

developed an injury model in which tadpoles are given a penetrating stab wound which damages 

the optic tectal circuit and impairs visuomotor behavior. Development of visuomotor circuit 

function in Xenopus is driven by sensory activity. We tested whether providing enhanced visual 

experience affects circuit recovery from injury. We found that providing animals with brief 

periods of enhanced visual stimulation starting 24 hours after injury increased synaptic inputs 

and circuit integration of newly generated neurons, and sped behavioral recovery. To investigate 

mechanisms of activity-mediated recovery from injury, we interfered with NMDA receptor 

function. Ifenprodil, which blocks GluN2B subunit containing NMDA receptors impaired 

dendritic arbor elaboration. GluN2B knockdown blocked functional integration of neurons 

generated in response to injury and prevented behavioral recovery. We conclude sensory activity 

mediated by GluN2B-containing NMDARs mediates structural and functional recovery of the 

tectal circuit following injury in Xenopus tadpoles. 

Disclosures: A.C. Gambrill:  None. R.L. Faulkner:  None. C.R. McKeown: None. 
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Abstract: Neural crest cells (NCCs) appear early in development during neurulation and are 

required for proper histogenesis of a variety of tissues and organs that importantly, include the 

peripheral nervous system and structures of the craniofacial skeleton. NCCs have also recently 

been the center of attention in stem cell-based research due to their regenerative multipotent 

abilities. Important developmental aspects of NCCs generation, migration, and differentiation 

and their subsceptibilty to gene mutation remain unresolved debilitating deficits that arise from 

abnormalities of these processes, Here, we report on a mutant mouse with a missense mutation in 

the Pak1ip1 gene, which encodes a protein necessary for 60S ribosomal subunit formation. The 

homozygous mutant of this line showed severe developmental defects, including orofacial cleft 

affecting palate and maxillae, cranial nerve maldevelopment, generalized hypoplasia, and 

embryonic lethality. Analyzing the rate of proliferation/cell death in the wild-type vs mutant, we 

found that the apparent craniofacial phenotypes were generated by a loss of NCC. The TUNEL 

assay, assessing cell death, confirmed that the rate of cell death in mutants is higher than that of 

the wild-type, while a pHH3 immunofluorescent analysis, targeting currently dividing cells, 

showed a deep decrease in proliferative activity in the mutant when compared to the normal 

condition. Based on these findings, we propose an explanation for the craniofacial defects seen in 

the mutants involving the loss of NCCs during early development. According to our hypothesis, 

the low numbers of NCCs would prevent them from reaching the farthest region from their 

origin, which are incidentally the frontonasal prominences. As Pak1ip1 is pivotal for proper 

ribosome activity, its functional loss would most likely translate in nuclear stress and subsequent 

Tp53 up-regulation. Therefore, we analyzed the expression levels of Tp53 and registered, in the 

mutant, an increased Tp53 activity and G1 cell cycle arrest in neuroepithelial cells, which give 

rise to the neural crest. Our findings illustrate that the developmental abnormalities observed in 

the Pak1ip1 mutants are predominantly based on the specific loss of NCCs during development 

and point towards pharmacological or genetic Tp53 interference as a potential rescue strategy for 

Pak1ip1 loss-of-function. 
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Title: Nutrient restriction causes reversible G2 arrest in xenopus neuronal progenitors 
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Abstract: Nutrient status affects the developing brain, yet the effect of nutrient restriction and 

food availability on a cellular level in vivo is poorly understood. In the absence of external 

nutrients, Xenopus laevis tadpoles enter a period of developmental stasis during which neural 

progenitor cell proliferation is drastically reduced, with proliferation synchronously resuming 

when food becomes available. Here we investigate the mechanisms by which neural progenitors 

halt cell division in response to nutrient restriction and then re-enter the cell cycle upon feeding. 

We demonstrate that nutrient restriction causes tectal progenitors to stop progression through the 

cell cycle after S phase, and that the reintroduction of nutrients triggers progenitors to 

synchronously re-enter the cell cycle at M-phase, suggesting cells in stasis are paused at G2. 

Consistent with a model for G2 arrest, we find that levels of phosphorylated cdc2 are decreased 

upon stasis entry and return upon the resumption of feeding. We demonstrate that progenitors 

along the tectal midline have increased DNA content in response to nutrient restriction, further 

supporting a G2 arrest model. We also show that initiation of the nutrient-restriction-induced G2 

pausing is rapamycin-insensitive, but cell cycle re-entry requires mTOR signaling. This capacity 

of neural progenitors to pause cell cycle progression in G2 provides a mechanism to control 

proliferation in response to nutrient availability and yet allows cells to be poised to divide 

quickly when nutrients become available. This may be a general cellular mechanism that allows 

for developmental flexibility during times of limited resources. 

Disclosures: C.R. McKeown: None. H.T. Cline: None. 
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Abstract: The glycoprotein non-metastatic melanoma B (Gpnmb), a type-I transmembrane 

protein, is produced by various types of normal cells including melanocytes, osteoclasts, 

osteoblasts, and dendritic cells in peripheral blood, as well as by various tumor cells. An 

increasing number of studies have described that Gpnmb is abundantly expressed in invasive 

glioblastomas, suggesting its involvement in tumor progression and metastasis. Previously we 

reported that Gpnmb is produced by macrophages and microglia in the normal central nervous 

system of postnatal and adult rats (Huang, J.-J. et al., Brain and Behavior 2, 85-96, 2012; 

Yokoyama, S. Soc. Neurosci. Abstr., 674.14, 2016) and by cells in the choroid plexus 

epithelium, ventricular-subventricular zone and neocortex in the embryonic rat brain 

(Yokoyama, S. and Zhu, H. Soc. Neurosci. Abstr., 197.14, 2017). The purpose of this study was 

to define more in detail these Gpnmb-immunoreactive (IR) cells in the embryonic brain. At E10, 

Gpnmb-IR was only faintly detected in the ventricular wall. At E13, Gpnmb-IR cells were 

present in the lateral ventricle wall, extending radial fibers from ventricular zone to pial surface. 

These Gpnmb-IR cells were positive for nestin and vimentin, markers for radial glial cells. At 

E16 and E19, regional difference in Gpnmb-IR became prominent. Gpnmb-IR was 

predominantly distributed in the choroid plexus of the lateral and third ventricle; the soma of the 

Gpnmb-IR cells migrated to the subventricular zone. These Gpnmb-IR cells were frequently co-

stained with specific markers including Sox2 for neural stem cells, doublecortin for neuroblasts, 

and bromodeoxyuridine for cell proliferation, as well as radial glia markers. These data suggest 

that Gpnmb is involved in the neural development in the embryonic brain. 
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Abstract: Aniridia is a congenital and progressive disorder affecting approximately 1 in 83,000 

live births. Although the disorder is most well known for its ocular phenotypes, the condition has 

a several other abnormalities, which are only recently emerging as prominent features of the 

disorder. These include neural, sensory, cognitive, and auditory processing deficits. 

Development of aniridia in humans is predominately caused by heterozygous loss-of-function 

mutations in the PAX6 gene, a highly conserved transcription factor critical for normal eye and 

brain development. PAX6 has been implicated in aspects of central nervous system development 

such as patterning, regionalization, and the formation of neural circuits; however, PAX6ôs role in 

the adult brain have yet to be described. Our lab has utilized 3T MRI to show structural changes 

in the brains of aniridia patients as compared to their PAX6-normal comparisons. Consistent with 

other reports, we found reductions to major fiber tracts such as the anterior commissure, 

posterior commissure, and optic chiasm in addition to lack of or reduction to the pineal gland. 

The cellular basis for these changes are not well understood, so we have turned to the rodent 

model of aniridia, Small eye, where we can utilize a variety of tools to assess Pax6 expression 

and the neural consequences of mutations in the brain. The current study employed MRI using a 

7T Agilent system to acquire structural brain images using 3D T2 weighted fast spin echo 

sequences, volumetric analysis, histological examination, Pax6 transgenic mouse lines, and 

tissue clearing of the adult brain to examine the consequences of loss of one functional copy of 

the Pax6 gene. Results indicate that while our rodent model recapitulates certain structural 

changes seen in our human population such as the optic chiasm, it does not capture all of the 

structural changes seen in our aniridia patients. Our results suggest that within our human 

population there are potentially modifier effects contributing to the structural brain changes we 



see. We are currently using the whole tissue clearing method, iDISCO, to help us better 

understand the role PAX6 plays in the adult brain and the consequences of heterozygous loss-of-

function of this gene. Collectively, these data allow us to visualize the overlap between adult 

Pax6 expression and structural brain variants, and provide new hypotheses regarding the effects 

of early versus adult PAX6 haploinsufficiency in the mammalian brain. Implementation of this 

approach also provides a novel platform for investigating the link between gene expression and 

neural structure and connectivity, with broad applications for neurogenetic research. 

Disclosures: M.K. Grant:  None. A.M. Bobilev: None. A.M. Rasys: None. A.E. Branch: 
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Abstract: The role of chromatin remodeling machinery in neurodevelopment is becoming 

increasingly more apparent. Akirin2 (Aki2) is a highly conserved nuclear protein believed to act 

as an intermediary between transcription factors (e.g., NFəB, Twist) and BAF (SWI/SNF) 

chromatin remodelers with roles in immunity and myogenesis. Although Aki2 is expressed 

prominently in neuronal progenitors, postmitotic neurons, and astrocytes, its function in the brain 

was, until recently, entirely unexplored. Using conditional Aki2 knockout mice, our laboratory 

has shown that restricted loss of Aki2 in early cortical progenitors results in disrupted 

proliferation, aberrant neuronal differentiation, and massive apoptosis (Bosch et al., Neural 

Development, 2016). The role of Aki2 in postmitotic neurons in the postnatal brain, and the 

molecular mechanisms through which it regulates neuronal development and maturation, remain 

unknown. To test the hypothesis that Aki2 regulates patterns of gene expression critical for the 

maturation, maintenance, and survival of postmitotic neurons, we utilized CaMKII-Cre and 

Pcp2-Cre mouse lines to delete the Aki2 gene from excitatory neurons of the forebrain or 

postmitotic Purkinje cells of the cerebellum, respectively. In CamKII-Cre;Aki2fl/fl mice, Aki2 

expression is lost from excitatory cortical neurons by ~P18. By P50, the cortex is significantly 

thinner in knockout mice, with fewer neurons and reduced dendrite arborization. Expression of 



GFAP is significantly increased, likely indicative of reactive gliosis. By P150, CamKII-

Cre;Aki2fl/fl mice are significantly smaller than control littermates and cortical layers are severely 

thinned, with evidence of neurodegeneration. In Pcp2-Cre;Aki2fl/fl mice, Aki2 expression is lost 

from Purkinje cells at ~P6. Purkinje cell axon degeneration is already apparent 4 days after Aki2 

loss. At P35, there are fewer Purkinje cell somata, the molecular layer, containing Purkinje cell 

dendrites, is thinner, and Bergmann Glia also upregulate GFAP. Pcp2-Cre;Aki2fl/fl mice develop 

a tremor by P30 that progresses with age. Together, these data indicate crucial roles for Aki2 in 

the maturation and survival of postmitotic neurons. Given Aki2ôs role in regulating specific 

patterns of gene expression, current efforts are focused on generating transcriptomic data from 

knockout cortical and cerebellar neurons in order to identify downstream molecular mechanisms. 

Disclosures: S.L. Peek: None. J.A. Weiner: None. 
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Abstract: In the small freshwater cnidarian Hydra, all differentiated cells in the homeostatic 

adult animal are replaced every 12-20 days, including the entire nervous system. Hydra is also 

able to regenerate its nervous system following catastrophic injury. Our ultimate goal is to 

understand the general principles of Hydra neural plasticity in both homeostatic and regenerative 

conditions. As a first step towards this goal, we are using single cell RNA-sequencing (scRNA-

seq) to build a complete molecular map of the Hydra nervous system. We have thus far 

identified eight neuron subtypes with unique molecular signatures and are mapping the location 

of these subtypes in the Hydra nervous system using in situ hybridization. Based on our 

preliminary scRNA-seq data and published literature, we hypothesize that continual renewal of 

the Hydra nervous system under homeostatic conditions is accomplished by a combination of 

two mechanisms: 1) specification of new neurons from stem cells (neurogenesis) and 2) 

transdifferentiation between neuron subtypes. In our future work, we aim to use our scRNA-seq 

data to identify and test transcription factors unique to neurogenesis and transdifferentiation, thus 

gaining insight into the regulatory control of nervous system plasticity. Additionally, we plan to 

build transgenic reporter lines to quantify the number of neurogenesis and transdifferentiation 



events that occur during both homeostatic maintenance and regeneration of the nervous system. 

Through these exploratory studies, we hope to elucidate the molecular mechanisms that underlie 

neuronal plasticity and regeneration. 
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Abstract: A variety of studies have already highlighted cellular and molecular differences 

between human brain development and that of other mammals. At present, it is universally 

accepted that the early cephalic mesenchyme contain migratory neurons produced from 

progenitor cells in the neurogenic placodes and the neural crest, in all mammalian species. We 

demonstrate that the human cephalic epithelium adjacent to the forebrain contain hitherto 

unrecognized stem cell niches generating precocious migratory neurons, which are distinct from 

the pioneer neurons of the olfactory placode, and the neurons of the neural crest origin. 

Human embryos from Carnegie stages (CS) 10-17 (29-41 days post-conception) were obtained 

from the Human Developmental Biology Resource UK. We used a number of cell-specific and 

proliferative markers to reveal the phenotypic characteristics and migratory pathways of the first 

neurons in the cephalic ectoderm and mesenchyme. We developed a new approach to reconstruct 

cells in sections of the human ectoderm, diencephalon, cortical wall, and retina by rapid, high-

resolution volume rendering of multichannel 3D confocal data sets from a Zeiss LSM 710 

confocal microscope. The majority of precocious TU-20-positive ectodermal neurons appear to 

migrate tangentially within the ectoderm, and some delaminate from the epithelium to coalesce 

within the mecenhyme surrounding the rostral telencephalon. Intriguingly these neuronal 

populations form the first connections between the several regions of the embryonic 

telencephalon and the early cephalic ectoderm. Some neurons migrate into periocular 

mesenchyme and extend non-axonal processes through the prospective pigment epithelium into 

the neural retina. Others invade the presumptive cortical wall perhaps providing additional 



signalling information to the local stem cell niche. The onset of local neurogenesis in ventral 

diencephalon presides the generation of neurons within the ectoderm at the roof of the future oral 

cavity. The fibers of the neurons located in the oral ectoderm form a dense network along the 

basement membrane adjacent to the ventral hypothalamus by CS13. Pioneer olfactory neurons 

constitute a distinct migratory population at CS 13-14. Their processes penetrate the rostro-

ventral cerebral wall by CS17. 

Thus the human cephalic epithelium adjacent to the forebrain contain hitherto unrecognized stem 

cell niches generating precocious neurons with distinct migratory routes. 

Supported by The Zvi and Ofra Meitar Family Fund. The human embryonic and fetal material 

was provided by the Joint MRC / Wellcome Trust (grant # 099175/Z/12/Z) Human 

Developmental Biology Resource. 
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Abstract: Fragile X syndrome (FXS) is the most prevalent inherited intellectual disability, 

resulting from a loss of fragile X mental retardation protein (FMRP). FXS patients suffer lifelong 

cognitive disabilities, but the function of FMRP in the adult brain and the mechanism underlying 

age-related cognitive decline in FXS remain unclear. We have previously shown that FMRP 

deficiency leads to aberrant activation of neural stem cells residing in the hippocampus of young 

adult mice leading to impaired cognitive deficits. Here we investigated whether over-activation 

of neural stem cells lead to stem cell depletion in older mice. We found that that in mature adult 

(6 month old) FMRP- deficient mice, there is a significant reduction in the numbers of adult 



neuronal stem cells leading to reduced new neuron production and cognitive deficits. Our work 

reveals an important role for FMRP in adult neural stem cell maintenance and present a potential 

novel therapeutic strategy for treating mature adult FXS patients. 
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Title: Autophagy mediates astrogenesis of adult hippocampal neural stem cells 

Authors: *S.-H. JEONG, S. HA, K. YI, J. J. CHU, S.-W. YU 

Brain and Cognitive Sci., DGIST, Daegu, Korea, Republic of 

Abstract: Neural stem cells (NSCs) have the ability to self-renew and differentiate into neurons, 

oligodendrocytes and astrocytes. Highly dynamic nature of NSC differentiation requires the 

intimate involvement of catabolic processes, such as autophagy. Autophagy is a major 

intracellular degradation pathway for cellular homeostasis and remodeling. Autophagy is 

important for mammalian development and its role in neurogenesis has recently drawn much 

attention. However, little is known how autophagy is associated with differentiation of NSCs 

into other neural lineages. Here, we report that autophagy plays a critical role for adult 

astrogenesis. Autophagy flux increased at the early time points, but then returned to the normal 

level during differentiation of adult hippocampal neural stem (HCN) cells into astrocytes. 

Genetic suppression of autophagy by stable knockdown of Atg7 or CRISPR-cas9-mediated 

knockout (KO) of p62 impaired astrogenesis, while reintroduction of p62 recovered astrogenesis 

in p62 KO HCN cells. Taken together, our findings demonstrate that autophagy plays a key role 

in astrogenesis of adult NSCs. 
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Abstract: The genes underlying symptoms of Tuberous sclerosis (TS), TSC1 and TSC2, have 

been assessed for mutations over several years. Notably, many of these mutations are missense 

and of unknown impact. We wanted to understand the functional impact of these mutations in the 

human TSC1 and 2 genes and their effect on their encoded proteins, Hamartin and Tuberin, 

respectively. Hamartin and Tuberin form an obligatory complex that indirectly inhibits the 

activity of the mammalian target of rapamycin complex 1 (mTORC1). Moreover, mTORC1 

activity has been implicated as a biological hub for many autism spectrum disorder (ASD) risk 

genes, and in turn, a TS diagnosis has a high comorbid rate of ASD. Herein, we will test the 

impact that missense mutations discovered in TSC1 and 2, with a co-diagnosis of ASD, have on 

protein function. We are currently assessing these mutations through cellular and biochemical 

assays. In addition, we are performing these experiments in cortical GABAergic interneurons, a 

cell type altered by deletion of Tsc1, and a likely cell type involved in TS pathogenesis. We have 

also discovered novel phenotypes regulated by Tsc1 in mouse cortical GABAergic interneurons 

and will explore the role of these mutations in the respective phenotypes. In addition to the 

cellular and biochemical assessments, we will ascertain how human TSC1 and 2 mutations 

impact the cellular morphology and molecular identity of this important cell group. Overall, 

these data have the potential to uncover novel signaling mechanisms that lead to symptoms in TS 

and broaden our understanding of how human missense mutations impact the function of 

Hamartin and Tuberin. 
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Abstract: Objective: The generation of functional dopaminergic neurons from fibroblasts and 

induced pluripotent stem cells (iPSCs) is tedious and time-consuming, therefore the objective 

was to efficiently generate dopaminergic neurons by transdifferentiation of readily available 

primary post-mitotic cortical neurons using transcription factors ASCL1, NURR1, LMX1A, and 

PITX3. Methods: Adeno-Associated Viral vectors were used to deliver each transcription factor 

alone and in different combinations in primary cortical neurons. 150,000 cells were seeded in 

each well of 24 well plates, transduced at day in vitro 0, and examined by immunocytochemistry 

for tyrosine hydroxylase (TH), a mature dopaminergic neuronal marker, 7 days after 

transduction. Results: We demonstrated that dopaminergic neurons can be efficiently generated 

in 7 days in vitro (div) by transdifferentiation of post-mitotic neurons. Overexpression of 

ASCL1, NURR1, and LMX1A together yielded 5-10% (12-18% in 14 div) of TH positive 

neurons, whereas ASCL1 alone, LMX1A alone and both of them together did not yield any TH 

positive neurons. NURR1 alone yielded 2% of TH positive neurons. A combination of LMX1A 

and NURR1, and ASCL1 and NURR1 yielded 2-5% of TH positive neurons. While only a sub-

set of cortical neurons were transdifferentiated, it was found that 53-63% of GABAergic neurons 

were TH positive when NURR1 alone was overexpressed. LMX1A, NURR1, and PITX3 were 

functional as each of them when expressed in human iPSCs were able to pattern and differentiate 

human iPSCs into TH positive neurons, acting as a control system. In summary, results 

suggested that NURR1 was found to be a critical transcription factor in combination with 

ASCL1 and LMX1A for transdifferentiation of post-mitotic GABAergic neurons into 

dopaminergic neurons. Conclusion: Efficient generation of dopaminergic neurons from post-

mitotic GABAergic neurons is the first ever evidence of transdifferentiation of terminally 

differentiated neuronal cells. 
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Abstract: Malformations of the human neocortex, such as periventricular heterotopia (PH), 

result from disturbances in the tightly regulated processes of brain development. In PH, new-

born neurons fail to migrate to their destined place, leading to malpositioned grey matter along 

the lateral ventricles. Only mutations in a few genes (FLNA, ARFGEF2, FAT4, DCHS1) are 

known to cause this neuronal migration disorder in humans. To identify new molecular pathways 

involved in brain development and to find novel genes involved in PH, trio-based Whole Exome 

Sequencing was performed. Here, we concentrate on the identified candidate gene endothelin 

converting enzyme-2 (ECE2). 

Mouse models carrying mutations in genes identified in patients with cortical malformation only 

partially recapitulate expected cortical phenotypes. Thus, in addition to manipulating the 

expression of the candidate gene in the developing mouse brain, alternative model systems are 

needed that are more similar to the developing human brain. Induced pluripotent stem cells 

derived from human somatic cells (hiPSCs) were used to generate neural precursor cells and 

neurons (2D, [Boyer et al., 2012]), as well as cerebral organoids (COs, 3D, [Lancaster et al., 

2013]) as model systems for the developing human brain. 

In our in vitro human model systems, we identified ECE2 to be expressed in vesicles of both 

neural progenitor cells and, at a higher level, in neurons. Global pharmacological inhibition of 

ECE2 activity in 2D caused a change in the dynamics of young migrating neurons, whereas its 

acute knockdown (KD) or overexpression had only mild effects. This hints at the involvement of 

mostly non-cell-autonomous mechanisms. Upon inhibition of ECE2 in COs, the production of 

neurons was reduced and radial glia (RG) polarity was disturbed. Acute KD of ECE2 by 

electroporation into ventricles of COs led to an increased amount of heterotopic neurons in the 

vicinity of electroporated radial glia cells, partially recapitulating the patient morphological 

phenotype. Thus, ECE2 expression may be necessary for correct morphology of radial glia, 

which are used as scaffold for neuronal migration to the cortical plate. 



Accordingly, acute KD of Ece2 in the developing mouse brain, lead to partial delamination of 

progenitor cells, giving rise to ectopic neuronal cluster formation. 

Altogether, new candidate genes for neurodevelopmental disorders can be identified by whole 

exome sequencing and studied by combining in vitro human models and in vivo animal models. 

COs can be used to recapitulate patient phenotypes and to decipher pathogenic mechanisms 

based on both disturbed RG scaffold and malfunctional neuronal migration. 

Disclosures: I.Y. Buchsbaum: None. G. Giorgio: None. C. Kyrousi:  None. A. O'Neill:  
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Abstract: In previous studies we reported that HSV-1 infection of cultured neurons induced the 

proteolytic processing of Amyloid Precursor Protein (APP) and intracellular accumulation of 

amyloid-ɓ protein (Aɓ) thus impairing synaptic transmission (Piacentini&Li Puma et al., 2015). 

Here we investigated the effects of HSV-1 on proliferation and differentiation of hippocampal 

neural stem cells (NSCs) isolated from newborn mice and the role played by Aɓ in these effects. 

We found that HSV-1 infection (0.5 MOI) induced Aɓ accumulation in cultured NSCs and 

reduced their proliferation (-30% vs. mock-infected NSCs, 24 h post-infection, assessed by Ki67 

expression and BrdU incorporation; P<0.05). Infected NSCs also exhibited decreased neuronal 

differentiation, evaluated by MAP2 immunoreactivity. Indeed, HSV-1 infection reduced the 

percentage of MAP2+ NSCs by 35%, 42% and 38% (P<0.05 vs. mock-infected cultures) after 3, 

6 and 9 days of differentiation, respectively. Accordingly, the percentage of NSCs expressing the 

glial marker GFAP increased (P<0.05 vs. mock-infected cultures). The HSV-1-induced 

inhibition of NSC proliferation and differentiation depended on Aɓ accumulation as 



demonstrated by the reversion of these effects after treatment of infected NSCs with 4G8 

antibody or ɓ- and ɔ- secretase inhibitors. We then extended our studies to an in vivo model of 

recurrent virus infections. HSV-1 was inoculated in 1-month old C57/bl6 mice by snout abrasion 

in order to induce latency and virus was subsequently reactivated twice by thermal stress at 1-

month intervals. One week before sacrifice mice were injected with BrdU and hippocampal 

neurogenesis was studied by immunohistochemistry. The number of BrdU+ cells and newly 

generated neurons (i.e., cells positive for both BrdU and the neuronal marker doublecortin, 

DCX) was significantly reduced in the dentate gyrus (DG) of HSV-1-infected mice (-28% and -

48%, respectively vs. mock; P<0.05). Instead, hippocampal neurogenesis was not altered in the 

DG of HSV-1-infected APP KO mice thus confirming the involvement of Aɓ in HSV-1-driven 

effects on NSCs. Western blot (WB) experiments investigating DCX and NeuroD1 protein 

expression confirmed immunohistochemical data. The reduction of proliferation and 

differentiation of virus-infected NSCs observed both in vitro and in vivo did not depend on cell 

death, as assessed by Vybrant apoptosis assay and WB analysis of BAX/Bcl2 expression. 

Collectively, our results demonstrate that HSV-1 infection reduces hippocampal NSC 

proliferation and their neuronal differentiation via intracellular accumulation of Aɓ. 
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Abstract: In the adult murine piriform cortex, non-proliferative neuronal precursors express the 

protein doublecortin (DCX) and eventually become mature neurons. The physiology of these 

cells and their relevance for brain functions are unknown. Here we investigated the neuronal 

precursorsô structural and functional maturation questioning whether they eventually become 

equivalent to other principal neurons of this brain region. Patch clamp experiments and 

morphometric analysis of axon initial segment were carried out in acute brain slices and 

histological sections respectively. Accordingly, the fate of precursors was traced in transgenic 

mice (DCX/dsRED and DCX-CreRT::CAG-fl/eGFP) where these cells can be fluorescently 

labeled, studied throughout maturation and compared to other age-matched principal neurons. 

Young precursors (tangled cells) and immature neurons (young complex cells) were analyzed in 

2 - 4 months old mice, and more mature (old) complex cells were analyzed in 4 - 8 months old 

mice. Tangled cells were small, virtually received no synaptic input and produced scarce action 

potential. Young complex cells received sparse synaptic input, produced low action potential 

frequencies, had small capacitance, small inward and outward currents and slow action potential 

kinetics. Young complex cells were in this respect similar to early postnatal (P03 - 04) immature 

principal neurons. Old complex cells displayed increased amount of synaptic input, larger 

capacitance, larger inward and outward current, and sharper action potential kinetics, but 

retained low action potential firing frequencies and developed a remarkably high rheobase, 

implying limited excitability. Furthermore, the axon initial segment of old complex cells was 

shorter than that of other aged-matched principal neurons. Strikingly, while principal neurons 

typically received a mixed glutamatergic and GABAergic synaptic input, gabazine completely 

blocked postsynaptic currents in complex cells of any age spontaneous suggesting exclusive 

GABAergic input. On one hand, the odd functional features of complex cells challenge their 

relevance for the adult brain; on the other, their unique features suggest that these cells are new 

coding elements in the piriform cortex rather than the simple replacement or addition of 

homologous coding units to the preexisting network components. 
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Abstract: The entorhinal cortex (EC) acts as a gateway for information traveling in and out of 

the hippocampal formation and is important for spatial memory. The stellate cell (SC) resides in 

the medial EC, projects to the dentate gyrus and contributes to both the grid and border cell 

phenotypes. However, very little is known about the molecular identity of SCs. SCs express 

reelin (RELN+) and calbindin negative (CALB1-) and this differentiates them from the other 

main principle neurons. The aim of our project is to develop novel differentiation protocols to 

produce SCs from induced pluripotent stem cells (iPSCs). We therefore decided to probe the 

developing EC to identify key growth factors and cytokines that are critical for the formation of 

SCs. We selected the pig as a model, since it may better reflect human EC development 

compared to the rodent, due to its gyrencephalic anatomy. Embryonic brain tissue was obtained 

from a local slaughterhouse. To identify the period of neurogenesis and EC development, we 

performed Nissl staining and postmortem structural MRI on brains collected at embryonic day 

(E) 40, 48, 60, 70, 80, 100 and postnatal day (P) 75 (gestation length 114 days, n=3). We 

identified cells which have entorhinal cortex cytoarchitecture properties at the Layer II border as 

early as E49 and a more mature EC cytoarchitecture was observed at E60 in the ventral 

telencephalon, within the piriform lobe. Furthermore, using histological parameters, we could 

delineate the lateral (LEC) from the medial EC (MEC). Furthermore, immunolabelling revealed 

that the posterior EC, containing the MEC, presented neurogenesis already by E40. Radial glia 

cells were found in the ventricular zone (VZ) and expressed GFAP/BLBP, SOX2 and PAX6. 

Further, a marker of intermediate progenitors, TBR2, was detected in the sub-VZ. Interestingly, 

we found GFAP+/BLBP+ cells, even in the ependymal layer at P75 (23.31%). We identified a 

population of RELN+/CALB1-/MAP2+ neurons at the superficial border of Layer II appearing 

at E60, which we presume to be the SCs. The percentage of these cells in Layer II increased from 

1.87% of the population in the cortical plate at E60 to 51.77% within Layer II by E100. We 

compared RELN expression in the pig to that in 21 week old human fetal EC, and found no 

RELN+ neurons in the Layer II in the human. This study has led to the characterization of the 

developing EC in a new species and documented when SCs arise in a large mammal. We are 

currently analysing single-cell sequencing data from the embryonic brains, allowing us to 

identify growth factors and cytokines important for SC development. This may eventually lead to 

the creation of novel SC differentiation protocols from human iPSCs. 
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Abstract: The nervous system comprises diverse and highly specialized neuron-types, each 

expressing a unique set of genes that defines its functional properties. What molecular 

mechanisms generate diverse neuron types remains unknown. Study of the C. elegans 

chemosensory BAG neurons showed that a p38 Mitogen Activated Protein kinase (MAPK), 

PMK-3, is required for their proper differentiation. How p38 MAPKs function in 

neurodifferentiation is poorly understood. Through analysis of mutations that restore gene 

expression to pmk-3 mutant BAG cells, we found that genes that promote neural activity and 

secretion antagonize pmk-3 dependent gene expression in developing BAG neurons. Silencing 

BAG neural activity also sufficed to restore gene expression to pmk-3 mutant BAG cells, 

suggesting that an autocrine activity-dependent signal antagonizes PMK-3-dependent 

neurodifferentiation. To determine the identity of the secreted signal, we used RNA-Seq to 

transcriptionally profile wild-type and pmk-3 mutant BAG neurons. We found that pmk-3 mutant 

BAG neurons overexpressed multiple insulin like peptides (ILPs) as compared to wild-type 

neurons, indicating that pmk-3 inhibits expression of ILPs. To test whether ILPs are the signal 

that antagonizes PMK-3 dependent neurodifferentiation, we overexpressed the dominant 

negative ILP daf-28(sa191) in pmk-3 mutant BAG cells to disrupt insulin production and release 

from BAG. This manipulation was sufficient to restore gene expression and function to pmk-3 

mutant BAG neurons. Furthermore, BAG cell-specific knock-down of the insulin receptor 

homolog, DAF-2, also restored gene expression and function to pmk-3 mutant BAG cells. 

Together our data delineate a mechanism through which p38 MAPKs promote proper sensory 

neuron differentiation by inhibiting an autocrine and activity-dependent insulin signal that 

represses expression of a BAG neuron fate. These findings reveal an unexpected role for insulin 

signaling in nervous system development and suggest that insulin-like factors are at the nexus of 



intrinsic genetic programs and extrinsic signaling mechanisms that regulate neuronal 

differentiation. 
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Abstract: Human fetal-derived neural stem/progenitor cells (hfNSCs) are under clinical 

evaluation for several neurodegenerative diseases. These cells display a favorable safety profile 

but require immunosuppression upon allogeneic transplantation in patients. In this scenario, 

obtaining bona-fide neural stem/progenitor cell (NSC) populations from human induced 

pluripotent stem cells (hiPSCs) is relevant for the development of autologous approaches to treat 

neurological disorders. We have recently generated hiPSC-derived NSCs (hiPS-NSCs) sharing 

phenotypic and functional identity with hfNSCs, providing proof-of-principle of their potential 

application in ex vivo gene therapy protocols for metachromatic leukodystrophy, a demyelinating 

genetic disease. The transcriptional and epigenetic mechanisms underlying hiPSC commitment 

towards the neural lineage need to be investigated to optimize the production and to define the 

safety profile of hiPS-NSCs in the perspective of their potential clinical application. In this study, 

genome-wide transcriptomic analysis revealed a strong downregulation of transcription factors 

regulating pluripotency, cell cycle and cancer-related pathways and the concomitant appearance 

of a distinct ñneural signatureò in hiPS-NSCs (without donor- or clone-related bias) highlighting 

the role of known and unknown master regulators of the transition from pluripotent to neural-

restricted stem cells. Computational integration of RNA-seq and ChIP-seq data showed a 

dramatic change in the usage of cell-specific enhancers and super-enhancers during hiPSC neural 

differentiation suggesting their major role in the generation and maintenance of hiPS-NSC 

population. Differences in the transcriptomic and epigenetic profiles of hiPS-NSCs and hfNSCs 



can be ascribed to culture conditions, regionalization and differentiation potential, with no major 

signs of activation/misregulation of potential cancer-related pathways directly attributable to a 

pluripotent ñmemoryò or abnormal differentiation. We envisage that combining genetic and 

epigenetic analyses will clarify the dynamic changes occurring during hiPSC neural fate, helping 

to define a consistent ñNSC signatureò that might aid strategies for increasing safety and 

efficiency of hiPS-NSC populations to be used for cell therapy approaches. 
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Abstract: Despite widespread interest in using human induced pluripotent stem cells (hiPSCs) in 

neurological disease modeling, a suitable model system to study human neuronal connectivity is 

lacking. Here, we report a comprehensive and efficient differentiation paradigm for hiPSCs that 

generate multiple CA3 pyramidal neuron subtypes as detected by single-cell RNA sequencing 

(RNA-seq). This differentiation paradigm exhibits characteristics of neuronal network 

maturation, and rabies virus tracing revealed synaptic connections between stem cell-derived 

dentate gyrus (DG) and CA3 neurons in vitro recapitulating the neuronal connectivity within the 

hippocampus. Because hippocampal dysfunction has been implicated in schizophrenia, we 

applied DG and CA3 differentiation paradigms to schizophrenia-patient-derived hiPSCs. We 

detected reduced activity in DG-CA3 co-culture and deficits in spontaneous and evoked activity 

in CA3 neurons from schizophrenia-patient-derived hiPSCs. Our approach offers critical insights 

into the network activity aspects of schizophrenia and may serve as a promising tool for 

modeling diseases with hippocampal vulnerability. 
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Abstract: Prevalence of neuro-developmental disorders in perinatally HIV-infected children or 

in infants born to opioid abusing mothers suggest perturbations in neural stem/progenitor cell 

(NPC) functions further leading to neurobehavioral abnormalities. Since co-morbid HIV and 

opioids have been shown to affect the proliferative potential of NPCs, we investigated if 

multipotency of these cells is compromised. Human fetal NPCs were exposed to co-morbid HIV-

protein, Tat and morphine and differentiation into neuronal lineage was assessed. 

Comprehensive gene analysis revealed reduced expression of genes involved in maintenance of 

NPC pool and initiation of differentiation, and simultaneous increase in certain basic helix-loop-

helix (bHLH) transcriptional repressors such as Hey and Hes. Further programming of NPCs into 

neuronal lineage in presence of co-morbid HIV-Tat and morphine exposure revealed 

compromised neurogenesis which may serve as a confounding factor for HIV Associated 

Neurocognitive Disorders (HANDs). Following neurogenesis for up to two weeks in culture with 

simultaneous HIV-1 Tat and morphine exposure revealed down-regulation of several genes 

involved in cell adhesion, establishment and maintenance of neuronal connections and synapse 

assembly. Ours is the first study which has looked into neuronal differentiation of human NPCs 

with co-morbid HIV-1 Tat and morphine exposure and provides a new facet to HIV-drug abuse 

co-morbidity that may have far reaching clinical consequences both in paediatric as well as adult 

neuroAIDS. 
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Abstract: Gene regulatory regions of the human genome active in the prenatal human cerebral 

cortex are thought to drive human brain evolution, and contain loci that confer risk for 

neuropsychiatric disorders. These stages are impossible to model in a longitudinal, dynamic 

fashion using postmortem brain tissue. Here, by comparing human forebrain organoids derived 

from induced pluripotent stem cells (iPSCs) and isogenic fetal cerebral cortex, we demonstrate 

that, on the transcriptome and epigenome level, organoids model embryonic and early fetal 

cerebral cortical development before 16 week post conception. By combined analyses of histone 

marks, transcriptome and chromatin conformation in organoids and fetal cortex, we reveal the 

longitudinal dynamics of transcripts and enhancer elements at stages that bridge neural stem cell 

proliferation with neurogenesis. We found that the transition from neural stem cells to cortical 

progenitors is characterized by the largest number of differentially expressed genes (71%; 3,436 

out of 4,835) and differentially active enhancers (76%; 15,485 out of 20,356), the majority of 

which were unique to this transition. A large fraction (34%) of the enhancer acted as gene 

repressors. Based on expression/activity profile across differentiation days of organoids we 

constructed networks of transcript/enhancer modules. These modules revealed only six and four 

global patterns of expression and activity changes, respectively (i.e., supermodules). 

Furthermore, we observed convergence of expression and enhancer modules, suggesting co-

regulation by common upstream mechanisms. Specific transcriptome and enhancer modules 

were enriched with autism/developmental disorders associated genes or enhancers that gained 

activity during human brain evolution, while enhancers active at different stages of 

neurodevelopment were differentially enriched for personal variants in subjects with autism and 

developmental disorders. Lastly the identified enhancers were enriched around GWAS loci of 



psychiatric disorders. Combined, the evidencesuggests the likely very early onset of these 

diseases and point to genes and regulatory elements related to the disease onset. 
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Abstract: Neural differentiation requires finely-tuned temporal and spatial alterations in gene 

expression, protein modification, and signalling. To study the molecular and phenotypic changes 

during differentiation of neural progenitors, we used a highly reproducible and robust human 

neuroprogenitor model: the immortalized ReNcell VM cell. To advance our understanding of the 

complex regulation critical for brain development, we applied state-of-the-art multiplexed mass 

spectrometry and high-content-live-imaging, correlating quantitative changes in ~8,900 proteins 

and ~3,500 phosphoproteins (comprising ~11,000 phosphorylation sites) with phenotypical 

changes at 10 stages of neural differentiation in ReNcell VM system over 15 days. Total 

proteomes and immunofluorescence confirmed that ReNcell VM gave rise to neurons, 

astrocytes, and oligodendrocytes. Proteomics and phosphoproteomics results suggested 

consistent changes in pathways underlying cytoskeletal rearrangement, cell phase transition, 

neuronal migration, axon guidance, glial differentiation, neurotrophic signalling, extracellular 

matrix regulation, etc. Furthermore, the poly-selective CDK and GSK3 inhibitor kenpaullone and 

the HMG-CoA reductase inhibitor mevastatin have previously been reported to promote neural 

differentiation; proteomic and imaging data were therefore also collected from cells treated with 

these drugs. These studies provide a systematic set of data on progenitor cell differentiation and 



drug perturbation to better understand the underlying regulatory networks and future applications 

of neural stem cells in health and disease. 
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Abstract: piRNAs have been reported to exist in neurons and to play some interesting somatic 

functions, including neurite outgrowth and maintenance of memory. However, whether piRNAs 

are induced to express and play any prominent role during neuronal differentiation remain 

unknown. Hence, we first profiled the piRNA expression in NT2 cells, a human embryonal 

carcinoma line, treated with all-trans retinoic acid (ATRA) for six days and fifteen days. It was 

noted that ATRA induced a dramatic change in the expression profile of piRNAs as compared to 

control treatment. Among the piRNAs that show a consistently increasing expression (Fold 

change > 2.0) over the course of ATRA treatment, we manually validated one sequence, piR-6, 

by Northern blot. To answer the question whether this piRNA is proactively involved in 

regulating neuronal differentiation, we overexpressed piR-6 in ATRA-treated NT2 cells and 

observed that some neuronal markers such as MAP2 and TUBB3 were further elevated as 

compared to regular ATRA-treated cells. Reciprocally, when this piRNA sequence was 

quenched by inhibitory oligonucleotides, the ATRA-induced expression of neuronal markers was 

significantly suppressed. To elucidate how the piRNA could modulate neuronal differentiation, 

we performed RNA pulldown in NT2 cells using the piR-6 mimics and analyzed the precipitates 

by mass spectrometry. Remarkably, piR-6 was found to precipitate exoribonucleases DIS3 and 

DIS3L2, both containing a single-stranded oligonucleotide binding domain, the cold shock 

domain (CSD). RNA immunoprecipitation confirmed that the two enzymes associate with this 

piRNA sequence. While DIS3 is mainly localized in the nucleus and DIS3L2 mostly 



cytoplasmic, RNA FISH revealed the presence of piR-6 in both the cytoplasm and nucleus of 

ATRA-treated NT2 cells. Interestingly, when DIS3 or DIS3L2 was knocked down, the 

expression of neuronal markers was significantly reduced in ATRA-treated NT2 cells, which 

could not be restored even with piR-6 overexpression, suggesting that the piR-6/DIS3/DIS3L2 

interaction could be essential for the normal neuronal differentiation. Given that DIS3 and 

DIS3L2 are directly involved in exosome-related degradation of RNAs, it is conceivable that 

some piRNA sequence could guide these exoribonucleases to degrade stemness transcripts and 

early neurogenic transcripts, hence facilitating the neuronal differentiation process. This study 

has suggested a novel somatic function of piRNAs, potentially related to the exosome-mediated 

RNA degradation, in the context of neurogenesis. 
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Abstract: Radial Glial cells (RGC) have preserved characteristics in the Deuterostomy and 

Protostomy taxa, and their presence has been confirmed in adults of both monophyletic groups. 

Within the Deuterostomy taxon is the phylum Echinodermata, molecularly related to the 

chordates. Echinoderms are invertebrate organisms with a relatively simple Central Nervous 

System (CNS) in which RGC are the only and largest type of glial cells. Adult echinoderms are 

able to regenerate their CNS, which makes them suitable models in biomedical research for the 

neurodegeneration of fully developed mammals, including humans. Nevertheless, in 

echinoderms, the existence of RGC in their early development stages (represented by 4-, 6- and 

8-arms echinopluteus larvae, competent larvae, and postlarvae), has not been explored. In the 

adult sea cucumber Holothuria glaberrima, a model echinoderm, it has been established that 

RGC generate new and functional neuron cells, and constitute the leader cells in CNS post-injury 



regeneration. Research in this field will lead to important biomedical advances that improve the 

processes of neuronal repair in patients with neurodegenerative diseases such as Parkinson, 

Alzheimer or Huntington. In this context, the present research project aims to identify and 

characterize glial cells in the early development stages of echinoderms, to establish the time-

frame it which these cells become functional, as assayed by the expression of the glial 

glutamate/aspartate transporter GLAST. Samples of either echinopluteus larvae or postlarvae of 

the echinoderm Dendraster excentricus, a sand dollar, were collected and GLAST was detected 

via Western blot. We were able to detect an increase in GLAST immunoreactivity at the 

beginning and at the end of echinopluteus development. Functional [3H]D-aspartate uptake 

assays will be used to fully demonstrate the presence of glial glutamate transporters in larvae. 

Our results strengthen the notion of the involvement of radial glial cells in echinoderms 

neurogenesis. 
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Abstract: Cholinergic signaling has been recently implicated in myelination and as a promising 

target for demyelinating disorders. Despite established roles as a major neurotransmitter and 

source of choline metabolite, the contribution of acetylcholine (ACh) to oligodendrocyte 

development and myelin plasticity remains to be elucidated. Here, we show that 

oligodendrocytes express the receptors and enzymes necessary to engage in cholinergic signaling 

and respond to ACh with robust and heterogenous intracellular calcium kinetics. To investigate 



the purpose of cholinergic signaling in oligodendrocytes, we studied the anticholinergic 

pathology associated with Gulf War Illness (GWI), the heterogeneous condition that afflicts 25% 

of US Veterans deployed in 1990-1991 Gulf War. Based on our previous studies, we 

hypothesized that the myelin abnormalities reported in GWI veterans, were due to atypical 

cholinergic signaling in oligodendrocytes. This hypothesis was tested using an animal model of 

GWI, mimicking the exposure to anticholinesterase agents (modeled by Sarin gas analog 

Diisopropyl fluorophosphate, DFP) and extreme stress (exogenous corticosterone, Cort). 

Western blot data reveals increased in myelin basic protein levels, a key protein in myelin 

production, in the combined Cort+DFP condition in whole brain homogenate at 24 hours and 

persisting through 21 days post exposure (One-way ANOVA, N=3, p=0.0141). At the molecular 

level, live cell calcium imaging data shows that pretreatment with DFP significantly increases 

the number of wild type oligodendrocytes that respond to ACh in vitro (two-tailed two-sample t-

test, N= 5, p=0.005). The DFP-mediated increase in oligodendrocyte responsiveness is not due to 

acetylcholine produced by oligodendrocytes or astrocytes (N=3, T-test, p=0.55) suggesting GWI 

is a pathology of neuron-glia rather than a glia-glia cholinergic signaling. Taken together, this 

work demonstrates GW agents disrupt oligodendrocyte development in vivo and at the molecular 

level. These findings both reveal the importance of cholinergic signaling for proper myelin 

development and indicate that the anticholinergic and corticosterone mediated signaling by GW 

agents, and more generally by commercial-use pesticides, may be largely responsible for myelin 

changes in veterans with GWI and broader myelin-related pathologies. 
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Abstract: Sox17 is a Sox F transcription factor whose overexpression in CNPSox17 transgenic 

mice promotes postnatal oligodendrocyte development and prevents oligodendrocyte loss after 



focal lysolecithin demyelination. Sox17 is expressed in remyelinating adult white matter lesions, 

but its function in oligodendrocyte generation is not understood. To investigate Sox17 function, 

we analyzed signaling mechanisms in intact and demyelinating white matter in CNPSox17 mice. 

Electron microscopy analysis confirms that Sox17 attenuates lysolecithin-induced 

demyelination, and increased BrdU+Olig2+ cells indicates de novo oligodendroglial production. 

Unlike in wild-type(WT) mice, activated beta-catenin (ABC) was not induced in CNPSox17 

lesions, and fewer Iba1+ microglia indicates attenuated reactivity to tissue damage. Since 

elevated GLI2 and Sonic Hedgehog (SHH)-expressing cells were observed in CNPSox17 white 

matter, we determined their roles in oligodendrocyte regeneration. Targeted ablation of Gli2 

using PDGFRCreERT2 abolished Sox17-enhanced white matter thickness, suggesting Gli2 

involvement in cellular homeostasis. Gli2 ablation showed that Gli2 represses CC1 cell 

formation in WT lesions but promotes CC1 accumulation in CNPSox17. This was accompanied 

by increased cells expressing beta-catenin in CNPSox17. Gli2 ablation in WT lesions instead 

decreased beta-catenin, indicating that Sox17 alters Gli2 function from a positive to negative 

regulator of beta-catenin, which in turn promotes lineage progression. Similar changes in CC1 

were found following PDGFRCre-targeted Smo ablation, suggesting SHH-activated 

differentiation. Indeed, CNPSox17 lesions showed an increased percentage of Olig2 cells that 

colocalized with SHH, either from its expression or sequestration. Smo ablation also increased 

the number of proliferative GFAP+ cells in intact white matter, which may indicate a gliotic 

response. Finally, the stereotaxic application of the SMO agonist SAG in WT lesions prevents 

ABC increase and promotes OPC differentiation. Through increasing cell production and 

limiting glial reactivity, the application of Sox17 signaling targets, such as Smoothened 

activation with SAG, may be a viable therapeutic option for adult demyelinating disease. 
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Abstract: Background: Interactions between the vertebrate proteins ADAM22, ADAM23, 

ADAM 11 and LGI are required in the developing peripheral nervous system for axonal sorting 

and myelination as well as in hippocampal neurons for trans-synaptic interactions and 

establishing synaptic strength. In Drosophila, mmd (mind-meld) encodes one secreted and 

multiple membrane-bound ADAM protein isoforms that are structurally similar to these ADAM 

proteins. Its transcripts are deposited maternally and become localized in the early embryo just 

beneath the plasma membrane. Later they become abundant in the developing CNS, indicating 

that mmd has two temporally and spatially distinct roles during development. To better 

understand these roles, we co-localized MMD proteins (1) in early embryos relative to 

cytoskeletal proteins important for the establishment of cell polarity and (2) in late embryos 

relative to extracellular matrix (ECM), neuronal and glial proteins important for nervous system 

development. Results: In the syncytial and cellularizing embryo, MMD is localized just beneath 

the apical surface in patterns indicating that it participates in the establishment of apical-basal 

epithelial cell polarity. During gastrulation, MMD is found along the outer epithelial surface of 

the embryo and remains there even as cells invaginate into the embryo. The intensity of the 

MMD signal in this region increases long before the cuticle is synthesized. Thus, MMD appears 

to be an early component of the ECM at the embryoôs surface. While mmd mRNA expression is 

abundant in the developing CNS, MMD protein is not abundant within the CNS. Rather, MMD 

is found in the developing neural lamella that will envelop the CNS and peripheral nerves. 

Conclusion: These results suggest that MMD functions in the formation of both epithelial and 

glial boundaries. To test this, RNAi and the UAS-GAL4 and MARCM systems are being used to 

evaluate the effect of maternal and zygotic knock-down of mmd expression in specific tissues 

and cell types. Clear morphological phenotypes or effects on viability have not yet been 

identified. Experiments are in progress to test whether MMD interacts with other proteins 

involved in glial development and in establishing epithelial boundaries in the developing 

embryo. 
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Abstract: The loss of myelin is observed in numerous devastating diseases of the CNS ranging 

from the hereditary leukodystrophies in children to multiple sclerosis and vascular white matter 

disease in adults. As such, acquisition of therapeutic targets stimulating myelin generation is of 

profound importance. However, neither rodent models nor in vitro studies of human cells 

accurately reflect the molecular regulation of human glial progenitor cell (hGPC) mobilization 

and myelination in vivo. To this end, in this study we used a humanized glial chimeric mouse 

model, allowed to develop a humanized white matter and then subjected to single cell RNA-Seq 

(scRNA-Seq), to begin to define the changes in oligodendroglial gene expression associated with 

human myelination in vivo. We established chimeric mice by neonatal transplantation of 

PDGFRA+ hGPCs, generated from human embryonic stem cells (WA09) and then purified by 

FACS, into neonatal immunodeficient and myelin-deficient shiverer mice. At 19 weeks of age, 

mice were sacrificed (n=3), their corpus callosa dissociated, and O4+ human and mouse 

oligodendroglial cells were isolated via FACS for scRNA-Seq. Expression profiling revealed the 

large majority of mouse cells to be oligodendrocytes (OLs). In contrast, following dimensionality 

reduction, human cells clustered into subpopulations consisting of PDGFRA+ GPCs, BCAS1+ 

immature OLs, MOBP+ mature OLs, and astrocytic progenitors upregulating GFAP and CD44. 

These GPCs were overall quite similar to FACS isolated human fetal and pre-transplant WA09 

hGPCs with in vivo GPCs exhibiting higher degrees of lineage fidelity than their in vitro 

counterparts. Reconstruction of single-cell trajectories arranged cells logically in pseudotime 

from early GPCs to mature OLs, predicted an early branch point where GPCs opted towards 

astrocytic ends, and allowed for identification of genes changing as a function of time and fate. 

We next sought to identify transcription factors (TFs) active in subpopulations, through a 

combination of gene co-expression, motif enrichment, and extrapolation over cell-trajectories. 

This technique appropriately identified several lineage-specific TFs including SOX10 and 

NKX2-2 in OLs and SOX9 and HES1 in astrocytes. Through integration of these analyses, we 

generated a transcriptional network governing both early and late stages of myelination and 

astrocytic differentiation including novel TFs TFEB and ZIC1 respectively. By analyzing over 

12,000 cells, we have identified pathways whose targeting may permit the therapeutic 

modulation of both the expansion and terminal maturation of human parenchymal glial 

progenitor cells. 
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Abstract: Introduction: Cochlear nucleus is the first central relay station in the auditory 

pathway that is responsible for transmitting and processing auditory information. Studies which 

have reported the morphological development of the cochlear nucleus in human lacks the 

description of glial cells. Glial cells are one of the major cell populations of the central nervous 

system (CNS). Astroglia, in the developing brain, help in guiding the migration of developing 

neurons and their processes. They also help in forming and pruning connections between 

neurons. Hence, these cells and their identification have key significance in any study on 

developing nervous tissue.A protein that is expressed early in these cells is Glial Fibrillary 

Acidic Protein (GFAP). Here, we have quantified astrocytes in the developing human cochlear 

nucleus by using unbiased stereology. Materialsand Methods: Twenty human brains were 

obtained from the departments of Obstetrics and Gynaecology and Forensic Medicine, with prior 

approval of the Institute Ethics Committee and informed consent from legal representatives. 

Sixteen were fetuses of 18-32 weeks of gestation WG; three were from the brainstems of 

neonates(two, three, five postnatal days- PND) and one was obtained from an infant of two-

months of age. The brainstems were dissected, fixed in 4% buffered paraformaldehyde (0.1M 

phosphate buffer, pH 7.4), cryopreserved in 30% sucrose and sectioned on a cryomicrotome to 

obtain 40 µm thick serial sections. Using systemic random sampling, the sections were 

immunostainedfor the expression of GFAP (ab10062, 1:1000) using standard protocol. The total 

number of astrocytes were estimated by using the Optical Fractionator. Comparisons between the 

groups samples- 18-20, 21-25, 26-30 weeks of gestation and one group of postnatal samples 

were made using Kruskall-Wallis test. Results: The astroglial cells identified by GFAP 

contained round or elongated nucleus, outlined by a thin rim of chromatin with long processes 

and fine branching. The median value with interquartile range at 18-20; 21-25; 26-30 weeks of 

gestation and after birth were 32,087(27,399,39,033); 40,437(37,930, 45,348); 78,654(67,114, 

94,614); 165,124(102,409, 182,867),respectively. A significant increase was observed in the 

number of astroglia in the postnatal samples versus the fetuses of weeks 18-20 (p = 0.007) and 

gestational age of 21-25 weeks (p = 0.04). This increase may explain the increasing size and 



functioning of the cochlear nucleus with gestational age and that the gliogenesis continues 

postnatally too. 
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Abstract: Fibroblast growth factor (FGF) 8 signaling deficits delayed the maturation of anterior 

brain midline glial fibrillary acidic protein (GFAP) astrocytes. In contrast to perinatal 

development, the adult anterior brain midline GFAP astrocyte population did not exhibit marked 

deficits. Nonetheless, we cannot rule out the possibility that reduced FGF8 signaling may have 

disrupted adult astrocyte function. Especially in light of in vitro studies reporting that FGF8 

increased cortical astrocyte branching complexity to facilitate wound healing. Here, we asked 

whether deficits in FGF8 signaling impair adult astrocyte activation. For this purpose, adult 

wildtype (WT) and Fgf8 hypomorphic (+/neo) mice were fed with a 0.2% cuprizone (CPZ) diet for 

2, 3, or 6 weeks or control chow. CPZ treatment increased GFAP expression in the medial 

corpus callosum (i.e., genu) in a non-genotype dependent fashion. In contrast, CPZ treatment 

increased GFAP expression in the lateral corpus callosum (i.e., cingulum) of Fgf8+/neo mice less 

compared to WT mice. Furthermore, we showed that after 2 weeks of CPZ treatment secondary 

branching was higher in WT mice than Fgf8+/neo mice, whereas tertiary branching was less in 

WT mice than Fgf8+/neo mice. To better understand this astrocyte activational mechanism, we 

used qPCR to examine CPZ effects on Gfap, Stat3, and Fgf receptor (Fgfr) 1 mRNA expression. 

Prolonged CPZ exposure induced a more robust upregulation in Stat3 and Fgfr1 within Fgf8+/neo 

mice compared to WT mice. We then asked whether FGF8 signaling deficits impaired the CPZ-

induced inflammatory response in the corpus callosum, and showed that callosal TnfŬ mRNA 

production is FGF8-dependent. Together, our results showed that a developmental disruption in 

FGF8 signaling had long-term effects on the responsiveness of anterior brain midline astrocytes 

under demyelinating conditions. 
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Abstract: Oligodendroglial progenitor cells (OPCs) are produced in the ventral neuroepithelium 

at later stages in the ontogenesis of the cortex. They migrate into the brain parenchyma, where 

they will contact axons and differentiate. As they undergo terminal differentiation, OPCs 

undergo prominent morphological changes, turning from a simple bipolar cell to a cell with 

multiple complex processes extending from the cell body. Once in contact with an axon, the 

oligodendrocyte process expands and begins to form the myelin membrane, which will wrap and 

ensheathe the axon. 

Fyn tyrosine kinase is an important signaling pathway that can regulate both the migration and 

differentiation of oligodendroglial progenitor cells. Fyn activation occurs in progenitor cells 

before any changes in cellular morphology are observed. PDGF treatment will stimulate 

migration of OPCs and the activation of Fyn. Once active, Fyn also regulates the morphological 

differentiation of these cells, initiating process outgrowth and myelin sheet formation in vitro. In 

Fyn deficient mice, myelin formation is markedly reduced, demonstrating the importance of this 

kinase in myelination. 

Fyn can interact with many downstream effectors, including molecular signaling pathways that 

interact with the cytoskeleton, regulating cell morphology and movement. One important 

interaction involves the adaptor protein Dab1. We have demonstrated that Fyn-Dab1 interactions 

are important for OPC migration, as animals deficient in either Fyn or Dab1 show reduced OPC 

migration from the subventricular zone in vivo. Further in vitro studies reveal more components 

of this pathway. Inhibition of Fyn-Dab1 interactions will reduce OPC migration and process 

outgrowth. Downstream targets of Fyn and Dab1 include Cdk 5, which may be important for 

migration, but not process outgrowth. Fyn interactions with additional cytoskeletal proteins 

influence the dynamic morphological changes during OPC differentiation. 

Disclosures: D.J. Osterhout: None. B. Badillo: None. H. Bhatti:  None. I. Geneva: None. 



Poster 

551. Neurogenesis and Gliogenesis: Glial Development and Interaction With Neurons 

Location: SDCC Halls B-H 

Time: Tuesday, November 6, 2018, 1:00 PM - 5:00 PM 

Program #/Poster #: 551.09/B3 

Topic: A.01. Neurogenesis and Gliogenesis 

Title: Rapid generation of mature cortical and spinal astrocytes from human iPSCs 

Authors: *B. DUNGAR 1, Z.-W. DU2 
1Brainxell, Madison, WI; 2BrainXell Inc., Madison, WI 

Abstract: Growing evidence implicates glia, particularly astrocytes, in neurological and 

psychiatric diseases. Astrocytes perform a variety of essential functions including glutamate 

regulation, axonal guidance, trophic support, inflammatory response, wound healing, formation 

of the blood-brain barrier, and neuronal synapse formation. Human cortical astrocytes are larger, 

structurally more complex and diverse, and respond differently to extracellular glutamate 

compared to their rodent counterparts. Given the unique biology of human astrocytes, it is 

critical that improved human-specific cell-based systems be established to enable the study of 

human astrocytes in health and disease. Because of the limited availability of primary human 

astrocytes, human iPSCs are currently used as a source of astrocytes. However, existing methods 

for astrocyte generation are slow (up to 6 months) or require additional selection to reduce 

heterogeneity. To rapidly generate mature astrocytes for disease modeling, we have developed a 

novel protocol that uses inducible expression of astrocyte differentiation master transcription 

factors NFIA and SOX9 and an optimized astrocyte differentiation medium. Human cortical or 

spinal astrocytes can be generated from normal or disease iPSCs in only one month. They 

express the key astrocyte markers GFAP and S100ɓ at >90% and exhibit mature process-bearing 

morphologies. These astrocytes can promote neuron synapse formation and functional activity in 

MEA and calcium imaging applications and elicit a strong and rapid pro-inflammatory response. 

This protocol represents an important tool for modeling neurological diseases using a human 

iPSC-based astrocyte-neuron coculture platform, allowing the role of diseased astrocytes in 

neuronal degeneration to be probed. 
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Abstract: Background: ATP, a strong pro-inflammatory signal, is released under normal 

conditions and is converted into adenosine, a potent anti-inflammatory signal, through a series of 

ectoenzymes, which balances the inflammatory effect of ATP. Adenosine is removed through re-

uptake or the enzymatic action of adenosine deaminase (ADA), which reduces the anti-

inflammatory signal. Regulating the level of ADA therefore, modulates the suppressive effects of 

adenosine on inflammation. We treated animals with ADA, through either direct injection into 

the cerebral ventricles of embryonic pups or IP injection into pregnant dams, to determine the 

effect of reducing the level of adenosine on microglial cells in the cerebral cortex. 

Method: ADA or saline was injected into the cerebral ventricles of rat embryos at day E18 for 

the direct inject group, or injected IP into pregnant dams (E18) for the dam-injected group. 

Microglial cell morphology was assessed 24 hours later in the ventricular zone (VZ) and in the 

subventricular zone (SVZ). Microglial cell morphology was quantified across groups using a 

defined objective morphological index value (MI), that took into account cell soma size and 

process length, with a low MI value representing microglial cells with an amoeboid shape, and 

higher MI values representing microglial cells with complex morphology and increased 

ramification. CD68 expression by microglia was also quantified. 

Results: ADA injected into the cerebral ventricle increased the MI value of microglia in both the 

VZ and SVZ, with the greatest increase in MI value occurring within the VZ. We also noted 

increased CD68 expression within the VZ after ADA injection. ADA dam injections increased 

MI values for microglial cells in the SVZ but produced no change in CD68 expression. 

Conclusion: Decreasing the adenosine signal with direct application of ADA into the cerebral 

ventricles of E18 rat embryos increased the morphological complexity of cortical microglial cells 

over controls, and increased CD68 expression within the VZ. These data suggest that decreasing 

adenosineôs suppressive effect does not produce the same effect as ATP. We also found that 



microglia in the VZ and SVZ responded differentially to ADA treatment, indicating a difference 

in the signaling milieu within these proliferative zones and potentially pointing to functional 

differences in VZ versus SVZ microglial cells. Maternal injection of ADA increased the 

morphological complexity of microglial cells within the SVZ over the VZ, demonstrating that 

maternal immune perturbations can influence embryonic microglia in a region specific manner, 

potentially through intermediaries. 
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Abstract: In large-brained primate species, the cellular generation of the neocortex is a complex, 

protracted process that occurs primarily in utero. Microglia, brain immune cells, are increasingly 

recognized as critical participants in this process. We have shown that microglia interact with 

neural stem cells and regulate their numbers, while others suggest they contribute to wiring the 

fetal neocortex. Yet, little is known about microglial distributions across the primate brain during 

the neocortical neurogenic period, especially in the context of neural stem cells. To fill this gap, 

we present a comprehensive analysis of microglia and neural progenitor interactions in the 

developing fetal macaque neocortex at four age points through early and late neocortical 

neurogenesis and a preliminary comparison with human neocortex at multiple points in the 

second trimester. We used multiple immunofluorescence to label 10 or more coronal sections 

through the full rostrocaudal extent of the macaque neocortex with the general nuclear marker 

DAPI and antibodies against iba1, a microglial marker, and EOMES (Tbr2), a marker of cortical 

progenitor cells committed to a neuronal fate. We also incorporate these labels and the stem cell 

marker, Pax6, in a series of macaque and human cases. This design has a twofold advantage. 

First, it enables us to use an explicit molecular label, EOMES, to identify the ventricular, inner 



subventricular, and outer subventricular zones to accurately assess microglial distribution in 

discrete germinal niches. Second, it provides a window into microglial interactions with different 

stem cell types. To assess cellular distributions, scalable images of entire coronal sections were 

constructed from images taken at 20x magnification on a Keyence BZ-X700 microscope. Cell-

cell interactions were visualized with an Olympus FV1000 confocal microscope. We show that 

microglial distribution in the germinal zones changes dramatically over gestation, increasing in 

complexity as the primate cortex begins to differentiate. Additionally, we illustrate that stem 

cell-microglial interactions increase in number and complexity through human and macaque 

neocortical development. Given the reported role for microglia in shaping the developing cortex, 

this data can provide important information about the processes contributing to neocortical 

expansion and elaboration in human and nonhuman primates. Additionally, it may prove critical 

to understanding how immune disruption at specific developmental time-points contributes to 

lifetime susceptibility to neurodevelopmental disorders, as has been reported in the literature on 

maternal immune activation. 
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Abstract: The vitamin A-derived signaling molecule retinoic acid (RA) has been shown to affect 

oligodendrocyte lineage cell (OLC) progression in vitro. It remains unknown, however, if 

endogenously synthesized RA in the central nervous system (CNS) has a role in OLC 

progression, and therefore myelination, in vivo. This study uses a cell-specific knockout of the 

key RA-synthesizing enzyme retinaldehyde dehydrogenase 2 (Raldh2) to test the hypothesis that 

RA is necessary for correct OLC progression and myelination in the early postnatal period. Cell-

specific excision of loxP-flanked Raldh2 was achieved using Cre recombinase under the control 

of the neural/glial antigen 2 (Ng2) promoter, Ng2 being largely co-expressed with Raldh2 in 

CNS cells. Conditional Raldh2 knockout (cKO) mice were compared to control littermates at 

four time points during developmental myelination (postnatal days 2, 7, 14, and 21). Using 

immunofluorescence microscopy, we examined differences in OLC number, maturational state, 

proliferation, and death, as well as the degree of myelination in the corpus callosum. We found 



that cKO mice had a persistent deficit in OLCs compared to controls. Of those OLCs, more of 

them were oligodendrocyte precursors cells (OPCs) in cKO mice when compared to controls, 

while, conversely, the proportion of mature oligodendrocytes (OLs) was decreased in cKO mice. 

Also, in cKO mice, more OPCs were dividing, but also, more cells were undergoing cell death. 

Finally, cKO mice had less myelin in the corpus callosum. Together, these findings support the 

hypothesis that RALDH2 and the RA it creates are necessary for normal OLC progression and 

myelination. These findings shed light on the role of RA in the postnatal brain, and in particular, 

its role in regulating myelination. 
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Abstract: NGFI-A binding protein 2 (Nab2) is a transcriptional coregulator that modulates gene 

expression through protein-protein interactions with early growth response proteins 1-3 (Egr1-3), 

which play roles in a wide variety of cell behaviors. Egr1 and 2 contribute to the transcriptional 

program underlying neuronal differentiation of PC12 cells in response to nerve growth factor, 

while Nab2 plays a role in a negative feedback loop to repress their transactivation. Essential 

roles for Nab2 and Egr2 in development and maintenance of peripheral nerve myelination are 

also well established, whereas roles for Egr1 and 3 are better documented in the central nervous 

system, where they contribute to learning and memory through regulation of genes that mediate 

synaptic plasticity and long-term potentiation. Nab2 acts largely as a transcriptional repressor, at 

least in part by recruiting the nucleosome remodeling and deacetylase (NuRD) complex upon 

binding Egr1-3. However, much remains unknown about the molecular mechanisms that regulate 

Nab2. This study expands our knowledge of Nab2 by identifying its nuclear localization signal 

(NLS). More specifically, we generated an expression construct encoding a Nab2-GFP fusion 

protein, which localized to the nucleus following transfection. Analysis of the Nab2 sequence 

identified two putative NLS sequences, one spanning amino acids 263-277 that match the 

bipartite NLS consensus sequence (RKX10KRR) and a second site spanning 343-346 (KKXK). 



K/R-to A mutation of the site spanning 343-346 resulted in predominantly cytoplasmic 

localization, indicating it represents the functional Nab2 NLS. Evaluation of Nab2-GFP 

truncation mutant providing corroborating data; Nab2-GFP truncations that retained amino acids 

343-346 all retained the nuclear localization pattern, while truncations lacking 343-346 did not. 

Lastly, fusion of Nab2 amino acids 340-350 to the cytoplasmic protein eIF2BŮ resulted in 

nuclear localization. Altogether, this study used multiple approaches to determine that amino 

acids 343-346 (KKLK) of Nab2 function as its NLS.<!--EndFragment--> 
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Abstract: The development of nervous system requires precise control to establish functional 

neuronal connectivity. Although several related processes in central nerve systems (CNS), such 

as synapse formation and subsequent pruning, have been well documented, the underlying 

regulatory mechanism in periphery nerve system (PNS) remains elusive. Here, we report that 

Drosophila macrophages, also called hemocytes, orderly migrate followed the route of ventral 

nerve cord (VNC) development. Localized with the marker of neuromuscular junctions (NMJs), 

HRP, hemocytes were observed engulfing NMJ structures spontaneously. Ablation of hemocyte 

decreases the number of large synaptic boutons, while increases immature ghost boutons and 

active zones in large boutons. Meanwhile, depletion of hemocyte also decreases amplitude of 

excitatory functional potentials (EJPs) while increases the frequency of miniature EJPs (mEJPs) 

without affect its amplitude, accompanied by an ascent in the paired-pulse ratio. Furthermore, 

loss of hemocytes induces locomotion behavior defects in third instar larva. Taken together, our 

results suggest that hemocytes regulate the morphologic and functional development of 



Drosophila NMJs by controlling the ratio of large synaptic boutons and associated 

electrophysiological activities. 
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Abstract: Disruptive mutations in chromatin remodeler CHD8 cause autism spectrum disorders, 

a heterogeneous disease with significant phenotypic complexity, exhibiting widespread white 

matter abnormalities; however, the underlying molecular and cellular mechanisms remain 

elusive. We show that cell-type specific deletion of Chd8 in oligodendrocyte progenitors, but not 

in neurons, results in myelination defects, revealing a cell-intrinsic dependence on CHD8 for 

oligodendrocyte lineage development, myelination and post-injury re-myelination. CHD8 

activates expression of BRG1-associated SWI/SNF complexes that in turn activate CHD7, thus 

initiating a successive chromatin remodeling cascade that orchestrates oligodendrocyte lineage 

progression. Genome-wide occupancy and accessibility analyses reveal that CHD8 establishes an 

accessible chromatin landscape, and recruits KMT2 histone methyltransferase complexes 

distinctively around proximal promoters to promote oligodendrocyte differentiation. Inhibition of 

histone demethylase activity partially rescues myelination defects of CHD8-deficient mutants. 

Our data indicate that CHD8 exhibits a dual function through inducing a cascade of chromatin 

reprogramming and recruiting H3K4 histone methyltransferases to establish oligodendrocyte 

identity, suggesting potential strategies of therapeutic intervention for CHD8-associated white 

matter defects. 
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Abstract: MicroRNAs (miRNAs) are small noncoding RNAs that emerge as regulators of stem 

cell lineage such as proliferation, development, differentiation, and apoptosis. We hypothesized 

that miRNA was involved in the neurogenic differentiation of mesenchymal stem cells. Here, the 

role of miRNAs in the neurogenic differentiation of human mesenchymal stem cells (MSCs) is 

investigated. By performing a miRNA-mRNA paired microarray screening, we identified miR-

4650-5p and miR-3146 among the most upregulated miRNAs during neurogenic differentiation. 

After selection of the miRNAs, we investigated the ability of neurogenic differentiation of 

miRNAs in human adipose tissue-derived MSCs (hADSCs). We found that miR-4650-5p or 

miR-3146 was increased the most of neuronal gene expressions by a quantitative PCR. Using 

bioinformatics and functional assay, we confirmed that miR-4650-5p and miR-3146 potentially 

targeted on JNK and GSK3ɓ to regulate Wnt signaling pathway. Overall comparative analysis 

revealed that Wnt signaling was enhanced more potently and played a more important role in 

neurogenic differentiation of hADSCs. These findings suggest that the miR-4650-5p and miR-

3146 expression contributes the neurogenic differentiation of MSCs by increasing the neuronal 

genes and Wnt signaling pathway. The miRNAs regulation and downstream pathway network 

suggested the important role of miRNAs and Wnt signaling in the neurogenic differentiation of 

MSCs. 
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Abstract: Mesenchymal stem cells (MSCs) have an ability to differentiate into multiple 

lineages, therefore, the possibility of neurogenic differentiation is important as a target for the 

clinical field. Wnt signaling, which is one of the remarkable regulators, plays a role in the 

development of the central nervous system and regulates the controlling neuronal differentiation. 

We hypothesized that regulating of Wnt signaling both activation and inhibition participated in 

the neurogenic differentiation of human adipose tissue-derived MSCs (hADSCs). In the present 

study, we developed the neurogenic differentiation of cells using an Anandamide, a Wnt5a 

activator, and Box5, a Frizzled-5-dependent Wnt5a antagonist, and studied the mechanisms for 

further differentiation in vitro. We treated Anandamide or Box5 and found that the Anandamide-

treated cells have features such as neuron-like cells; exhibited distinct bipolar or multipolar 

morphologies with branched processes. Following PCR and quantitative PCR experiments, 

neuronal gene expressions were increased with Anandamide treatment; it was the same result; 

the protein levels of NFL and Tuj1 were highly expressed by immunofluorescence staining. We 

studied mechanisms of differentiation and found that Wnt signaling and downstream MAP 

kinase, especially GSK-3ɓ pathway, were involved in neurogenic differentiation following 

Wnt5a activator. Especially, Wnt4 and Wnt11, which are a group of non-canonical Wnts, protein 

levels were highly increased after treatment of Anandamide; the Wnt5a activator could regulate 

the non-canonical Wnts signaling broadly. In addition, Anandamide activated through regulating 

Dvl2 and Dvl3 and resulted in expression of Axin level following highly increasing 

phosphorylated-JNK. Taken together, Wnt5a activator regulated the most of non-canonical Wnt 

signaling and the downstream pathway, especially controlling GSK-3ɓ and JNK levels in the 

neurogenic differentiation of MSCs. 
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Abstract: The suprachiasmatic nucleus (SCN) in hypothalamus composed of heterogeneous 

population of 20,000 neurons acts as a master oscillator to orchestrate the approximately 24 hour 

cycle of behavior and physiology, which is essential for an organism to optimally adapt to 

environmental changes accompanying the 24 hours day/night cycle. The SCN is composed of 

neuropeptide expressing cells including VIP and AVP. The neuropeptides released from the SCN 

neurons play important roles in synchronizing circadian oscillations among SCN neurons and for 

communication with extra-SCN neurons. During embryonic hypothalamus ontogenesis, SCN 

differentiates from neuro-epithelium caudal to the optic recess. Distinct spatial and temporal 

patterns of expression of a small set of transcription factors (TFs) are presumed to mediate SCN 

development. In this study, we generated the induced SCN neurons (iSCN) from mouse and 

human fibroblasts by a direct conversion method with a small subset of TFs, which promotes 

neuronal conversion of fibroblasts into neurons with SCN neuronal phenotypes. We have 

identified TFs that are enriched in SCN tissue, many of which have been implicated in the 

differentiation and function of two principal subpopulations of SCN neurons - VIP and AVP 

neuropeptide expressing GABAergic neurons. We used a modified protocol of the induction 

method of neurons (iN) with pro-neuronal TFs of Ascl1 (Mash1) and Ngn2 (AN) with small 

molecule-based inhibition of glycogen synthase kinase 3ɓ and SMAD signaling. The iN protocol 

in combination with a cocktail of SCN enriched TFs successfully differentiated SCN neurons 

(iSCN) from mouse embryonic fibroblasts (MEF). The iSCN showed efficient neuronal 

conversion from MEF in the neuronal conversion and maturation culture environment into 



bipolar / multipolar GABAergic neurons, co-expressing VIP, which is the post-mitotic SCN 

enriched neuropeptides critical for the rhythmic circadian oscillation. The expression of VIP, 

AVP or RorŬ was verified in the iSCN. The calcium transient in the iSCN showed spontaneous 

activities characteristic of mouse SCN neurons. Using the similar protocol we could also 

differentiate human fibroblasts to iSCN neurons containing GABAergic neurons with VIP or 

AVP expression. Our results suggest a possibility to generate principal subpopulations of SCN 

neurons from patients with suspected circadian rhythm disruption. 
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Abstract: In the cerebral cortex, excitatory pyramidal cells (PCs) can be segregated based on the 

target of their long-range axonal projection: intratelencephalic (IT) PCs target cortex/striatum 

while pyramidal tract (PT) PCs target the midbrain, brainstem, and spinal cord. Their output is 

regulated by inhibitory interneurons (INs), which can be segregated into two non-overlapping 

subgroups based on their embryonic lineage from either the caudal or medial ganglionic 

eminences (CGE and MGE). Interestingly, PCs and INs are biased in their laminar distributions: 

superficial layers contain exclusively IT PCs and the majority of CGE INs, while all PT PCs and 

the majority of MGE INs reside in deep layers. Here, we show that IT PCs influence the radial 

migration, molecular expression profile, and circuit integration of CGE INs during postnatal 

development. We used a Cre-Lox strategy in mice to conditionally knockout (KO) the 

transcription factor Satb2 from PCs during embryogenesis to induce them to adopt a PT-type 

identity. These mice were further crossed to the 5HT3A-GFP line to selectively label CGE INs. 

Loss of IT PCs disrupted CGE IN radial migration, such that a higher percentage of these cells 

settled in deep layers relative to controls. In contrast, the laminar positioning of MGE INs (PV 

and SOM+) was not affected. In cortex, CGE INs can be broadly parsed into VIP and Reelin 



expressing subtypes. In KO mice, VIP INs were mislaminated, while the Reelin cohort was not 

and remained confined primarily to layer 1. VIP and Reelin expression remained non-

overlapping. We probed for a third marker, CCK, which labels a small subset of superficial CGE 

INs. Surprisingly, the density of CCK+ CGE INs was dramatically increased in KO mice and 

they were found ectopically in deeper layers. We next performed dual whole-cell patch clamp 

recordings between PCs and CGE INs in superficial layers of KO and control mice to test for 

synaptic connections. We found that the probability of finding a connection from a PC to CGE 

IN (but not IN to PC) was significantly reduced in KO mice, suggesting IT PCs selectively target 

these INs. To confirm this, we injected retrograde tracers into the contralateral visual cortex or 

ipsilateral superior colliculus of control mice to target IT or PT PCs, respectively. In deep layers, 

where these types are intermingled, IT PCs made excitatory connections on to CGE INs whereas 

no connections from PT PCs to CGE INs were found. This connectivity bias was confirmed 

using combinations of transgenic mouse lines and viral vectors to drive channelrhodopsin-

mediated input selectively from populations of PCs of either type. Our data show a selective 

influence of IT PCs on CGE IN circuit development. 
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Abstract: Direct reprogramming of local glial cells into neurons is a promising approach for 

brain repair. A key question is which glial cells to target. Astrocytes are promising candidates as 

they retain expression of patterning transcription factors from their ancestors in development, the 

radial glial cells. Thus, astrocytes may be best specified to generate neuronal subtypes 

appropriate for the respective brain region. However, proliferating astrocytes perform beneficial 

functions after brain injury. We therefore decided to target non-proliferating astrocytes using 

AAVs that have a slow onset of expression peaking when astrocyte proliferation is over. The 

neurogenic factors were cloned in flexed orientation, so they are reverted only in GFAP-Cre 

expressing astrocytes. 

Using this system we compared direct neuronal reprogramming in different positions in the Grey 

Matter (GM) and White Matter (WM) of the cerebral cortex after injury. We discovered a novel 

combination of either proneural factors (Neurog2 or Ascl1) with a transcription factor repressing 

oxidative stress that allows highly efficient neuronal reprogramming in GM astrocytes. 

Surprisingly, this very same combination did not reprogram WM astrocytes. We further show 

that the reprogrammed neurons in the cortex GM acquire different identities at different layer 

positions, demonstrating for the first time the profound influence that the region- and layer-

specific identity of astrocytes has on the neuronal subtype generated in direct reprogramming in 

vivo. 
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Abstract: Forced expression of defined transcription factors leads to the direct conversion of 

various cell types into induced neurons (iNs). Specifically, successful reprogramming of resident 

brain astrocytes in vitro as well as in vivo represents a great advantage for the generation of 

neurons and derived circuits. However, whether astrocytes from distinct brain regions might 

show a reprogramming specificity towards a unique iN type remains largely unknown. Here, we 

use direct reprogramming of thalamic astrocytes by Neurog2 to generate specific excitatory 

sensory-modality thalamocortical neurons. Moreover, we show that the origin, but not the 

environment of the astrocytes determines the fate of the iNs after direct reprogramming. Indeed, 

clonal analysis in the thalamus shows that astrocytes from the distinct thalamic nuclei are 

clonally related determining the specificity of the iNs generated from those astrocytes. We also 

found that the potential of the same transcription factor to reprogram nuclei-specific thalamic 

astrocytes into precise subsets of thalamocortical neurons depends on particular epigenetic 

modifications. In sum, our study provides novel insights into the mechanisms that control the 

specification of thalamic neurons and importantly those that are required for direct programming 

of sensory neurons. Generation of specific sensory brain circuits might be an approach for future 

rehabilitation strategies. 
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Abstract: Our lab has previously demonstrated direct astrocyte-to-neuron conversion through 

either overexpression of a single neural transcription factor NeuroD1 (Guo et al., 2014, Cell 

Stem Cell) or a cocktail of small molecules (Zhang et al., 2015, Cell Stem Cell). Such direct 



reprogramming technology represents a potential remedy for neuronal loss in neurodegenerative 

diseases and brain injuries. Despite the high conversion efficiency and fast procedure, the 

molecular events and downstream effectors during the astrocyte-to-neuron conversion are not 

well understood. To tackle these questions, we used time series analysis of RNA-seq data to 

characterize the transcriptome dynamics before, during, and after conversion, in order to 

understand the critical factors mediating such cell transition process. Administration of small 

molecules (core drugs: CHIR99021, DAPT, SB431542, LDN193189) significantly modified 

signaling pathways such as hedgehog, Wnt / ɓ-catenin, SMAD and JAK / STAT. These signals 

rapidly elicited the neurogenic transcription factor network, including the members of bHLH 

family, and activated both excitatory and inhibitory neuronal genes. Meanwhile, converted cells 

exhibited a metabolic transition from glycolysis to oxidative phosphorylation, and reduced 

proliferation rate. Within two weeks, the gene ontology terms associated with neuronal functions 

became highly expressed. Moreover, we investigated the similarity and difference between 

chemical reprogramming mediated by core drugs and transcription factor NeuroD1 mediated cell 

conversion. Although both schemes turned on neurogenic programs, NeuroD1 overexpression 

showed more specific targeting and expedited conversion process, while core drugs had much 

broader effects. Together, these findings provide insights into the molecular mechanism of 

astrocyte-to-neuron reprogramming and may help develop efficient therapy for clinical 

applications. This work is supported by Charles H. Skip Smith Endowment Fund to Gong Chen. 
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Abstract: Understanding the genetic basis for the unique power of the human brain is a 

fundamental goal of neuroscience and has direct implications for eradicating neural pathologies. 



An approach to understand the function of genes in brain development is to genetically 

manipulate progenitors using single cell manual microinjection of mRNA or dye in brain models 

and observe the effects on neural proliferation, migration, and differentiation. A limitation of 

manual microinjection is that it is time consuming, results in low yield, and requires expertise 

which has limited its adoption as a tool for investigating cell fate. We developed a computer 

vision guided robot, termed the óAutoinjectorô, to overcome limitations of manual microinjection 

(Figure 1A, 1B). We used the Autoinjector to inject neural progenitors with mRNA, and/or dye 

and investigated the efficiency of the process using organotypic slices of the E14.5 mouse 

telencephalon. We demonstrated that the Autoinjector increases yield of injection relative to 

manual use (10-46 fold increase, Figure 1F), allows for targeting of large (800 ɛm) regions of 

tissue (Figure 1C), does not affect viability over 0, 24, and 48 hours in culture (Figure 1D), and 

enables mRNA translation of injected RFP after 24 hours in culture (Figure 1E). The autoinjector 

platform can thus open the door to new types of experiments investigating effects of mRNA 

concentration, composition on cell fate and tracking these effects on cell reprogramming and 

lineage using fluorescent dyes. 

Figure 1: The Autoinjector. A. Hardware schematic of the Autoinjector. B. Algorithm 

procedure of microinjection. C. Cells injected with fluorescent dye and cultured for 24 hr. Scale 

bar is 200 ɛm. D. Images of cells injected with dye and cultured for 0, 24, or 48 hours. Scale bars 

are 50 ɛm. E. Cells injected with dye (green) and mRNA of RFP translate RFP after 24 hours of 

culture. Scale bar 25 ɛm. F. Injection yield for manual microinjection of a new user, experienced 

user, and automated platform. 



 

Disclosures: G. Shull: None. C. Haffner:  None. W. Huttner:  None. E. Taverna: None. S.B. 

Kodandaramaiah: None. 

Poster 

552. Stem Cells and Reprogramming: Neural Lineage Reprogramming 

Location: SDCC Halls B-H 

Time: Tuesday, November 6, 2018, 1:00 PM - 5:00 PM 

Program #/Poster #: 552.09/B18 

Topic: A.03. Stem Cells and Reprogramming 

Support: NJCSCR16ERG019 

Title: A bio-inspired artificial transcription factor for effective cellular reprogramming 

Authors: *K. LEE 1, D. CHUENG2, W. YOUNG1, X. QIU1, D. SUN1 
2Chem. and Chem. Biol., 1Rutgers Univ., Piscataway, NJ 

http://files.abstractsonline.com/CTRL/67/8/5fd/bf1/30e/42f/491/2ea/35e/29f/512/b0/g9818_1.jpg


Abstract: This presentation will focus on the interface between nanoscience and cellular 

reprogramming. Even though it is well-established that stem cell fate and cellular 

reprogramming are regulated by interactions that occur between microenvironmental cues and 

intrinsic cellular programs, our understanding of the function of the microenvironment and gene 

expression during the aforementioned process is hampered by the limitations of conventional 

methods and the lack of extensive knowledge of multiple regulatory signals. For example, the 

devastation associated with spinal cord injury (SCI) causes severe and permanent neurological 

loss. Given the intrinsically limited regenerative potential of the central nervous system (CNS) 

and the complex inhibitory SCI environment, there is an urgent need for effective strategies 

towards robust axon regeneration and neurite outgrowth of neurons to re-establish the damaged 

neural circuitry. In this collaborative project, we have integrated several fields of research, 

Nanotechnology, Biomaterials, Chemical Biology, Neuroscience, and Stem Cell Biology, to 

develop a novel nanomaterial-based platform that induces axon regeneration and neurite 

outgrowth that are safe for in vivo transplantation and potential clinical applications. To address 

the fundamental impediment of regeneration associated with SCI, we propose to develop a non-

viral delivery method of axon regeneration promoting transcription factor to the injured neurons. 

NanoScript, nanoparticle-based artificial transcription factor protein capable of efficiently and 

selectively regulating genes in a non-viral manner, is a novel synthetic transcription factor 

platform suited for regulating transcriptional activity and targeted gene expression (e.g., PTEN, 

which has been identified as a targeted protein that modulates the PTEN/mTOR pathways 

regulating axon growth and regeneration). In this presentation, a summary of the most updated 

results from these efforts and future directions will be discussed. 
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Abstract: The availability of viable in vitro models of the human retina is crucial to investigate 

potential therapeutic approaches and perform toxicological studies. An essential step for 

developing such models is the ability to generate laminated, physiologically functional and light-

responsive retinal organoids from renewable and patient specific sources. We investigated 

different human embryonic stem cell (hESC) and human induced pluripotent stem cell (iPSC) 

lines and found that there is significant variability in their efficiency to generate retinal 

organoids. Despite such variability, by month 5 of differentiation, the organoids were able to 

generate light responses, albeit immature, comparable to the earliest light responses recorded 

from the neonatal mouse retina, around the time of eye opening. By that time, all lines exhibited 

laminated retinal organoids with well-formed outer nuclear like layers containing photoreceptors 

with inner segments, connecting cilium and outer like segments. The differentiation process was 

highly dependent on seeding cell density and nutrient availability. We adopted the differentiation 

protocol to a multiwell plate format which enhances generation of retinal organoids with retinal 

pigmented epithelium and improves ganglion cell development and the response to physiological 

stimuli. We tested the response of iPSC-derived retinal organoids to Moxifloxacin and showed 

that similarly to in vivo adult mouse retina, the primary affected cell types were photoreceptors. 

Together our data indicate that light responsive retinal organoids derived from carefully selected 

and differentiation efficient human stem cell lines can be generated at the scale needed for 

pharmacology and drug screening purposes. 
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Abstract: During a critical period of visual circuit refinement, stage II retinal waves are initiated 

by the release from starburst amacrine cells (SACs), propagating to retinal ganglion cells 

(RGCs). We previously found that overexpressing a calcium sensor triggering exocytosis, 

synaptotagmin I (Syt I), in RGCs enhances wave frequency and this effect can be abolished by 

iGluR antagonists, suggesting that RGCs may release glutamate to modulate stage II retinal 

waves. However, how the glutamate release from RGCs affects stage II retinal waves remains 

unknown. Here, we explore the interaction between stage II retinal waves and the glutamate 

release from RGCs. First, to determine the presence of glutamate in developing retinas, we 

performed immunofluorescence staining and found that glutamate was present in RGCs and 

inner plexiform layer in developing retinas. Second, to detect whether glutamate release is the 

volume release, we applied the cell-based glutamate optical sensor in developing retinas. In 

retinas overexpressing Syt I in RGCs, we found that the glutamate volume release was increased 

in the presence of CGS 21680, a selective agonist of adenosine A2AR shown to increase wave 

frequency via SACs. By contrast, the glutamate volume release cannot be increased by CGS 

21680 in retinas overexpressing the Syt I dominant-negative mutant in RGCs, suggesting that 

increasing wave frequency further enhances the glutamate volume release from RGCs. Third, to 

determine the causal relation between wave frequency and glutamate transmission, we bath-

applied CGS, iGluR antagonists, or both. We found that the CGS-mediated increase in wave 

frequency was abolished by iGluR antagonists, suggesting that glutamate transmission acts at the 

downstream of CGS-regulation of wave frequency. Further, to determine if glutamate acts in an 

autocrine/retrograde manner, we transfected the glutamate optical sensor in RGCs/SACs and 

found that glutamate was detectable by RGCs/SACs, suggesting that glutamate acts in an 

autocrine or retrograde manner. Moreover, intraocular injection of iGluR antagonists diminished 

the eye-specific segregation of dorsal lateral geniculate nucleus. Together, our data suggest that 

the glutamate release from RGCs is important for regulating stage II retinal waves. 
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Title: Effects of the early eye removal on the visual DVR (molecular and neural) organization in 

chicks 
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MPODOZIS 

Univ. of Chile, Santiago, Chile 

Abstract: One of the main components of the avian pallium is a dorsal intraventricular 

protrusion termed dorsal ventricular ridge (DVR), which is constituted by two apposed cellular 

masses: the internal nidopallium (N) and the more external mesopallium (M). The internal most 

aspect of the N contains discrete areas receiving auditory, visual and trigeminal ascending 

projections. Of particular interest to us is the visual DVR, which can be regarded as a complex 

composed of three highly interconnected layers: an internal nidopallial layer, the entopallium 

(E), in receipt of visually driven afferents from the thalamic nucleus rotundus (Rt); an overlaying 

nidopallial layer, the intermediate nidopallium (NI), which serves an associative role connecting 

to other pallial areas; and a more external mesopallial layer, the ventral mesopallium (MV) 

which participate in the local interlaminar circuitry. Interconnections between these layers follow 

a ñcolumnar/recurrentò arrangement that features a striking resemblance with that of the 

interlaminar circuitry of the mammalian sensory cortex. Previously, we have found that the 

establishment of the highly organized Rt- E projection, as well as that of the E-MV reciprocal 

connectivity, occurs very early in chick development and before the retinal fibers had reached 

their central targets. In the present study we investigated the possible influence of the 

establishment of retino-central synapsis in the development and maintenance of this intrapallial 

circuitry. To that end we performed monocular and binocular enucleations in chick embryos 

early in development in order to analyze the neural arrangement as well as the molecular profile 

of the visual DVR at different developmental stages, from E6 to E18. We found, as classic works 

did, that these manipulations altered the cytoarchitecture of retinorecipient structures such as the 

ventral lateral Geniculate Nucleus (GLv) and the Tectum opticum (TeO), which is the source of 

visually driven afferents to the Rt. Even more, these enucleations also altered the structure of 

second order visual centers, such as the isthmic nuclei. However, neither mono nor binocular 

enucleations modified the pattern of connectivity and molecular pattern expression of the visual 

DVR at any stage of the developmental series analyzed. These results indicate that, unlike 

mammals, in birds the establishment and maintenance of a highly organized pallial visual 

circuitry is independent of the retinal afferent influences. 
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Abstract: The thalamus is considered the relay center for sensory information to the cortex and 

has an essential role in the regulation of fundamental brain processes, including sleep, alertness, 

consciousness and cognition, via various distinct nuclei. However, the mechanisms governing 

corticothalamic connectivity and plasticity are still largely unknown. In this study, we examine 

neuronal rewiring of cortical Layer 5 (L5) projections and the plasticity of these axons to 

structurally rearrange following visual deprivation. This compensatory mechanism is observed in 

the absence of visual input as a result of congenital blindness. After visually depriving L5-

labelled (Rbp4-Cre::tdTomato) transgenic mice at birth by performing monocular enucleation 

(MoE), we study the effects on the ingrowth of corticofugal projections into visual thalamic 

nuclei, the first-order dorsal lateral geniculate nucleus (dLGN) and the higher-order lateral 

posterior nucleus (LP). L5 fibres do not normally innervate dLGN, but only higher order 

thalamic nuclei; however, they rewire to innervate dLGN after MoE (Grant et al., 2016 Cereb 

Cortex 26(3):1336-48). In order to investigate the origin of aberrant L5 projections in the sensory 

deprived dLGN (only receiving ipsilateral retinal input after enucleation), we performed 

injections of Cre-dependent, GFP-expressing adeno-associated virus 2 (AAV2) in the primary 

visual (V1) and somatosensory (S1) cortices of adult Rbp4-Cre mice (n=5 for V1, n=2 for S1) 

that had been monocularly enucleated at birth. Our findings indicate innervation of GFP positive 

axons in dLGN and LP only from V1 with formation of aberrant side branches and vesicular 

glutamate transporter 1 (VGluT1) positive boutons in the deprived dLGN. No alterations in the 

S1 projections to thalamus were observed following MoE. Additionally, we examine the 

molecular changes induced by MoE in the thalamus at postnatal days 6 and 8 as previous 

microarray and real-time quantitative PCR data from our lab demonstrated changes in gene 

expression in dLGN upon MoE (Grant E., 2017, unpublished data). We performed in situ 

hybridization for validating gene expression of cell signaling and extracellular matrix molecules, 

and confirmed differential expression in control and deprived dLGN (n=4), suggesting a 

potential functional role of these genes in L5 aberrant ingrowth. These findings provide 

opportunities for further investigation of the cellular and molecular factors implicated in the 



rewiring of L5 projections in dLGN after visual deprivation, which could potentially give 

insights into the mechanism of cross-hierarchical corticothalamic plasticity in the mouse visual 

system. 
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Abstract: Neural assemblies (or ensembles) are groups of coactive neurons whose activity may 

be triggered spontaneously, by sensory stimuli or behaviour. Such assemblies are therefore likely 

to constitute the building blocks of brain function, but little is known about their structure, 

organization and dynamics. Such descriptions will provide insight into circuit connectivity, 

constraints and preferred states and will be crucial for determining how brain function emerges 

from assembly firing sequences. Here we use functional imaging in larval zebrafish to describe 

the structure and dynamics of spontaneous activity in the optic tectum. Using 2-photon 

volumetric imaging we can capture the activity of between 8,000-10,000 neurons throughout 

both tectal hemispheres at 4.8Hz. Using Bayesian inference techniques we are able to make 

probabilistic estimates of assembly number, three-dimensional structure, and within- and 

between-assembly dynamics. We are also using these methods to determine how tectal 

assemblies emerge over the course of development and how their development is shaped by 

activity-dependent plasticity. Specifically, we are testing how developmental shifts in the subunit 

composition of the NMDA receptor contribute to the developmental refinement of tectal 

assemblies. 
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quantitative immunofluorescence 
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Abstract: Classic neuroanatomical studies have shown that the net number of synapses in the 

visual cortex of rats increases dramatically for a period after eye opening and thereafter plateaus 

into adulthood. More recently, live imaging studies have demonstrated that filopodia and spines 

are dynamic over this entire time course, but the relative rates of addition and removal shift in 

ways that appear to reflect developmental status, and are likely to be predictive of synapse 

dynamics. Combined, these studies show an initial developmental phase that involves a higher 

rate of addition than removal (consistent with a net increase in synapse number), and a plateau in 

adulthood that suggests the rates of addition and removal attain equilibrium, and increased 

synapse stability. Live imaging has also revealed an intermediate period in rodent cortex when 

removal outpaces addition. This stage of ñpruningò predicts a net reduction in synapse number. 

In mouse visual cortex, the temporal parameters from peak to adult levels vary by cortical region 

and method of imaging, but in visual cortex, it is around one month. Similar data on dynamics 

are not available for the rat, but determining the time course of synapse density changes could 

help reveal if the patterns observed in mice can be generalized to rats. Here, we used quantitative 

immunofluorescence and stereology to analyze how synapse and neuron density changed across 

development in the primary visual cortex of the Long Evans hooded rat. Littermates were housed 

socially, under controlled, identical conditions. Brain tissue was collected at postnatal days 7, 14, 

21, 24, 30, 45, 60 and 90. Synapses were detected using an automated image analysis algorithm 

for coincident staining of both pre- and post-synaptic markers (antibodies for Synapsin I, or 

VGLUT1/2 for presynaptic sites; PSD95 was used to identify postsynaptic sites). To minimize 

potential variability associated with the stratified organization of cortex, we restricted our 

analyses to layers II/III of the primary visual cortex, and distinguished between monocular and 

binocular regions. The highest density of synapses was between P30 and P45, and was 

significantly greater than at P90. These data fit well with critical periods for visual system 



plasticity in the rat, but also help to identify strategic time points for analysis of mechanisms of 

synapse formation and pruning associated with developmental plasticity in the rat. 
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Title: Mutant mouse models with reduced ionic signaling pathways have cochlear outer hair 

cells with disrupted efferent and afferent innervation patterns 
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Abstract: In the mammalian cochlea, outer hair cells (OHCs) amplify vibrations of the cochlear 

partition that directly enhance sensitivity and frequency selectivity. The onset of OHC function 

depends on a variety of ionic signaling mechanisms and is associated with major changes in both 

afferent and efferent connections to the OHCs. Prior to the onset of hearing, afferent Type II 

spiral ganglion fibers and terminals form extensive arbors with OHCs, and efferent cholinergic 

olivocochlear fibers form terminals below OHCs. 

We investigated whether disruption of either non-sensory GAP junctions or Ca2+ membrane 

channels alter afferent or efferent OHC innervation in pre-hearing mice. We used connexin 30 

(Cx30)-/- mice to investigate disruption of GAP junctions in non-sensory cells, and voltage-gated 

Ca2+ channel 1.3 (Cav1.3)-/- mice to investigate disruption of Ca2+ entry through voltage-gated 

channels. Compared to wild-type controls, Cx30-/- mice had fewer peripherin-labeled outer spiral 

fibers (OSFs), reduced peripherin-labeled OSFs crossing the tunnel of Corti, fewer choline 

acetyltransferase (ChAT)-labeled efferent fibers crossing the tunnel of Corti, and absent or 

irregular efferent terminals. Compared to wild-type controls, Cav1.3-/- mice demonstrated a 

similar reduction in peripherin-labeled OSFs but unlike either Cx30-/- or wild-type controls, 

OSFs in Cav1.3-/- mice spiraled in both apical and basal directions. Also compared to wild-type 

controls, Cav1.3-/- mice had fewer ChAT-labeled tunnel crossing fibers, highly disorganized 

efferent terminal patterns, and very dense ChAT labeling below inner hair cells. For both Cx30-/- 



and Cav1.3-/- mice, these innervation abnormalities were more severe in the apex. Furthermore, 

we found presynaptic ribbons (e.g., CtBP2) and postsynaptic proteins (e.g., SK2) altered in 

Cav1.3-/- mice, but only presynaptic ribbons altered in Cx30-/- mice. We conclude that disruption 

of ionic signaling mechanisms via the absence of connexins in non-sensory cells or the lack of 

Ca2+ voltage-gated membrane channels severely alters afferent and efferent innervation patterns. 

Thus, both of these signaling paths are critical for the maturation of normal cochlear OHC 

innervation. 
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Abstract: The large CNS nerve terminal, the calyx of Held (CH), provides strong and 

temporally precise excitation to targeted principal cells of the medial nucleus of the trapezoid 

body (MNTB). CHs exhibit hallmark developmental features of strengthening and pruning 

necessary to yield monoinnervation of MNTB neurons. Using serial block-face scanning electron 

microscopy (SBEM) collected from neonatal littermate mice (24-48 hr sampling), we previously 

found that between postnatal (P) days 2 and 4, most of 10-20 small pioneering inputs on each 

cell are pruned while 1-3 terminals grow at rates of 200 ɛm2 per day. By P6, 75% of principal 

cells are monoinnervated. During this period, collateral processes of variable length extend from 



the edges of the CH and are known sites of Ca entry. Although we found no evidence of direct 

interaction between CHs along the principal cell soma, collaterals largely occupy shared 

territories. However, little is known about their function in this system. Our lab is interested in 

the competition that mediates this competitive process. Here, we sought to examine the temporal 

dynamics of synaptic organization in the MNTB as it relates to the ultrastructure revealed with 

SBEM. We employed lattice light-sheet (LLS) microscopy which offers rapid and high-

resolution image acquisition with minimal bleaching. Acute coronal brainstem slices (300-600 

ɛm thickness) were collected in neonatal mice ranging from P0-14. Following 4D image 

acquisition, data was imported into syGlass, a custom software package designed in-house, for 

immersive virtual reality (VR) aided-analysis. Processes were manually tracked in syGlass to 

reveal growth dynamics of CHs and their associated processes, both filopodia- and growth cone-

tipped terminal arbors. We found these collaterals form a dynamic field around each CH. Peak 

motility coincided with CH growth and peak dynamics rival or exceeded rates of axonal 

extension described elsewhere in the CNS. Growth cones, perhaps the most dynamic feature of 

this system, extended fastest during the ages of CH expansion, yet slowed as monoinnervation 

was established (P2: 21Ñ18 ɛm/hr; P3: 43Ñ20 ɛm/hr; P4: 58Ñ24 ɛm/hr; P5: 58Ñ21 ɛm/hr). 

Moreover, live imaging and ultrastructural analysis presented here established CH arbors 

repeatedly form transient associations with other CHs, neurons and glia within the neuropil. 

Thus, physical interaction may serve an instructive role in circuit formation within the MNTB. In 

summary, these data are effective in monitoring the navigation patterns of assembling neural 

circuits in an intact system and reveal the dynamic nature of growth and retraction of developing 

neurite reorganization. 

Disclosures: D.R. Jackson: None. J.M. Heddleston: None. M. Moorehead: None. T. Chew: 

None. S. Pidhorskyi: None. P.S. Holcomb: None. S. Sivaramakrishnan: None. S.M. Young: 

None. S. Ray: None. T. Deerinck: None. M.H. Ellisman:  None. G.A. Spirou: None. 

Poster 

553. Sensory Circuit Assembly and Reorganization 

Location: SDCC Halls B-H 

Time: Tuesday, November 6, 2018, 1:00 PM - 5:00 PM 

Program #/Poster #: 553.08/B27 

Topic: A.06. Synaptogenesis and Activity-Dependent Development 

Support: UCR SEED funds 

Title: Contributions of peri-neuronal nets to parvalbumin-positive interneuron excitability in 

developing mouse auditory cortex (A1) 

Authors: S. MAPLES1, J. KOKASH2, K. RAZAK1, T. A. FIACCO3, *P. W. HICKMOTT1 
1Psychology & Interdepartmental Neurosci. Pgm., 2Interdepartmental Neurosci. Pgm., 3Dept. of 



Cellular, Mol. and Systems Biol. & Interdpartmental Neurosci. Pgm., Univ. California, 

Riverside, Riverside, CA 

Abstract: Cellular and circuit properties of primary auditory cortex (A1) change during 

postnatal development. In particular, by approximately P21 in mice and rats, the response 

properties and the balance of excitation and inhibition in A1 are similar to those found in adults. 

This maturation of the A1 circuit also approximately coincides with the closure of the critical 

period for changes in tonotopy in A1. Thus, the period from P14-P21 in mice is a time of 

considerable change in the properties of A1. 

One important population of inhibitory interneurons in neocortex are parvalbumin-positive (PV) 

cells. PV cells are known to participate in the proper development and regulation of the balance 

of excitation and inhibition in a variety of cortical areas. An interesting feature of these PV cells 

is that most of them are surrounded by an extracellular matrix structure referred to as a peri-

neuronal net (PNN). PNNs are known to regulate the excitability of neurons that they surround, 

and the number of PV cells that are surrounded by PNNs increases from P14 to P21 in mouse 

A1. Therefore, we hypothesize that at least some of the changes in A1 circuit properties from 

P14-P21 are regulated by the emergence of PNNs, due to their influence on PV neuron 

excitability. 

We have performed whole-cell recordings in vitro from slices of A1 in mice that express the 

fluorophore tdTomato specifically in PV cells. This preparation allows us to specifically target 

only PV neurons. We have analyzed data from P14-P21 mice because it is during this 

developmental period that the PNNs are developing in A1. In order to assess their intrinsic 

excitability, we have determined their responses to hyperpolarizing and depolarizing steps of 

current (500 msec duration). We have also examined synaptic excitability onto these cells by 

analyzing spontaneous synaptic events. After these recordings the presence or absence of PNNs 

around the PV cells was determined using staining for wisteria floribunda lectin (WFA), which 

labels PNNs, and confocal microscopy. We will present data comparing the excitability of PV 

neurons that are surrounded by PNNs and those that are not. We hypothesize that PV neurons 

without PNNs will exhibit reduced excitability (either intrinsic or synaptic) as compared to those 

that express PNNs. 
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Abstract: The specificity of neural connections in the sensory cortex is fundamental for the 

proper processing of sensory information. We previously have shown that high reciprocal 

connectivity is established between clonal cortical neurons and itôs regulated by clustered 

protocadherins in mouse barrel cortex. In this study, we analyzed the effect of sensory 

experience on the establishment of the cell-lineage-dependent reciprocal connectivity. To 

visualize clonal neurons, we generated chimeric mice by injecting a small number of induced 

pluripotent stem cells (iPS cells) marked with GFP into blastocysts. We conducted dual whole-

cell recordings from GFP-positive neuron pairs (presumed clonal pairs) or GFP-positive and 

negative neuron pairs (non-clonal pairs) within a layer 4 barrel in cortical slices prepared from 

the chimeric mice. Sensory deprivation was produced by whisker trimming from postnatal day 

13 (P13) to a day before recording. 

In normal development, there was no significant difference in the connection probability (the 

number of detected connections/the number of tested connections) between clonal and non-

clonal pairs at P9-11. The probability increased significantly from P9-11 to P15-16 and then 

decreased only in clonal pairs, resulting in the same connection probability in clonal and non-

clonal pairs at P18-20. Sensory deprivation completely prevented the temporal increase in the 

connection probability only in clonal pairs. Therefore, cell-lineage-specific neural connections 

seem selectively modified by sensory experience. 

We next analyzed the reciprocity, the proportion of reciprocally connected pairs among 

connected pairs. The reciprocity was not significantly different between clonal and non-clonal 

neuron pairs at P9-11. Then the reciprocity continued to increase significantly in clonal pairs 

until P18-20, whereas it showed only an insignificant increase in non-clonal pairs during that 

period. Sensory deprivation prevented almost completely the increase in the reciprocity in clonal 

pairs, while it did not affect the reciprocity in non-clonal pairs. These results suggest that the 

sensory inputs are required for the proper function of clustered protocadherins leading to 

establishment of cell-lineage-dependent reciprocal connections. 
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Abstract: Proper neuronal circuit function relies on precise dendritic projection, which is 

established through activity-dependent refinement during early postnatal development. Here we 

revealed the dynamic mechanisms associated with dendritic refinement in the mammalian brain 

by conducting long-term in vivo imaging of the neonatal mouse barrel cortex. In the mature 

mouse barrel cortex, spiny stellate (SS) neurons and thalamocortical (TC) axon termini form 

ñbarrelsò that are morphologically and functionally distinct modules corresponding to individual 

whiskers on the face. In each barrel, SS neurons are located around the barrel edge and extend 

the basal dendrites (BDs) selectively toward the barrel center to make synapses with TC axons. 

We visualized SS neurons in vivo by using in utero electroporation-based Supernova labeling 

(Mizuno et al., 2014; Luo et al., 2016) and TC axons by using the TCA-GFP Tg mouse (Mizuno 

et al., 2014). By ñretrospectiveò analyses, we identified ñprospectiveò barrel-edge SS neurons in 

early neonates, which had an apical dendrite and primitive BDs. These neurons retracted the 

apical dendrite gradually and established strong BD orientation bias through continuous 

ñdendritic treeò turnover. A greater chance of longevity was given to BD trees emerged in the 

barrel-center side, where TC axons cluster. Additionally, we conducted long-term in vivo 

imaging and in vivo calcium imaging of infraorbital nerve cut mice to investigate the impact of 

the neural activity on the dendritic refinement. Our in vivo imaging system contributes to 

understanding of developmental mechanisms of cortical maturation in neonates. 
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Abstract: Recent studies revealed that cannabinoid CB1 receptors (CB1Rs) play important roles 

in the development of neural circuit formation and plasticity. In the rodent barrel cortex, CB1Rs 

at the thalamocortical terminals causes a developmental switch from long-term potentiation 

(LTP) to long-term depression (LTD) both in a spike timing dependent manner (tLTP, tLTD) 

during the second postnatal week. In addition, endogenous cannabinoid ligands help regulate the 

thalamocortical termination within layer 4 (L4) barrel areas since disorganized thalamocortical 

termination was observed in CB1R-KOs (Itami, 2016). Subsequently, CB1Rs appear at L4 

terminals from the beginning of the third postnatal week (P13-15), as we showed previously, 

which again causes a switch from tLTP to standard STDP with LTP and LTD components. We 

also showed that L4 axon morphology is attenuated in mutant mice lacking an endogenous 

ligand, 2-arachidonoylglycerol (2-AG) synthesizing enzyme, diacylglycerol lipase Ŭ (DGLŬ). In 

the present study, we asked whether administration of cannabinoid agonists causes any effects on 

L4 axon morphology. We injected either ȹ9-tetrahydrocannabinol (THC, 2mg/Kg body weight, 

i.p.), or WIN, a CB1R agonist (5mg/Kg, i.p.) from postnatal day 12 (P12) to P22. At P18-22, 

thalamocortical slice were made and whole-cell patch recordings were performed from L4 spiny 

stellate neurons using neurobiotin in the recording pipettes. Slices were fixed with PFA, then 

observed under confocal microscopy, and axon morphology was analyzed with Image-J and 

Neurolucida. There were significant reduction in total axon length of L4 spiny stellate neurons in 

CB1R agonist-treated animals. In control, total axon length was 9037Ñ716 ɛm (n=12), but it was 

8237Ñ444 ɛm in THC (p<0.05, n=13), and 6272Ñ531 ɛm in WIN (p<0.01, n=5). Similarly, axon 

length in L2/3, home column in L2/3 were also significantly reduced in THC and WIN treated 



animals. These results, together with DGLŬ-KO study, indicate that cannabinoid signalling plays 

an important role in regulating L4 axon morphology during development. 
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Abstract: Intracortically projecting neurons are a heterogeneous population, which send their 

axon across cortical areas, both within and across hemispheres. Understanding the precise 

connectivity and diversity of these neurons is important, because intracortical projections allow 

coordination of neuronal activity across cortical areas and behaviourally critical sensorimotor 

transformation. Although population-based intracortical wiring diagrams have been identified, 

the single-cell connectivity of these neurons and their corresponding developmental 

transcriptional programs remain unknown. Here, we address this question by combining a 

barcoding strategy to identify single-cell connectomics (Kebschull et al., Neuron, 2016), with 

single-cell RNA sequencing to identify the developmental gene expression programs of 

hodologically-defined single neurons. By combining these two scalable single-cell resolution 

approaches, we showed developmental dynamics of primary somatosensory intracortical 

projections and found transcriptional programs defining specific connectivity patterns. 
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Abstract: During the early postnatal period, neural activity, both in the form of spontaneous 

electrical activity and sensory stimulation, is critical to the formation of functional neural 

circuits. A large body of work using unimodal sensory deprivation manipulations has shown that 

depriving the appropriate inputs during early development reduced responsiveness in the 

corresponding cortical region. Previous work in our laboratory showed that whisker deprivation 

(WD) during early development not only reduced the excitatory synaptic transmission of the 

correspondent cortical region, but also crossmodally reduced synaptic transmission in other 

sensory cortices (Zheng et al., Nat. Neurosci., 2014, doi:10.1038/nn.3634). Here, we investigate 

the morphological basis of this crossmodal plasticity. We found that WD from P0 to P14 reduced 

presynaptic bouton density, and possibly also spine density, of L2/3 pyramidal neurons in the 

primary somatosensory cortex (S1), as well as crossmodally in the primary auditory cortex 

(Au1). Combining in utero electroporation with an optimized optical clearing agent for high-

resolution fluorescence imaging (SeeDB2), we identified various changes in dendrite and axon 

arborization the S1 and Au1 of WD mice. Increasing sensory experience by rearing mice in an 

enriched environment significantly rescued the effects of sensory deprivation, providing 

evidence for directional regulation of structural plasticity by sensory experience. Together, these 

results demonstrate that multiple morphological factors contribute to experience-dependent 

structural plasticity during early neural circuit development. 
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Abstract: Rett Syndrome is a neurodevelopmental disorder caused by mutations in the Mecp2 

gene encoding for the methyl-CpG-binding protein 2 (MeCP2). While most studies have 

analyzed male Mecp2 mice, analysis of female mice is clinically relevant to the female 

population of Rett syndrome patients. A combination of behavioral, molecular, and 

electrophysiological techniques has been employed here in the female Mecp2tm1.1Bird model 

(CreLox-deletion of exon3-4 deletion). Behavioral studies in female Mecp2tm1.1Bird mice show 

that the heterozygous mice have motor imbalance, gait deficits, breathing abnormalities, and 

impaired cognitive function. Extracellular field recordings in hippocampal slices from 6-month 

old female Mecp2tm1.1Bird mice displayed a reduction in long-term potentiation (LTP) at the 

Schaffer collateral-CA1 synapse. Given that MeCP2 protein regulates gene expression, 

quantitative polymerase chain reaction (qPCR) analysis was employed here using hippocampal 

tissue from 4 and 10-month old female Mecp2tm1.1Bird. qPCR analysis revealed a reduction in 

three known genes regulated by MeCP2: Bdnf, Sapap3, and Kir4.1. A reduction in mRNA 

coding for synaptic markers Psd95 and synaptophysin was also detected along with upregulated 

mRNA levels for glutamate receptors (Glur1, Glur2, Nr2a, and Nr2b). Altogether, this 

integrative analysis suggests that female Mecp2 mice displayed significant behavioral and 

synaptic plasticity deficits, along with robust alterations in gene expression that can be utilized as 

disease readouts for preclinical testing. 
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Abstract: Rett syndrome (RTT), an X chromosome-linked neurodevelopmental disorder 

affecting almost exclusively females, is associated with various mitochondrial alterations. 

Mitochondria are swollen, show altered respiratory rates, and their inner membrane is leaking 

protons. To advance the understanding of these disturbances and to clarify their link to redox 

impairment and oxidative stress in RTT, we assessed mitochondrial respiration in defined brain 

regions and cardiac tissue of male wildtype (WT) and MeCP2-deficient (Mecp2-/y) mice. Also, 

we quantified for the first time neuronal redox-balance with subcellular resolution in cytosol and 

mitochondrial matrix. Quantitative roGFP1 redox imaging revealed more oxidized conditions in 

the cytosol of Mecp2-/y hippocampal neurons than in WT neurons. Furthermore, cytosol and 

mitochondria of Mecp2-/y neurons showed clearly exaggerated redox-responses to hypoxia and 

cell-endogenous reactive oxygen species (ROS) formation. Biochemical analyzes exclude a 

disease-related increase in mitochondrial mass in Mecp2-/y hippocampus and cortex. Protein 

levels of complex I core constituents were slightly lower in Mecp2-/y hippocampus and cortex 

than in WT; those of complex V were lower in Mecp2-/y cortex. Respiratory supercomplex-

formation did not differ among genotypes. Yet, due to reverse electron flow into complex I, 

mitochondria of Mecp2-/y cortex and hippocampus consumed more O2 than WT. Furthermore, 

mitochondria from Mecp2-/y hippocampus released more ROS. In conclusion, we further 

advanced the molecular understanding of mitochondrial dysfunction in RTT. Intensified 

mitochondrial O2 consumption, increased mitochondrial ROS generation and disturbed redox 

balance in mitochondria and cytosol represent a causal chain, which provokes dysregulated 

proteins, oxidative tissue damage, and finally neuronal network dysfunction in RTT. 
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Abstract: Rett syndrome is a rare neurological disorder associated with a mutation in the X-

linked gene MECP2. This disorder mostly affects females, who typically have normal early 

development followed by a regression of skills. The Mecp2 transgenic rat model of Rett 

syndrome exhibits similar symptoms shown in patients such as seizures, anxiety, breathing 

abnormalities, motor and auditory deficits. Individuals with Rett syndrome and Mecp2 

heterozygous rats both exhibit atypical neural and behavioral processing of auditory stimuli, 

which likely impacts effective speech processing. The development of therapies that can enhance 

plasticity in auditory networks and improve speech processing has the potential to impact the 

lives of individuals with Rett syndrome. 

Here, we tested two potential strategies, Insulin-like growth factor 1 (IGF-1) or vagus nerve 

stimulation (VNS) paired with auditory stimuli, to restore auditory processing in MeCP2 

transgenic rats. IGF-1 has been successfully utilized in both human clinical trials and in rodent 

models, with improvements in apnea, anxiety, and restoration of plasticity deficits. Similarly, 

evidence suggests that precisely-timed VNS-sound pairing can drive robust neuroplasticity and 

enhance the benefits of rehabilitation. 

Following 2 weeks of IGF-1 or saline therapy during development, heterozygous Mecp2 and WT 

rats were trained to discriminate speech sounds in quiet and in various levels of background 

noise to assess speech discrimination abilities. IGF-1 therapy did not improve speech 

discrimination performance in Mecp2 rats. In a separate experiment, auditory cortex responses 

were examined in heterozygous Mecp2 rats following 20 days of VNS-tone pairing or sham 

therapy. Preliminary results suggest that VNS may improve abnormal auditory cortex responses 



in Mecp2 rats. These studies could lead to the development of novel adjunctive therapies that 

could enhance auditory functioning, and ultimately improve the quality of life of individuals with 

Rett syndrome. 
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Title: Programmable transcription of MECP2 and CDKL5 suggests limited binding of dCas9 to 
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Abstract: Neurological diseases are a heterogeneous group of disorders caused by alterations in 

nervous system function and many of these disorders can be attributed to genetic factors such as 

chromosomal aberrations or gene mutations. The neurodevelopmental disorders Rett Syndrome 

(RTT) and CDKL5 deficiency disorder (CDD) are caused by de novo mutations in MECP2 and 

CDKL5 on the X-chromosome, respectively. Females with RTT or CDD undergo X-

chromosome inactivation (XCI) forming a mosaic of cells expressing mutant and wild type 

alleles. Our research is focused on methods to specifically reactivate the healthy CDKL5 and 

MECP2 allele on the silenced X-chromosome in human neuronal-like cell lines. Despite the 

availability of small molecule drugs that can globally reactivate XCI-silenced genes, locus 

specific approaches remain elusive. Our group has been the first to identify proximal cis 

regulatory elements in the CDKL5 and MECP2 core promoter regions using CRISPR/dCas9 

fused to effector domains for programmable transcription in several neuronal-like cells, 

including the male U87 as well as in the female SH-SY5Y and LUHMES cell lines. The 

observed increase in gene expression and protein levels could be due to superactivation of the 



active allele, activation of the silenced allele, or a combination of the two. We sought to 

investigate if the preferred superactivation of CDKL5 and MECP2 expression is due to limited 

binding of dCas9 to the inactive X chromosome. Overlay of >80,000 SNPs in SH-SY5Y cells 

with ATAC-seq data sets further allowed us to investigate the accessibility of the inactive versus 

active X-chromosome with our dCas9 approach. Synergistic approaches using targeted DNA 

demethylation of CDKL5 and MECP2 paired with LwCas13a RNA targeting of the XCI key 

player long-non coding RNA XIST suggest increased accessibility by ATAC-seq and induction 

of locus-specific escape from XCI. This approach holds great potential for individuals suffering 

from RTT and CDD. 
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Abstract: Rett syndrome (RTT), an X-linked dominant neurological disorder, is caused by 

MECP2 gene mutations. Although multiple neurological abnormalities characterize RTT, 

reduced brain and neuronal soma size are the most consistent neuropathological findings 

observed in human brain and Mecp2 mutant mouse models. Studies in several organisms have 

shown that mTOR signaling pathway regulates cell size. Emerging evidence indicates the 

general dysfunction of the Akt/mTOR pathway connected to neuronal soma size in RTT models. 

The mTOR pathway operates through two different complexes: i) mTORC1, linked to RAPTOR, 

that response to signals, including growth factors and nutrients, and ii) mTORC2, connected to 

RICTOR, responds primarily to growth factors. The relative contribution of mTORC1 and 

mTORC2 signaling modifications in the pathogenesis of RTT remains still elusive. In this study, 

we explored the role of mTORC1 and mTORC2 signaling pathway alteration in the Mecp2 

A140V and Mecp2-/- mouse models. Using qPCR, western blot and immunofluorescence assays, 

we quantified the relative levels of mTOR pathway molecules from brain and tissue sections of 



male and female mice of age-matched Mecp2 mutant and wild type. We found that mTORC2 

pathway is considerably downregulated in Mecp2 A140V mice. Furthermore, comprehensive 

protein analysis revealed alterations overlapping both the mTORC1 and mTORC2 signaling 

pathway in the Mecp2 mouse models. We further tested if mTOR activation rescues biochemical 

deficits in the Mecp2 mutant animals by crossing female carriers (Mecp2-/+) with Tsc2 (Tsc2-/+) 

mutant males. Genetic rescue reverses some of the biochemical abnormalities in mTOR 

signaling, including Akt activity. Akt-T308 phosphorylated form is essential for the Akt 

activation and the downstream function. In our study, we found that the phosphorylation of Akt-

T308 was significantly downregulated, and this was rescued in Mecp2 A140V-Tsc2+/ī model 

(TSC2-A140V). We also found a significant reduction in the phosphorylation of S6K1 in A140V 

mice, which was rescued in the TSC2-A140V brain. We provide here direct biochemical 

evidence supporting the role of downregulated mTOR signaling pathway, which can be salvaged 

in Rett syndrome model. Our current studies defining the role of mTOR activation in the reversal 

of RTT phenotype may serve as a central strategy for the development of novel therapeutics to 

treat Rett syndrome. 
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Abstract: Glutamate dysregulation plays a prominent role in the neuropathology in Rett 

Syndrome (RTT) and in mouse models of RTT. Patients show increased presence of glutamate 

and glutamate metabolites in CSF. Work in Mecp2-null mouse models has shown that this 

increase in glutamate may be specific to microglia and can contribute to excitotoxicity and 

cellular injury. This combined with other coinciding neuropathology (i.e. oxidative stress, altered 



NMDA receptor expression) could potentially contribute to cell stress and toxicity as well as 

neurobehavioral consequences associated with RTT. Blockade of glutamate synthesis via 

inhibition of the enzyme glutaminase is a potential therapeutic avenue for targeting diseases 

where glutamate levels are excessive. However, known glutaminase inhibitors are poor drug 

candidates for RTT due to limited brain penetration. Furthermore, global/universal inhibition of 

glutamate production throughout all cells in the nervous system would not be desirable in a 

developing brain, as neurons require glutamate for proper functionality. Our data demonstrate 

elevated levels of glutamine in both hippocampus and striatum of Mecp2-deficient mice 

suggesting that targeting glutamine may be a more effective route. Glutamine antagonists such as 

6-diazo-5-oxo-L-norleucine (DON) have a structure similar to L-glutamine and broadly inhibit 

glutamine-utilizing pathways including glutaminase, but their clinical application has been 

limited due to toxic side effects. Thus we chose to investigate the utility of PAMAM dendrimers 

to deliver a glutamine antagonist to the brain to decrease glutamate production. PAMAM 

dendrimers are selectively taken up in óactivatedô microglia and astrocytes making them an ideal 

candidate for targeted inhibition of glutamate formation in these cells. We conjugated a prodrug 

of DON to the dendrimer and evaluated the efficacy in a Mecp2-null mouse model of RTT. 

Preliminary findings indicate that weekly dendrimer-delivered DON prodrug administration 

beginning at postnatal day 21 improves the neurobehavioral phenotype including paw clench and 

gait abnormalities in Mecp2-null mice. Further work is being done to characterize the impact of 

systemic injection of the dendrimer-drug conjugates on microglia health and phenotype as well 

as glutamate production. Our preliminary results indicate that dendrimer-mediated inhibition of 

glutamate production may be a viable treatment approach for reducing glutamate-related 

neuropathology in RTT. 
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Abstract: Rett Syndrome (RS) is a neurodevelopmental disorder caused mostly by mutations in 

the MECP2 gene. RS patients show characteristic breathing abnormalities that respond to GABA 

receptor agonists, and are likely to be a result of increased brainstem neuronal excitability. GIRK 

channels play a role in regulation of membrane potentials, and thus may be a potential 

therapeutic target for RS symptom release. GIRK channels have previously been shown to act on 

brainstem neurons. Indeed, the GIRK channel inhibitor Cloperastine is currently available as an 

over-the-counter antitussive in several Asian and European countries. In this study, we tested 

whether Cloperastine had effects on breathing abnormalities in Mecp2-deficient mice as well as 

potential mechanisms. We found that Cloperastine reduced apnea counts in Mecp2-null mice. 

Significant reduction in apnea counts started 0.5 hours after Cloperastine administration 

(30mg/kg, ip), and lasted ~4 hours. Similar inhibition of breathing frequency variability was also 

seen. In the heterologous HEK expression system, Cloperastine potently inhibited GIRK1-

GIRK2 channels with an IC50 ~2 ɛM. In whole-cell current clamp, 10 ɛM Cloperastine had both 

inhibitory and excitatory effects on norepinephrinergic neurons in the locus coeruleus and 

GABAergic neurons in the dorsal tegmental nucleus. Because these opposite effects could be 

produced by pre- and postsynaptic mechanisms, we studied GABAergic inhibitory postsynaptic 

currents (IPSCs) in locus coeruleus neurons in voltage clamp. The predominant effect of 

Cloperastine was an increase in GABAergic IPSC frequency as well as IPSC amplitude to a 

lesser degree, which was inhibited in the presence of the GABAB receptor inhibitor Phaclofen. 

These results suggest that Cloperastine seems to have beneficial effects on breathing 

abnormalities in the RS model, which has fast onset lasts 4 h, and involves inhibition of GIRK 

channel-dependent presynaptic GABAB receptors. 
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Abstract: Rett syndrome (RTT) is a severe, progressive X-linked neurodevelopmental disorder 

caused by mutations in the transcriptional regulator MECP2. We previously identified an 

aberrant up-regulation of the NF-əB pathway in the cortex of Mecp2-null mice and demonstrated 

that genetically attenuating NF-əB signaling rescues some of the well characterized neuronal 

phenotypes in RTT, such as the reduced dendritic complexity of layer II/III neocortical callosal 

projection neurons (CPN). These results raised the intriguing question of whether NF-əB 

pathway inhibitors could provide a therapeutic avenue in RTT, at least in part. Among the many 

known inhibitors of the NF-əB pathway are vitamin D and its analogues, and, strikingly, vitamin 

D deficiency is prevalent in RTT patients. We find that Mecp2-null mice similarly have 

significantly reduced total serum levels of 25(OH)D compared to wildtype littermates. Further, 

treating cortical neurons in vitro with calcitriol, the activated form of vitamin D, increases the 

reduced neurite outgrowth observed after Mecp2 knockdown. Thus, to investigate whether 

vitamin D supplementation reduces the aberrant NF-əB activity in Mecp2-null cortex in vivo, and 

might have therapeutic benefit, we treated both male Mecp2 hemizygous null and female Mecp2 

heterozygous mice and wild-type littermates with vitamin D supplemented chow, beginning at an 

early symptomatic stage. We found that this simple, cost-effective dietary supplement 

ameliorates neocortical dendritic morphology and soma size phenotypes in a dose-dependent 

manner, although it only modestly improves the reduced lifespan of Mecp2-null mice. In 

addition, vitamin D supplementation rescues immature spine morphology in Mecp2-null mice. 

These results provide new insight into the fundamental neurobiology of RTT and could provide 

critical information about vitamin D dietary supplementation as a potential cost-effective partial 

therapeutic intervention for RTT. 

Disclosures: M.D. Ribeiro:  None. S.M. Moore: None. N. Kishi:  None. J.D. Macklis: 

None. J.L. MacDonald: None. 

Poster 

554. Rett Syndrome 

Location: SDCC Halls B-H 

Time: Tuesday, November 6, 2018, 1:00 PM - 5:00 PM 

Program #/Poster #: 554.09/C9 

Topic: A.07. Developmental Disorders 



Support: Rett Syndrome Research Trust Grant 

Title: Identification of post-translational regulators of MeCP2 protein levels as treatment targets 

Authors: *M. ZAGHLULA 1, J.-Y. KIM 1, C. E. ALCOTT1, H.-H. JEONG1, Z. LIU1, W. KIM1, 

S. J. ELLEDGE2, H. Y. ZOGHBI3,1 
1Baylor Col. of Med., Houston, TX; 2Harvard Med. Sch., Boston, MA; 3Baylor Col. of 

Medicine/Howard Hughes Med. Inst., Jan and Dan Duncan Neurolog. Res. Inst., Houston, TX 

Abstract: Advances in clinical sequencing continue to highlight the involvement of dosage-

sensitive genes in the pathogenesis of neurological disorders. Proper brain function depends on 

the maintenance of the levels of these proteins within a narrow range. Methyl-CpG-binding 

protein 2, MECP2, is one such gene: loss-of-function mutations in MECP2 cause Rett syndrome 

(RTT) while duplications spanning MECP2 cause MECP2 duplication syndrome (MDS). 

Normalization of protein levels has been shown to ameliorate disease phenotypes in mouse 

models of both disorders. Therefore, our goal is to identify post-translational modifiers of 

MeCP2 that can be targeted therapeutically to normalize MeCP2 levels. To this end, we 

performed arrayed siRNA and pooled CRISPR screens in a reporter cell line that allows us to 

monitor changes in MeCP2 levels. From these screens we obtained hundreds of hits, which we 

are currently validating by evaluating their effects on endogenous MeCP2 in HEK293T cells. In 

parallel, we have also selected two promising candidates, RIOK1 and USP1, to perform 

mechanistic and genetic interaction studies. We have previously shown that shRNA-mediated 

knockdown of RIOK1 reduces MeCP2 levels in cells; to test the in vivo effects of RIOK1 

reduction, we generated a null allele in the mouse using CRISPR-Cas9 editing. We found that 

Riok1+/- mice have a 15% decrease in MeCP2 protein levels in whole brain lysate. However, 

RIOK1 does not exhibit kinase activity towards MeCP2 in vitro and the two proteins also do not 

interact directly, leading us to believe that MeCP2 regulation is occurring via an intermediate 

interactor. Given that reducing MeCP2 by a mere 15% is unlikely to significantly improve 

behavioral abnormalities, we selected another candidate that we validated in HEK293T cells, 

USP1. To assess the effect of Usp1 knockdown on MeCP2 levels in vivo, we delivered AAV-

shRNA viruses targeting Usp1 by intraventricular injection into P0 mouse pups. At 8 weeks of 

age, we harvested the posterior cortex of these mice and found a 30% decrease in MeCP2 levels 

in vivo. We are now focused on elucidating the molecular mechanisms by which USP1 and 

RIOK1 regulate MeCP2 levels, and evaluating whether combinatorial targeting of these genes 

may have additive effects. Overall, this screening approach is proving to be a powerful tool to 

identify post-translational regulators of MeCP2 and potentially druggable targets for MECP2 

duplication syndrome. 
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Abstract: Respiratory disturbances with repetitive apnea (breathholding) during wakefulness is a 

hallmark of patients with Rett syndrome, a neurologic disease in females often caused by 

mutation of the MECP2 gene. The repetitive breathholding phenotype is recapitulated in Mecp2 

mutant mice. Under anesthesia these mutant mice exhibit hypersensitivity of efferent modulation 

of laryngeal adductor activity when premotor neurons in the pontine Kölliker-Fuse nucleus 

(KFN) are stimulated by glutamate. In previous study1 we have shown that laryngeal adductor 

activity is driven by a specific population of premotor neurons in KFN that are characterized by 

their critical dependence on NMDA receptor and a decrementing activity pattern during the 

postinspiratory (post-I) phase of the respiratory rhythm. These previous findings led to our 

hypothesis that the repetitive breathholding phenotype in Mecp2 mutant mice might represent a 

peculiar form of wake state-dependent recurrent laryngospasm caused by abnormalities of post-I 

driver neurons in the KFN. In healthy humans and animals, laryngospasm may also result from 

the classic laryngeal adductor reflex (LAR) evoked by activation of irritant receptors in the 

laryngeal mucosa or electrical stimulation of the superior laryngeal nerve (SLN). In the present 

study, we found that low-intensity short-train electrical stimulation of the SLN (0.1-0.2 s at 50 

Hz during the expiratory phase) in WT female mice evoked both ipsilateral short-latency (~8 ms) 

and bilateral long-latency (~60 ms) excitations of recurrent laryngeal nerve discharge that are 

characteristic of the biphasic LAR response, along with simultaneous inhibition of phrenic 

discharge that is consistent with a concurrent activation of post-I activity. Interestingly, 

microinjection of the NMDA receptor antagonist AP5 at bilateral KFN significantly attenuated 

the long-latency component of the LAR response without affecting the short-latency component. 

In contrast, in Mecp2 heterozygous (female) mutant mice at a similar age (110 ± 7 days old), the 

same SLN stimulus evoked a similar short-latency component of the LAR response but the long-

latency component became much weaker or abolished. These data suggested that modulation of 

the LAR by post-I driver neurons in KFN was suppressed in Mecp2 mutant mice. Finally, pre-



treatment of the Mecp2 mutant mice with the Rett syndrome drug candidate rhIGF-1 (1 mg/kg, 

i.p., daily for 3 weeks) did not restore the long-latency component of the LAR or mitigate the 

breathing abnormalities in these mice. 

1. Song G, Tin C, Poon CS (2015) Multiscale fingerprinting of neuronal functional connectivity. 

Brain Struct Funct. 220:2967-82. 

Disclosures: G. Song: None. C. Poon: None. 

Poster 

554. Rett Syndrome 

Location: SDCC Halls B-H 

Time: Tuesday, November 6, 2018, 1:00 PM - 5:00 PM 

Program #/Poster #: 554.11/C11 

Topic: A.07. Developmental Disorders 

Support: NIH Grant NS094178 

Title: Local CRISPR knockout of Mecp2 at Kölliker-Fuse nuclei produces Rett-like respiratory 

abnormalities in adult rats without anxiety symptoms 

Authors: G. SONG, A. CAO, *C.-S. POON 

Inst. for Med. Engin. and Sci., Mass Inst. Tech., Cambridge, MA 

Abstract: Breathing dysfunction with repetitive apnea (involuntary breathholding) and other 

respiratory abnormalities during wakefulness is a hallmark of patients with Rett syndrome, a 

neurologic disease in females often caused by mutation of the MECP2 gene. Previous studies 

have indicated that malfunction of neurons in the dorsolateral pontine Kölliker-Fuse nucleus 

(KFN) may underlie similar respiratory abnormalities observed in animal models of Rett 

syndrome. However, because of the whole-body Mecp2 mutation in these animal models, 

influences from other brain regions cannot be ruled out. In particular, Mecp2 mutant mice and 

patients with Rett syndrome often exhibit heightened anxiety which may contribute to the 

breathing abnormalities. To eliminate this possibility, we have employed a brain site-specific 

CRISPR gene editing technique1 to selectively knockout the Mecp2 gene in the adult rat KFN. 4-

8 weeks after injection of a mixture of two AAV vectors respectively encoding SpCas9 (AAV9-

pMecp2-SpCas9-spA, Addgene plasmid #60957) and Mecp2 sgRNA (AAV9-U6-rMecp2-

gRNA-hSYN1-eGFP) at bilateral KFN where electrical stimulation caused apnea, the KFN-

Mecp2 knockout rats (of either sex) exhibited breathing disturbances similar to those observed in 

Mecp2 mutant mice, including significant increases in the incidences of apnea, sighs and 

respiratory variability as compared with normal rats. By comparison, injection of a mixture of 

AAV9-SpCas9 and AAV9-LacZ (AAV9-U6-LacZ-sgRNA-hSYN1-eGFP) at bilateral KFN 

(LacZ control) did not cause similar breathing disturbances as in the KFN-Mecp2 knockout rats. 

As with Mecp2 mutant mice, the breathing disturbances in the KFN-Mecp2 knockout rats were 



mitigated by i.p. injection of a 5-HT1A receptor agonist (8-OH-DPAT) or a GABA reuptake 

inhibitor (NO-711). In contrast to Mecp2 mutant mice, however, both the KFN-Mecp2 knockout 

rats and KFN-LacZ control rats did not exhibit increased anxiety (as determined by the open-

field test) compared with normal rats. Post-mortem immunohistology showed that the number of 

neurons expressing Mecp2 was significantly reduced in the dorsolateral pons of KFN-Mecp2 

knockout rats but no significant changes were observed in the KFN-LacZ control rats. These 

results demonstrated that the breathing disturbances observed in Mecp2 mutant mice could result 

from abnormalities of neurons in the KFN alone that are responsive to drug therapies. Behavioral 

disturbances such as increased anxiety are not necessary for the induction of such respiratory 

abnormalities. 

1. Swiech L et al. (2015) In vivo interrogation of gene function in the mammalian brain using 

CRISPR-Cas9. Nat Biotechnol. 33(1):102-6. 
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Abstract: Rett syndrome is a neurodevelopmental disorder characterized by an apparently 

normal development during the first 6-18 months followed by a regression period. It is known 

that at least 90% of the cases of Rett syndrome are caused by mutations in the MECP2 gene 

which is located in the X-chromossome. The MeCP2 protein is able to regulate genetic 

expression through its role as an activator and repressor of transcription. BDNF is an important 

neurotrophic factor that has its expression controlled by MeCP2. BDNF activates TrkB-FL 



receptor to promote neuronal differentiation and survival and also synaptic plasticity. It has been 

shown that the BDNF-mediated signalling in RTT animal models is impaired. On the other hand 

it has been seen that the increase of the BDNF expression leads to an augmentation of the 

lifespan and an improvement in motor skills. In spite of these promising results the inability of 

BDNF to cross the blood-brain barrier makes it difficult to use it as a therapeutic strategy. 

Alternatively the activation of adenosine A2A Receptors (A2AR) potentiates the BDNF synaptic 

actions. The characterization of the adenosinergic system in KO mice (male hemizygous mice 

knock-out for MECP2 gene) was previously accomplished, in our lab, and results revealed an 

increase in the protein expression level of A1R and a decrease in the protein expression level of 

A2AR in the cortex and diminished endogenous adenosine levels in the hippocampus. Lower 

levels of TrkB-FL were also observed in the hippocampus and in the cortex of male KO mice. 

Considering that the severity of this disorder is very variable and that females are the most 

affected it is mandatory to evaluate if the alterations found in KO mice can also be found in 

heterozygous females as they have a less severe phenotype. Thus the aims of this work were to 

characterize the adenosinergic system and the BDNF-mediated signalling in heterozygous 

females of the Rett syndrome model. The results obtained through Western Blot revealed 

diminished BDNF and MeCP2 levels in the cortex and diminished A2AR levels in the 

hippocampus of 26 weeks old heterozygous symptomatic females (n=5-6). Overall the results 

observed are similar to those obtained in KO mice. This points to an impairment in the 

adenosinergic system of heterozygous females which, in turn, can somehow clarify the BDNF-

mediated signalling dysfunction. The fact that in a less severe phenotype, such as the one 

presented by heterozygous females, adenosinergic system is also significantly affected 

demonstrates that potentially the adenosinergic system can be used as a therapeutic target for 

Rett syndrome. 
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Abstract: Rett Syndrome (RTT) is a neurodevelopmental disorder primarily caused by 

mutations in the methyl-CpG binding protein 2 (MECP2) gene. MeCP2 is known to modulate 

the expression of brain-derived neurotrophic factor (BDNF), a neurotrophin with essential 

functions in cell differentiation, synaptic plasticity and survival. BDNF signalling is impaired in 

RTT. However, the therapeutic use of BDNF is a challenge due to its inability to cross the blood-

brain barrier. Adenosine (ADO) is a neuromodulator that acts mainly through A1 and A2A 

receptors (A1R, A2AR). The activation of A2AR potentiates BDNF synaptic actions, important to 

overcome cognitive deficits presented by RTT patients. On the other hand, A1R activation has 

antiepileptic effect important to ameliorate epilepsy in RTT patients. Thus, activation of both 

ADO receptors could be a potential therapeutic strategy. To overcome the lack of knowledge 

about ADO system in RTT we developed a new line of research on this topic by using: i) a well-

established animal model of RTT: male hemizygous mice knock-out for Mecp2 gene (KO) and 

ii)  post-mortem human brain samples from a RTT patient. The results obtained, by binding 

assays, revealed that the protein expression level of A1R, is significantly increased in the cortex 

of Mecp2 KO mice (n=5-6, p᾽0.05), while protein expression level of A2AR, evaluated by 

western blot, is decreased when compared with WT (n=5-6, p᾽0.05). The levels of ADK, the 

most relevant enzyme for the regulation of ADO levels, are significantly decreased in the 

hippocampus from KO mice at pre-symptomatic stage when compared to wild type (WT) mice 

(n=4-5, p<0.05). Hippocampal electrophysiological recordings of field excitatory post-synaptic 

potentials (fEPSPs), revealed that the inhibitor of ADK, ITU, and the selective agonist of A1R, 

DPCPX, induce a significantly higher disinhibition of synaptic transmission in hippocampal 

slices from WT mice, suggesting lower ADO levels in KO mice (n=4-10, p<0.05). In addition, 

changes in TrkB-FL protein levels were found in cortex and hippocampus of KO mice at 

symptomatic stage when compared to the age matched WT (n=13-14, p<0.05). In one post-

mortem human cortical brain sample, an increase in A1R mRNA expression levels and a decrease 

in A2AR mRNA expression levels were detected. Overall, the results show a dysfunction in the 

adenosinergic system, which could explain, at least in part, BDNF dysfunction and epilepsy in 

RTT. This data could, therefore open a new avenue in the treatment of RTT considering ADO 

receptors as new therapeutic targets. 
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Abstract: CDKL5 deficiency disorder is a rare disease without a cure, caused by mutations in 

the cyclin-dependent kinase-like 5 gene, that is characterised by severe cognitive, sensorimotor 

and autonomic dysfunctions. CDKL5 is a serine/threonine kinase that can localize at excitatory 

synapses and it participates in the regulation of dendritic spines as well as synaptic transmission 

and plasticity. However, how CDKL5 intervenes in the mechanisms underlying the molecular 

organization of synaptic contacts and what are the consequences of its loss remains obscure. We 

believe that answering to these questions will help uncovering druggable targets for this disease. 

We identified Shank1, a synaptic scaffolding-protein required for both maturation and 

stabilization of dendritic spines, as a novel interactor of CDKL5 using both in-vitro and in-vivo 

assays. Our data indicated that Shank1 may form a bridge between CDKL5 and Homer1bc, a 

protein scaffold that regulates the synaptic expression of Class I metabotropic glutamate 

receptors (mGluR). Accordingly, we found a reduction of the synaptic expression of both 

Homer1bc and mGluR5, but surprisingly not Shank1, in primary sensory cortices of CDKL5 KO 

mice. This altered molecular organization of excitatory synapses was associated with a decreased 

expression of Arc, a protein downstream of mGluR5-mediated activity, and atypical NMDA 

receptors currents. Because mGluR5 is crucial for synaptic contacts maturation occurring during 

the critical period of cortical plasticity, we then followed the expression and activity of this 

receptor in the developing visual cortex of CDKL5 KO mice. Our data showed a sharp decrease 

of both the synaptic localization of mGluR5 and Arc expression in this cortical area, indicating 



that CDKL5 loss could hamper the functional refinement of visual cortical connections at crucial 

developmental phases by altering the correct expression/localization of postsynaptic receptors. 

Finally, we explored the therapeutic potentials of targeting mGluR5 activity for CDKL5 

deficiency disorder by administering to mutant mice CDPPB, a positive allosteric modulator of 

this class of receptors. Interestingly, our results showed that, one hour after an acute injection 

with CDPPB (i.p.; 3mg/Kg), the deficits shown by CDKL5 KO mice in both sensory (adhesive 

removal) and cognitive (Y-maze) tests were rescued. In conclusion, our study discloses novel 

molecular interactors of CDKL5 that are crucial for dendritic spines formation, maintenance and 

plasticity. Moreover, we unveiled a promising druggable pathway that we are extensively 

exploring for its therapeutic efficacy and translational potentials. 
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Abstract: CDKL5 deficiency disorder (CDD) is a neurodevelopmental disorder still without a 

cure. The devastating symptoms comprise seizures, impairment of motor skills, lack of language 

and a substantial delay in many aspects of development. In order to develop and test preclinical 

treatments and to understand the biological processes underlying the disease, our lab has 

previously established the analysis of cortical responses to visual stimuli as a precision tool to 

probe cortical circuits function. This experimental strategy has proven to be successful in 

discriminating mutant from wild type mice with remarkably high accuracy, and to predict 



amelioration of other anatomical and behavioral deficits after experimental treatments. We are 

currently expanding this research along three lines: first, since CDKL5 null mice show a 

decreased signalling of the metabotropic glutamate receptor mGLuR5, we are testing the effect 

of a single dose of an mGluR5 agonist drug (CDPPB) on visual responses. Preliminary data 

showed a remarkable recovery of normal visual processing in treated animals. Second, we are 

investigating if neuroplasticity, another fundamental feature deeply studied in the visual system, 

is impaired when CDKL5 is missing. We analyzed Ocular Dominance Plasticity (ODP) after 3 

days of Monocular Deprivation (MD) beginning at P27-P28, a protocol that mainly results in the 

depression of cortical inputs coming from the deprived eye. We found no differences of ODP 

between wt and mutants. Finally, due to the importance of behavioral phenotyping, we are 

investigating behaviors that are tightly coupled with visual function but still reflects integrated 

functions. We have started this analysis by developing a custom fully automated setup for 

Appetitive Conditioning (AC). In this setup, mice are trained to press a button in response to a 

visual stimulus to get a reward in a Skinner-like manner. Mice performance is translated into 

various behavioral parameters including real-time tracking, number of trials initiated and latency 

to response. AC showed that CDKL5 null mice display an hyperactive behavior: they complete 

more trials for each session and the stimulus to button-press latency is shorter. Strikingly, we 

found that the general performance of mice is tightly correlated with the amplitude of visual 

responses measured by intrinsic signal optical imaging, thus establishing AC as an effective test 

to probe integrated behaviors directly coupled to the visual biomarker in CDKL5 null mice. 
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Abstract: De novo mutations in the X-linked gene CDKL5 are associated with a rare 

neurodevelopmental disorder characterized by early neonatal/infantile onset of epilepsy, 

developmental delays and cortical visual impairment. CDKL5 is expressed from late gestation 

into early postnatal life and likely contributes to the assembly of neuronal circuits and their 

experience-dependent refinement during critical neurodevelopmental periods. How CDKL5 

affects such complex processes is still largely unknown. 

Through an RNA Seq screen, we have identified CDKL5 as a potential signaling molecule that 

may be involved in activity-dependent callosal synapse refinement. Callosal connections are the 

major connection across the cerebral hemispheres and mediate the integration of information and 

acquisition of a functionally lateralized brain. The disruption of their development has been 

linked to neurodevelopmental disorders. To assess the impact of CDKL5 deficiency on callosal 

connectivity, we performed in vitro recordings from cortical sections of CDKL5 KO and WT 

mice at postnatal day P5 and P15. We found that while no differences were present at P5, there 

were significantly more callosal synaptic inputs at P15 in the KO mice compared to WT, 

suggesting these connections may fail to refine in the absence of CDKL5. 

In order to evaluate whether such abnormal functional connectivity would persist in adulthood 

and impact network activity across brain regions, we performed resting-state fMRI and ex-vivo 

DTI in CDKL5 mutant and control adult mice (n=10-11 each). BOLD time series were extracted 

using the Allen Reference Atlas ontology and their connectivity couplings were measured using 

Pearsonôs correlation coefficients across 65 regions of interest. We discovered that mice lacking 

CDKL5 exhibited robust over-connectivity between retrosplenial, anterior cingulate and 

somatomotor cortices, and across inter-hemispheric posterior associative, entorhinal hemispheres 

and between the retrosplenial cortex and the anterior portion of anterior commissure/motor 

cortex when analyzed by voxel-wise (network analysis) or roi-roi analysis (connectome 

analysis). These default networks are involved in motor and visual areas. Consistent with these 

findings, when we recorded VEP from visual cortex, we found a significant decrease of both 

amplitude of response to low spatial frequency, as well as spatial resolution. Our results indicate 

that CDKL5 is necessary for the proper refinement of callosal projections, and point at the use of 

DTI, rs-fMRI and VEP as syndrome-specific translational biomarkers, which may be employed 

to predict progression of the disorder and response to treatment. 
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Abstract: Cultured Neuronal cells derived from Olfactory Neuroepithelium (CNON) display 

transcriptomic patterns similar to neural progenitors, a type of cell that plays a key role in 

neurodevelopment. Not only can these cells be obtained from large numbers of individuals via 

nasal biopsy, they are renewable via growth in culture. As part of PsychENCODE, we have 

developed comprehensive 3-dimensional epigenomic profiles of CNON using biopsies from 63 

individuals. To identify regulatory elements, nucleosome positioning, and transcription factor 

binding sites in CNON, we used chromatin immunoprecipitation (ChIP-seq) and nucleosome 

occupancy and DNA methylome (NOMe-seq) assays. We also performed in situ Hi-C looping 

assays to detect chromatin interactions, including large active and inactive topological 

associating domains (TADs), high-resolution enhancer-promoter loops, and repressive loops. We 

identified hundreds of thousands of regulatory elements in CNON and mapped transcription 

factor binding platforms within these elements. We identified 6,800 TADs, which include 

inactive TADs enriched with genes involved in sensory reception of smell, and hundreds of 

thousands of intra-chromosomal loops, with the majority being anchored by regions of repressed 

or heterochromatic chromatin. Using NOMe-seq, we characterized nucleosome positioning at 

promoters, enhancers, and insulators, as well as a novel category of nucleosome-depleted regions 

(NDRs) that do not have marks of active chromatin. Comparison of CNON active enhancers (the 

epigenetic state most closely linked to cellular identity) to active enhancers in a hundred different 

cell types revealed that CNON cluster with neuroblastoma cells and that thousands of CNON 

enhancers are active in the brain. Also, CNON active enhancers are enriched with motifs 

associated with cells of neuronal origin. Schizophrenia is a neurodevelopmental psychiatric 

disorder with 81% heritability and has been associated with deficits in olfactory perception. 

Therefore, we used CNON as a model to identify and characterize regulatory elements linked to 

schizophrenia. We identified 147 TADs harboring ~1,000 variants in regulatory elements active 

in CNON, including one TAD at chr17p11 with hundreds of schizophrenia risk-associated 

variants. Finally, we predicted enhancer:target gene interactions linked to increased risk for 

schizophrenia. Our results suggest that CNON is a useful model for epigenetic studies of 

mechanisms underlying neurodevelopmental components of psychiatric disorders. 
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Abstract: Ketamine, a phencyclidine derivative, is an antagonist of the calcium-permeable N-

methyl-d-aspartate (NMDA)-type glutamate receptors. A pediatric anesthetic implicated in 

developmental neurotoxicity, ketamine has been shown to deplete ATP in mammalian cells. 

Based on our previous studies showing acetyl L-carnitine (ALCAR) prevented ketamine-induced 

cardiotoxicity and neurotoxicity in zebrafish embryos, the effect of which was blunted by 

oligomycin A, an inhibitor of ATP synthase, we further investigated the effects of ketamine and 

ALCAR on ATP levels, mitochondria and ATP synthase in zebrafish embryos. Embryos at 28 h 

post fertilization (hpf) were treated with 2 mM ketamine (equivalent to an internal concentration 

of 8.4 ɛM) for 20 h. Analyses of the 48 hpf embryos post-exposure demonstrated that ketamine 

reduced ATP levels in the embryos but not in the presence of ALCAR. Ketamine also reduced 

total mitochondrial protein levels and mitochondrial potential, which were prevented with 

ALCAR co-treatment. To determine the cause of ketamine-induced ATP deficiency, we explored 

the status of ATP synthase. The results showed that a subunit of ATP synthase, atp5alpha1, was 

transcriptionally down-regulated by ketamine, but not in the presence of ALCAR, although 

ketamine caused a significant upregulation in another ATP synthase subunit, atp5beta, and total 

ATP synthase protein levels. In addition, ketamine-treated embryos developed an abnormal heart 

structure. In these embryos, with an enlarged heart, the atrioventricular (AV) valve separating the 

auricle and ventricle did not develop. ALCAR co-treatment, however, prevented ketamine-

induced defects in the heart structure. This study suggests that ketamineôs adverse effects could 

be mediated by ATP deficiency due to mitochondrial dysfunction. 
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Abstract: zDHHC9 is a protein acyltransferase (PAT) that enzymatically adds palmitate to 

cysteine residues on specific protein substrates. This modification results in increased protein 

hydrophobicity and membrane association and is reversible by the action of depalmitoylating 

thioesterases. This dynamic process plays a key role in the spatiotemporal distribution of proteins 

within the neuron. zDHHC9 is abundant in the brain and while there are over 300 potential 

substrates, only H- and N-Ras are known substrates of the enzyme. Recently, three loss of 

function mutations in the zDHHC9 gene have been identified in individuals with X-Linked 

Intellectual Disability (XLID). Our lab has previously determined that two missense point 

mutations, P150S and R148W, result in a enzymatically deficient zDHHC9. Here, we 

characterize the zDHHC9 R298* nonsense mutation that results in the expression of a C-terminal 

truncated protein, in the context of the mature hippocampal neuron. Using primary rat 

hippocampal neurons, we perform techniques such as subcellular fractionation, 

immunofluorescence and live cell imaging to understand the underlying pathophysiology that 

this specific mutation imparts. From our observations, we find that the nonsense R298* 

zDHHC9 mutation associated with XLID results in restricted trafficking of the mutant protein. 

While WT-zDHHC9 is trafficked through the axons and dendrites, the c-terminal truncated 

R298* mutant is restricted to the Golgi within the cell body. This finding suggests that the 

subcellular mislocalization of R298* zDHHC9 mutant potentially limits its access to specific 

protein substrates involved in maintaining synaptic function. Additionally, we examine how loss 

of function mutations in zDHHC9 might affect downstream signaling. Palmitoylation of 

zDHHC9 substrates, H- and N-Ras, dictates activity by changing the localization of the protein 

to the plasma membrane where it can interact with its effectors. In the brain, Ras signaling is an 

important event involved in synaptic plasticity and dendritic morphogenesis. Utilizing control or 

zDHHC9 knock out human chronic myelogenous leukemia cell lines, we examine Ras-

dependent signaling cascades using Western blot analysis. Additionally, we examine the activity 



of Ras in these cell lines utilizing a Ras activation pull-down assay. These experiments are novel 

and largely unexplored. We believe our data will be insightful to understanding the 

pathophysiology in the brains of XLID patients. 
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Abstract: Exosomes are cell-derived nanoscale size vesicles, playing roles with a paracrine 

messenger affecting nearby recipient cells as well as presenting a systemic messenger in the all 

eukaryotic fluids, including blood, urine, and cultured medium of cell cultures. Exosomes 

include tissue-specific and disease-related molecules such as lipids, proteins and RNAs. In 

central nervous system, recent evidences show that exosomes are remarkably stable in body 

fluids proving their utility as disease biomarkers. Exosomes can transfer pathogens such as prion 

protein (PrP), responsible for Creutzfeldt-Jakob disease; Ŭ-synuclein, involved in the 

pathogenesis of Parkinson's disease; amyloid ɓ (Aɓ) and phosphorylated tau deposited in the 

brain of Alzheimer's disease (AD). In contrast, exosomes may have a protective function by 

relieving the cells from toxic accumulation of these pathogens or transferring beneficial 

molecules. Intact mitochondria can be transferred between cells in disease conditions such as 

cancer, stroke, and lung injury, but the details on the mechanism of transfer remains elusive. 

Recently, extracellular vesicles (EVs) from mesenchymal stem cells (MSCs), were reported to 

contain some mitochondrial components, including proteins and mtDNA. These studies suggest 

that mitochondrial components are secreted from the cells in the form of EVs. However, it is still 

unknown whether mitochondrial proteins are secreted as exosomes. In this study, we investigated 

the expressions of mitochondrial components in exosomes isolated from brains, plasma, and 

primary neuron/astrocyte of neurodevelopmental and neurodegenerative disorders mouse model. 

Our findings show that mitochondrial components were decreased in disease mouse models, 



compared with wild type mouse models. In conclusion, these results suggest that mitochondria 

and exosome biogenesis pathway are interconnected and exosomes-derived mitochondrial 

components have a possibility as potential diagnostic/therapeutic targets. 
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Abstract: Polyglutamine binding protein-1 (PQBP1) is a splicing factor whose mutations have 

been associated with Renpenning syndrome, a type of X-linked intellectual disability. Recent 

studies find that cytoplasmic PQBP1 may be involved in protein translation but the underlying 

mechanism is unclear. Here, we identify PQBP1 as a ribosome binding protein that directly binds 

with ribosomal proteins on the 80S ribosome. Furthermore, we reveal that PQBP1 interacts with 

non-phosphorylated eukaryotic elongation factor 2 (eEF2) and suppresses its phosphorylation 

through blocking the phosphorylation site of eEF2. These findings identify PQBP1 as a novel 

translational regulator and indicate that PQBP1 promotes protein translation through suppressing 

eEF2 phosphorylation. 
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Abstract: Deltamethrin (DM), a commonly used pyrethroid insecticide, exerts its effect on 

insects by delaying onset of inactivation in voltage gated sodium (Nav) channels fundamental for 

neuronal excitability. Epidemiological data showed a correlation between pyrethroid metabolites 

in urine and increased risk of ADHD diagnosis in children. In rats, exposure to DM results in 

behavioral phenotypes that mimic aspects of ADHD and are associated with the dopaminergic 

(DA) reward pathway in the nucleus accumbens (NAc). Dysregulation of DA medium spiny 

neurons (MSNs) in the NAc is thought to play a critical role in neuropsychiatric disorders like 

ADHD, anxiety, and depression. The Nav 1.6 channel, critical in synaptic transmission, is 

abundant in the MSNs. Here, we investigate the mechanism of MSNs dysfunction due to both 

acute and developmental DM exposure. For the acute model, rodent brain slices containing the 

NAc were incubated in 10uM DM. Using whole-cell patch clamp electrophysiology, we assessed 

changes to intrinsic excitability of MSNs. An increase in the instantaneous firing frequency and 

the total number of action potentials and a decrease in the peak amplitude was observed at 

multiple injected current steps (n=7-8, data was normal with equal variance, two-sample t-test, 

p<0.05). For the early-life exposure model, pregnant female B6 mice were exposed to 3.0 mg/kg 

of DM throughout pregnancy and lactation. Then, male mice litter-mates from post-natal day 

~30 were used for subsequent experiments. We employed whole-cell patch-clamp 

electrophysiology in coronal brain slices to monitor changes in NAc MSNs firing due to 

developmental DM exposure. A decrease in the total number of action potentials and 

instantaneous firing frequency was observed (n=7-12, data was normal with equal variance, two-

sample t-test, p<0.05). These studies will advance our knowledge of the toxic activity of DM in 

the developing brain and help assess risk exposure in the human population and potential 

increased vulnerability to neurodevelopmental disorders. 
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Abstract: Maternal immune activation (MIA) in rodents during early embryonic development 

causes profound neurodevelopmental alterations in the offspring. This leads to neurotransmitter 

system and behavioral abnormalities that resemble those of human autism spectrum disorder 

(ASD). How activation of the maternal immune response interacts with underlying genetic 

factors during early development to influence ASD phenotypes is still largely unknown. Recent 

evidence suggests that dysregulation of epigenetic pathways, and ensuing altered gene 

expression, could cause the neurodevelopmental alterations observed in the offspring. Our 

previous analysis showed intricate dynamics of methylation and transcriptional changes during 

embryonic and early postnatal development, suggesting this period is highly vulnerable to 

disruption by environmental insults. To address this hypothesis, we performed MIA by injecting 

polyinosinic:polycytidylic acid (PolyI:C) in pregnant mice at embryonic day 12.5. We measured 

the transcriptome in mouse frontal cortex of MIA and control offspring by mRNA sequencing 

(RNA-Seq) at embryonic day 14.5 (E14) (n=4/group), postnatal day 0 (P0) (n=4/group), and in 

adults at 10 weeks of age (n=6/group). PolyI:C exerted profound effects on gene expression in 

offspring at P0. However, these transcriptome data at the whole tissue level may reflect a 

complex pattern of gene expression regulation across multiple cell types. To further investigate 

neurodevelopmental alterations in a cell-type specific manner, we used INTACT to label nuclei 

in excitatory neurons using the ClSun-Nex-Cre mice. We generated transcriptomes (nuclear 

RNA-Seq, n=9-11 mice from 3 litters/group/time point) and single base resolution methylomes 

in frontal cortex excitatory neurons (n=6 mice from 3 litters/group/time point) at P0 and P13. 

Consistently, PolyI:C exerted a strong effect on excitatory neurons in MIA offspring at P0. 

Specifically, 38 synapse-related genes were down-regulated in MIA, including ion transporters 

(Nkcc1), ion channel subunits (mGlur5/mGlur7, Cacna1b), and cell adhesion molecules (Nrxn3). 



Importantly, at P0 the ratio of mRNA expression of Nkcc1 to Kcc2 was 70% higher in MIA 

offspring in comparison with the control group. A higher Nkcc1/Kcc2 ratio in immature neurons 

suggests that MIA may delay the excitatory-to-inhibitory GABA switch in MIA offspring. These 

differences were not observed at P13. This study identified transcriptome as well as methylome 

dynamics at key developmental time points that can further our understanding of the underlying 

contribution of environmental factors to autism spectrum disorder. 
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Abstract: Cathepsin protease genes are necessary for protein homeostasis in normal brain 

development and function, and numerous brain disorders of development. Cathepsins are present 

in lysosomes that participate in protein degradation and cellular proteostasis, and are composed 

of fifteen cathepsins consisting of cysteine, aspartyl, and serine protease subtypes. The diversity 

of cathepsin proteolytic activities raises the question of what are the human brain expression 

profiles of the cathepsin genes during development from early prenatal to infant, childhood, 

adolescence, and young adult stages. This question was addressed by evaluating the gene 

expression profiles of the cathepsin genes in sixteen human brain regions during normal 

developmental periods by quantitative RNA-sequencing data obtained from the Allen Brain 

Atlas resource. The novel finding was the remarkable consistency in relative proportions of 

cathepsin gene expression levels among brain regions during the developmental stages of 

prenatal, infancy, childhood, adolescence, to young adult. Expression of the cathepsin genes in 

brain regions among the ages showed (a) high expression of cathepsins B, F, and D, (b) moderate 

expression of cathepsins A, L, and Z, (c) low expression of cathepsins C, H, K, O, S, and V, and 



(d) very low expression of cathepsins E, G, and W. It is of interest that widely different cathepsin 

expression profiles among brain regions and ages were not observed. These findings demonstrate 

that the lysosomal cathepsin genes display similar rank orders of expression during human brain 

development. The consistent pattern of these expression profiles suggests that human brain 

developmental functions utilize well-defined, balanced profiles of cathepsin gene expression. 

Knowledge of the normal expression profiles of lysosomal cathepsin proteases during human 

brain development provides an important basis for future investigation of lysosomal cathepsin 

protease dysregulation occurring in traumatic brain injury, lysosomal storage disease, 

schizophrenia, and many related brain disorders. 
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Abstract: Neural progenitor proliferation and cell fate decision from self-renewal to 

differentiation are crucial factors in determining brain size and morphology. The cytoskeletal 

dependent regulation of these processes is not entirely known. The actin-binding filamin A 

(FlnA) and Fmn2 were shown to regulate proliferation of progenitors by transducing upstream 

Wnt signals through b-catenin to downstream changes in cell cycle proteins such as Cdk1. Here, 

we report that activated RhoA-GTPase disengages Fmn2 N- to C-terminal binding to promote 

Fmn2 activation and redistribution into lysosomal vesicles. Fmn2 colocalizes with ɓ-catenin in 

lysosomes and promotes its degradation. Further, Fmn2 binds the E3 ligase Smurf2, enhances 

Smurf2-dependent ubiquitination and degradation of Dishevelled-2 (Dvl2), thereby initiates ɓ-

catenin degradation and impairs cell proliferation. Moreover, functional loss of FlnA not only 

affects the rate of proliferation by altering cell cycle length but also causes a defect in early 

differentiation through changes in cell fate specification. FlnA interacts with Rho GTPase RhoA, 

and FlnA loss impairs RhoA activation. Disruption of either of these cytoskeletal associated 

proteins delays neurogenesis and promotes neural progenitors to remain in proliferative states. 

Inhibition of FlnA or RhoA impairs Aurkb degradation and alters its localization during mitosis. 



Our findings suggest that shared cytoskeletal processes can direct neural progenitor proliferation 

by regulating the expression and localization of proteins that are implicated in the cell cycle 

progression and cell fate specification. 
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Abstract: Failure of neural tube closure leads to one of the most common human birth defects, 

known as neural tube defects (NTDs), which can have serious neurological consequences or be 

lethal. The use of antiepileptic drugs (AEDs), during pregnancy increases the incidence of NTDs. 

Our previous studies have shown that glutamate signaling through NMDA receptors is important 

for the formation of the neural tube and that the AED valproic acid perturbs this signaling which 

induces an increase in neural plate cell proliferation and impairs neural plate cell migration, 

resulting in NTDs. The mechanism of glutamate release by neural plate cells is unclear since 

synapses are not assembled yet at these early stages of development. In this study we investigate 

the molecular mechanisms by which glutamate is released and signals in the folding neural plate 

of Xenopus laevis embryos. To determine whether vesicular release of glutamate occurs in the 

neural plate we first assessed the expression of the vesicular glutamate transporter 1 (VGluT1) 

during neurulation and found that VGluT1 transcripts are present at these developmental stages. 

Through whole-mount immunostaining we found that VGluT1 protein localizes to medial 

regions of the neural plate. Knocking down VGluT1 expression by injecting a specific VGluT1 

translation-blocking morpholino in 2-cell stage embryos leads to NTDs, indicating that VGluT1 

expression in neural plate cells is necessary for neural tube formation. In order to determine the 

source of glutamate and the dynamics and mechanisms of its release during neural plate folding 

we expressed the genetically-encoded, glutamate-sensor, iGluSnFR. In vivo imaging of 

neurulating embryos reveals that the fluorescent signal from iGluSnFr is selectively brighter in 

the neural plate compared to the non-neural ectoderm, thereby suggesting that glutamate is 



released from neural plate cells. In turn, released glutamate may recruit calcium dynamics in 

neural plate cells. We found that unilateral knockdown of VGluT1 decreases the number of 

spontaneous calcium transients in the affected half neural plate and impairs its folding. 

Moreover, exogenous addition of ionomycin enhances the fluorescence intensity of iGluSnFr in 

neural plate cells, which suggest that glutamate is released by calcium-dependent vesicular 

exocytosis. Altogether these findings suggest that vesicular glutamate release occurs in the 

neural plate, elicits calcium dynamics, and is necessary for the formation of the neural tube. 

Elucidating the mechanisms of neurotransmitter signaling during neurulation may contribute to 

identify antiepileptic drugs that are safe during pregnancy. 
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Abstract: ɓIV spectrin functions together with ankytinG to cluster Na+ and KCNQ2/3 K+ 

channels at axon initial segments (AIS) and nodes of Ranvier. These channels are necessary for 

the initiation and propagation of action potentials in the nervous system. Pathogenic variants of 

ŬII spectrin (SPTAN1) cause severe infantile epilepsy including seizures, hypomyelination and 

brain atrophy; pathogenic variants of ɓI (SPTB) and ɓIII (SPTBN2) spectrin lead to hereditary 

spherocytosis and spinocerebellar ataxia type 5, respectively. Although a variety of quivering 

mice bearing mutations in ɓIV spectrin (Sptbn4) have been reported and studied, our 

understanding of human pathogenic variants in ɓIV spectrin (SPTBN4) is limited to one single 



case report of an individual with congenital myopathy, neuropathy and deafness. However, the 

pathogenic mechanism still remains elusive. Here, we report five family cases of bi-allelic 

pathogenic variants (three homozygous and two compound heterozygous) in SPTBN4 that cause 

profound intellectual disability, congenital hypotonia, and motor axonal neuropathy. We show 

that 5/7 are loss-of-function variants that disrupt AIS localization or phosphoinositide binding. 

Nerve biopsies from a proband with a loss-of-function variant also showed reduced nodal Na+ 

channels and no nodal KCNQ2 K+ channels. We also demonstrate that although ankyrinR/ɓI 

spectrin can partially compensate for the clustering of Na+ channels upon the loss of 

ankyrinG/ɓIV spectrin, ankyrinR/ɓI spectrin cannot recue the clustering of KCNQ2/3 K+ 

channels. In summary, our studies reveal the molecular pathologies of variants in SPTBN4 and 

define a new class of spectrinopathies. 
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Abstract: Fetal alcohol spectrum disorders (FASD) collectively classify neurodevelopmental 

and psychiatric problems attributed to maternal ingestion of alcohol. Previous genetic studies of 

FASD have primarily focused on variants associated with risk, but have not investigated 

genomic alterations that may result from ethanol exposure to the developing brain. Genomic 

mosaicism, or cell -to-cell DNA variability, has been established as a feature of the normal 

cerebral cortex, with significant genomic variations occurring during development. We worked 

to determine if ethanol exposure during neurogenesis in the developing brain could alter the rate 

of genomic variation in neurons. We developed a novel, single-cell whole genome analysis 

approach to assess these somatic genomic changes in the developing cortex. Integration of 

multiple approaches allowed us to determine the effects of in utero ethanol exposure in both 



dividing and interphase cells. Analysis of embryonic mouse brain cells after in utero ethanol 

exposure during neurogenesis showed altered genomic variations when compared to control 

mice. Results from this study reveal lasting genomic alterations resulting from ethanol exposure 

during development and suggest that the aberrant genomic changes observed contribute to the 

range of neurological defects present in FASD. 
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Title: A novel pseudogene-encoded long noncoding RNA mediates fetal alcohol effects 
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Abstract: Prenatal alcohol exposure is a leading non-genetic cause of neurodevelopmental 

disability. Neural stem cells (NSCs) that give rise to most neurons of the adult brain during the 

first and second trimester are particularly vulnerable. We previously found that ethanol exposure 

did not result in NSC death, but rather, the loss of NSCs due to premature maturation. This effect 

was mediated in part by the loss of specific miRNAs in NSCs. Here, we investigate whether 

ethanol also specifically prevents NSC renewal. We assessed the regulation of the homeobox 

transcription factor, Oct4/POU5F1, which is important for maintaining stem cell renewal and 

pluripotency. The Oct4 family includes several long non-protein coding RNAs (lncRNA) 

transcribed from pseudogene loci. We identified Octpg9 as one pseudogene-derived lncRNA 

transcript that was expressed in NSCs at significantly higher levels than the parent Oct4 mRNA 

transcript. Ethanol exposure results in elevated levels of Oct4pg9, whereas Oct4 protein levels 

are reduced. We studied the effect of ethanol exposure on the expression of Oct4 and Oct4pg9. 

Ethanol decreased Oct4 protein levels, but increased Oct4pg9 lncRNA. We assessed the effects 

of elevated Oct4pg9 on stem cell fate markers in NSCs, compared to the effects of ethanol. 

Oct4pg9 overexpression increased DCX, NeuN and GFAP mRNA transcripts, an effect that was 

mimicked by ethanol exposure. In contrast, siRNA-mediated Oct4pg9 knockdown resulted in 

downregulation of DCX and MAP2 mRNA. These data suggest that ethanol-mediated elevation 



of Oct4pg9 shifts NSCs towards a neuronal/oligodendrocytic fate. Moreover, we found that 

CRISPR mediated knockdown of Oct4pg9 disrupts the correlated expression of stemness and 

differentiation markers. We show that siRNA mediated Oct4 knockdown, mimicking the effect 

of ethanol, resulted in an increased rate of DNA synthesis rate, an effect which can be reversed 

by knocking down Oct4pg9.Our results suggest that a novel OCT4-related lncRNA regulates 

NSC renewal and mediates some of the teratogenic effects of ethanol. Manipulating this lncRNA 

may be an interventional approach to reverse some of ethanol effects on neural stem cells. 
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Title: Regulation of the basic helix-loop-loop transcription factor TCF4 activity in neuronal cells 

Authors: *A. SIRP, K. ROOTS, K. LEITE, K. LUBERG, M. SEPP, T. TIMMUSK 

Dept. of Chem. and Biotech., Tallinn Univ. of Technol., Tallinn, Estonia 

Abstract: Transcription factor 4 (TCF4) belongs to a family of basic helix-loop-helix 

transcription factors also known as E-proteins. TCF4 has been associated with several mental 

disorders such as schizophrenia, intellectual disability, bipolar disorder and a very rare disease 

known as Pitt-Hopkins syndrome (PTHS). Furthermore, expansion of trinucleotide repeats in an 

intron of TCF4 have been shown to be responsible for the development of Fuchs' endothelial 

corneal dystrophy. We have previously demonstrated that human TCF4 gene is transcribed using 

numerous 5' exons potentially yielding in TCF4 protein isoforms with different N-termini that 

vary in their subcellular distribution and ability to regulate transcription. Additionally, we have 

found that PTHS-associated mutations impair the functions of TCF4 by diverse mechanisms 

ranging from hypomorphic to dominant-negative effects. Our recently published data show that 

neuronal activity and protein kinase A lead to phosphorylation of TCF4 and activation of its 

transcriptional activity indicating that synaptic activation of nerve cells, that is the basis of brain 



function, regulates TCF4 function. We have further investigated regulation of TCF4 function in 

neurons by studying how various sequence variations, mutations and interaction partners 

modulate the activity of TCF4. Most recent results obtained in these studies will be presented. 
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Abstract: The refinement of high-throughput sequencing technologies has led to an increase in 

the application of Whole Genome Sequencing and Whole Exome Sequencing (WES) to the 

diagnosis of human diseases. Recently, through WES analysis, Loss of Function (LoF) and 

missense variants in the GNB5 gene have been identified as causative in patients with a novel 

syndrome called intellectual developmental disability with cardiac arrhythmia (IDDCA), 

characterized by cognitive disability, cardiac abnormalities, and other neurological phenotypes. 

The GNB5 gene encodes Gɓ5, a structurally and functionally divergent isoform of the Gɓ family 

of GŬ/Gɓ/Gɔ heterotrimeric G proteins, and is primarily expressed in neural, neuroendocrine, 

and endocrine tissues. Gɓ5 binds with regulator of G protein signaling (RGS) proteins from the 

R7-RGS sub-family to hasten the inherent GTPase activity of the GŬi/o subunit causing a faster 

turn over in G protein signaling. Uncovering the mechanism by which missense variants impair 

Gɓ5 function can help elucidate the role of Gɓ5 in this syndrome. We hypothesized that these 

missense variants could alter Gɓ5 structure, causing a disruption of function in one of two ways: 

by decreasing Gɓ5 stability or by impacting the interaction between Gɓ5 and its binding 

partners. We conducted various experiments to investigate Gɓ5 carrying the missense variants 

found in patients. First, we employed the Iterative Threading ASSEmbly Refinement (iTASSER) 

server to model the potential structural impacts of these missense variants on the Gɓ5 molecule. 

We found perturbations in the predicted structures of these variants when compared to the wild-

type structure. Next, we performed in vitro experiments to assess the stability Gɓ5. While initial 

data do not suggest that Gɓ5 is destabilized with these missense variants, it cannot yet be ruled 

out as a mechanism for Gɓ5 dysfunction. Lastly, experiments probing the interactions between 



RGS7/Gɓ5 and their binding partner R7BP were performed. Data from these experiments do not 

suggest that these variants have significant impacts on these interactions. More studies will be 

necessary to understand the mechanisms of LoF of these missense variants in IDDCA. 
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Title: Placental allopregnanolone loss alters fetal GABAergic signaling 

Authors: *J. J. O'REILLY 1,2, D. BAKALAR2, J. ABBAH2, C. M. VACHER2, J. 
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Abstract: A major consequence of preterm birth is the loss of the placenta and the support it 

provides. The placenta supplies the developing fetus with critical hormones, including the 

neurosteroid allopregnanolone (ALLO). ALLO is a progesterone metabolite, synthesized by 3Ŭ-

hydroxysteroid dehydrogenase (3ŬHSD; in mouse encoded by the Akr1c14 gene). ALLO is a 

potent positive allosteric modulator of GABAA receptors (GABAA-Rs) which also regulates 

GABAA-R subunit expression. In the immature cortex, GABA acts an excitatory signal, due to 

the expression of the ion transporters NKCC1 and KCC2, which create a high-chloride 

environment inside the cell. This excitatory GABAergic signaling is critical for neuronal 

development and maturation. Importantly, high levels of placental ALLO coincide with a 

predominance of GABAergic (vs glutaminergic) synapses in the cortex. To directly test the 

hypothesis that placental ALLO loss disrupts the development of the GABAergic system, we 

utilize our Akr1c14Cyp19aKO mouse model (KO), in which placental ALLO production is 

reduced. These mice have cortical changes and behavioral deficits that mirror those seen in 

human preterm survivors. Here, gene expression, protein quantification, and in-situ hybridization 

were used to assess molecular changes in the cortical GABAergic system during development in 

the absence of placental Akr1c14. KO mice had long-lasting, sex-specific alterations in GABAA-

R subunit expression and developmentally disrupted NKCC1 and KCC2 expression. These 

molecular changes correlate with electrophysiological changes: at P30, KO pyramidal cells had 



IPSCs with faster decay rates, without changes in IPSC frequency, consistent with the changes in 

GABAA-R subunits and ion transporters. Experiments are now focused on determining the 

mechanistic links between ALLO loss, GABAergic alterations and the loss of upper layer 

cortical neurons that we previously described. This is a novel and key link between placental 

function and long-term neurological outcomes, emphasizing the importance of the growing field 

of neuroplacentology. 
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Title: E3 ubiquitin ligase mutations in X-linked intellectual disability 
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Abstract: Intellectual disability (ID), which affects 1-2% of the general population, is a 

devastating neurodevelopmental disorder with the most lifetime costs of all diagnoses in the U.S. 

However, males are more susceptible to ID than females and are often found to have severe 

outcomes. Mutations in X-chromosomal genes are thought to account for this male-biased 

phenomenon. KLHL15 was recently identified as a novel XLID gene. It encodes Kelch-like 

protein 15 (KLHL15), a substrate adaptor of a Cullin-3 (CUL3)-based E3 ubiquitin ligase 

complex that targets proteins, including the brain-enriched Bǋɓ regulatory subunit of protein 

phosphatase 2A (PP2A), for degradation by the ubiquitin/proteasome system (UPS). Several 

KLHL15 mutations have been found in the poorly characterized BACK domain, which is a 

ñhotspotò for many deleterious variants of the other KLHL family members resulting in either 

Mendelian diseases or human cancers. We identified both loss-of-function (ȹFY241, ::ACOT9) 



and gain-of-function (R249H) alleles, and we hypothesize that small deletions and point 

mutations in KLHL15ôs BACK domain lead to structural rearrangement that change the 

alignment between bound substrates and the ubiquitin-transfer (E2/E1) complex to either slow or 

accelerate substrate ubiquitination and degradation, causing dysregulated protein turnover of 

CUL3KLHL15-targeted substrate(s) and eventually pathogenesis of ID. 
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Abstract: Human mutations in nuclear proteins that regulate mRNA export have been shown to 

be causative for multiple rare pediatric intellectual disability and progressive microcephaly 

syndromes. These proteins are conserved among higher organisms and are known to facilitate 

nuclear to cytoplasmic mRNA export in addition to regulating the cellular processes of 

transcription elongation and genome stability; however, the function of each protein in the 

complex remains unknown. We aim to resolve the temporal and spatial expression of these 

proteins and determine their requirement during neurogenesis. In addition, we will investigate 

the mechanism of disease for the known pathogenic human variants using in-vitro and in-vivo 

approaches.In order to determine protein expression during neurogenesis, we have developed a 

mouse model harboring a proximal V5 tag. We will characterize expression of V5 in conjunction 

with brain specific cell-type markers to identify potentially vulnerable cell types to loss of this 

complex during brain development. To test the requirement for these proteins during 

neurogenesis, we will characterize a knockout mouse model we recently developed. Based on the 

patient phenotype of progressive microcephaly suggestive of postnatal neurodegeneration, we 

will characterize brain morphology and assess changes in proliferation, R-loop formation (DNA 



damage), and apoptosis during embryogenesis. To create a cellular model for the disease to study 

the molecular mechanism of this syndrome, we have also generated primary mouse neuronal 

progenitor cells (NPC) lines from multiple V5/- and V5/+ embryos at e12.5. Of note, the null 

embryos are embryonic lethal prior to e12.5, thus NPC lines from knockout mice can not be 

developed. First, we will validate our in-vitro system is representative of the in vivo phenotype 

by assessing for cell proliferation, R-loop formation, and apoptosis. Following validation, we 

will assess levels of mRNA export by collecting whole cell lysate RNA, as well as nuclear and 

cytoplasmic fractions of RNA for sequencing. If mRNA export is defective in mutant cells, we 

predict we will see retention of cytoplasmic RNAs within the nucleus compared to controls. 

Since this protein complex is also known to play a role in transcriptional elongation and RNA 

splicing, we may observe changes in mRNA expression levels and splicing as another possible 

mechanism of disease. Overall, we aim to characterize the role of this complex in brain 

development, as well as characterize the pathogenic mechanisms leading to pediatric brain 

disease. 
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Title: Placental allopreganolone loss alters postnatal cerebellar development and long-term 

function 
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Abstract: Preterm birth is a substantial risk factor for autism and related disorders. A major 

consequence of premature birth is early loss of the key endocrine organ of pregnancy, the 

placenta. Placental endocrine dysfunction or loss may place many thousands of fetuses at risk of 



life-long neurodevelopmental impairments each year. We have been investigating the 

contribution of a neuroactive steroid, Allopregnanolone (ALLO), primarily synthesized by the 

placenta during late gestation, to neurodevelopmental impairments. ALLO exerts neurotrophic 

and neuroprotective effects in neurons and glial cells through allosteric activation of the GABA-

A receptor suggesting that its loss could substantially alter the normal developmental 

GABAergic milieu. To assess the impact of placental ALLO deficiency, we generated a 

transgenic mouse line (AKR1c14CYP19aKO) in which the gene encoding the enzyme responsible 

for ALLO production is specifically deleted by Cre-Lox recombination in the placenta. We 

examined cerebellar development because its rapid 3rd trimester growth makes it particularly 

vulnerable in preterm birth. Here we report three key cerebellar findings in our model. First, 

there are significant, sex-specific anatomical and molecular alterations in maturing cerebellar 

white matter. Second, social-cognitive cerebellar function is impaired but motor function is 

largely intact. Third, genes dysregulated in the KO compared to littermate controls overlap 

significantly with autism-linked genes from the SFARI database, particularly in myelin-related 

genes. White matter injury, a primary cause of deficits in preterm birth survivors, is also 

commonly seen in autism, particularly in the human cerebellum and cerebellar circuits. 

However, cerebellar white matter development is primarily a postnatal phenomenon, so placental 

endocrine alteration leading to this change is a particularly striking result. We are now 

investigating the mechanism by which placental ALLO loss leads to cerebellar white matter 

differences in an autism-like behavioral phenotype. The concept that compromised placental 

function may program lifelong mental disorders is a promising angle from which to approach 

their etiology and to identify new therapeutic targets that could decrease risk even before birth. 
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Abstract: 22q11.2 Deletion Syndrome (22q11 DS) is a neurodevelopmental disorder that 

impacts 1 in 4,000 live births. Craniofacial anomalies associated with multiple neural crest-

derived tissues, including structural defects of the palate and cranial bones, as well as defects in 

sensory/motor coordination that impair speech and swallowing, are apparent in most individuals 

carrying 22q11.2 deletions. We have found that Ranbp1, a 22q11.2 DS candidate gene, is a key 

regulator of multiple aspects of craniofacial development. Mice with homozygous null mutations 

of Ranbp1 have a severe, strongly penetrant cleft palate phenotype, with a complete failure of 

palatal closure, and a concomitant failure to form key neural-crest derived palatal bone structures 

including the palatal processes of the maxilla and premaxilla. Conditional neural crest-specific 

knockout of Ranbp1 yields a highly-penetrant but less-severe phenotype: Wnt1-Cre::Ranbp1 null 

embryos have closed but highly dysmorphic palatal structure. Other crest-derived cranial bones 

show dysmorphology; in particular the structure of the vomer is altered such that its anterior 

aspect is enlarged at the expense of the posterior aspect. Ranbp1 mutation also disrupts the 

formation of the trigeminal ganglion, mirroring (but significantly more severe than) anomalies 

we have observed in the LgDel mouse model of 22q11 DS. Heterozygous Ranbp1 mutants 

display more subtle and variable forms of each of these phenotypes. Thus, Ranbp1 appears to 

compromise palate formation, as well as disrupt the development of other craniofacial structures, 

possibly by disrupting the function of key craniofacial signals that pattern the cranial neural 

crest. 
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Title: MMP9/RAGE pathway overactivation underlies the inhibitory/excitatory imbalance 

induced by the feedforward loop of oxidative stress and neuroinflammation: A translation study 
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Authors: *D. DWIR 1, B. GIANGRECO1, L. XIN2, L. TENENBAUM3, J.-H. CABUNGCAL1, 

P. STEULLET1, A. GOUPIL1, M. CLEUSIX1,4, R. JENNI1,4, P. BAUMANN1,4, P. 

KLAUSER1,4, P. CONUS4, R. TIROUVANZIAM5, M. CUENOD1, K. Q. DO1 
1Ctr. for Psychiatric Neurosci. (CNP), Prilly-Lausanne, Switzerland; 2Ctr. for Biomed. Imaging 
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Abstract: Besides oxidative stress (OxS), evidence indicates the implication of immune 

dysregulation in schizophrenia. As OxS is known to induce inflammation, we explored the 

mechanisms involved in their interaction using both a well-characterized cohort of early 

psychosis (EP) SZ patients that carry GAG trinucleotide-repeat polymorphisms in glutamate-

cysteine ligase (GCL, the key synthesizing enzyme of the major antioxidant GSH) and a 

transgenic model of redox dysregulation, the Gclm knockout (Gclm-KO) mouse, which has a 

70% reduction in brain GSH due to the lack of the GCL modulatory subunit (Gclm). OxS (8-

oxoDG), microglia activation (Iba1, CD11b and CD68), parvalbumin interneurons (PVI) and 

perineuronal net (PNN), Receptor for Advanced Glycation End-product (RAGE) shedding, 

matrix-metalloproteinase 9 (MMP9), and NFkB activation (using an Adeno-Associated Virus) 

were investigated in the anterior cingulate cortex of Gclm-KO mice at both peripuberty (P40) 

and adulthood (P90), after an additional stress (dopamine uptake inhibitor GBR, P10-P20). At 

both P40 and P90, increased OxS and microglia activation were found in Gclm-KO, which 

peaked at P40, revealing a period of vulnerability during youth. In Gclm-KO at P40, RAGE 

shedding was increased in neurons and induced by MMP9, sensitive to OxS, as In vivo inhibition 

of MMP9 with a siRNA completely prevented RAGE shedding. Moreover, NFkB activation was 

increased in neurons of Gclm-KO, as well as pro-inflammatory cytokines. Then, in order to test 

the hypothesis that the following pathway: oxidative stressŸMMP9 activationŸRAGE 

sheddingŸNFKb activationŸcytokines inductionŸmicroglia activationŸreactive oxygen 

species productionŸOxS, could be causal to the long lasting PVI/PNN deficit observed in the 2 

hits Gclm-KO model (±GBR, Cabungcal et al., 2013), the latter was treated with MMP9 inhibitor 

during puberty (P20-30). MMP9 inhibitor treatment, after the additional OxS, reversed PVI/PNN 

deficit, and reduced OxS as well as microglia activation in adulthood (P90). In EP patients with a 

genetic vulnerability to OxS, an increase in soluble RAGE was associated with low prefrontal 

GABA levels, potentially predicting a central inhibitory/excitatory imbalance, in line with our 

preclinical model in which OxS-induced MMP9 activation and increased RAGE shedding lead to 

PVI deficits. The circular pathway described above constitutes a positive feedforward process by 

which inflammation and OxS amplify each other, which is particularly damaging to PVI/PNN 

and might explain the persistence of the observed cellular damage. Therefore, MMP9 inhibitor 

holds promise for preventive treatment approaches. 
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Abstract: Malformations of cortical development, including focal cortical dysplasia, have long 

been hypothesized to result from somatic, post-zygotic mutation. Recently, post-zygotic, or 

mosaic, variants in genes encoding mTOR-AKT-PI3K pathway proteins have been identified as 

a common cause of focal malformations through the study of brain tissue resected in the course 

of epilepsy surgery. We sought to identify novel causes of focal epileptic lesions through the 

study of brain tissue from patients with focal epilepsy with and without neuroimaging evidence 

of focal cortical dysplasia. We identified 18 patients without explanatory imaging findings (non-

lesional) and 38 patients with focal malformations on imaging, all of whom were undergoing 

clinical evaluation and focal resection. We performed high-depth sequencing (gene panel and 

exome) on DNA from the resected brain tissue, as well as blood for comparison. We identified 5 

distinct novel pathogenic variants in the same gene, SLC35A2, 3 from among the 18 who were 

non-lesional on imaging (2 of whom had neuropathological evidence of focal cortical dysplasia) 

and 2 from among the 18 with focal malformations on imaging, both of whom had radiological 

evidence of FCD. The variant allele frequency (VAF) ranged from 2-53%, with lower VAF for 

the non-lesional cases and higher VAF for the lesional cases. SLC35A2 has been traditionally 

associated with epilepsy in the context of glycosylation defects. Our identification of post-

zygotic variants in this geneðin cases ranging from non-lesional focal epilepsy to cases with 

neuroimaging or neuropathological evidence of abnormal cortical developmentðhighlights the 

important role of somatic mutation in focal epilepsy. Further, we have identified a new role for 

glycosylation defects in epilepsy and in the pathogenesis of focal epileptic lesions. 
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Abstract: Medically intractable epilepsies are one of the most common neurological disorders 

that affect children. Focal Cortical Dysplasia (FCD) is a developmental malformation that is a 

major cause of surgically treated, medication-resistant pediatric epilepsy. FCD originates in the 

cerebral cortex of the embryo as a result of defects in proliferation, neuronal maturation, and/or 

neuronal migration. These developmental errors lead to focal regions of disorganization in the 

cerebral cortex of patients, characterized by disrupted lamination, misplaced neurons, dysplastic 

neurons and focal seizures. The molecular and cellular causes of these developmental errors are 

poorly understood. Recent studies suggest that somatic mutations in the genes regulating the 

mammalian Target of Rapamycin (mTOR) signaling pathway may be responsible for the 

condition. However, there is no clear understanding of the role played by the mTOR pathway in 

the development of the human cerebral cortex. It is also unclear if particular cell types are 

particularly vulnerable to these mutations during development and how the disrupted cellular 

identities contribute to the disease phenotype in patients with FCD. In order to gain a better 

insight into this condition, we examined the cellular composition of donated brain tissue from 

patients with focal cortical dysplasia. Our results suggest that the dysplasia may be the result of 

errors in the maturation of a specific group of progenitor cells. In order to understand how these 

errors in a progenitor cell type translate into the disease condition, it is necessary to build a 

detailed cellular profile of the disease focused on molecular and lineage relationships between 

cells. We are generating such a profile using advanced genomic technologies on donated human 

patient tissue samples to compare gene expression patterns between several thousand individual 

dysplastic and healthy neurons from multiple patients. In order to understand how FCD alters 

vulnerable cell types during development, we have also developed and validated slice culture 

models of human brain development. By pharmacologically manipulating mTOR signaling in 

this model, we can recapitulate key cellular characteristic of dysplastic cells in vitro. Together, 

these approaches will help unravel the developmental causes of FCD. In addition, they will 



provide novel insights into the molecular and cellular events that shape the development of the 

human cerebral cortex, thus opening the door towards a broader understanding of other 

neurodevelopmental conditions. 
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Abstract: The human ZC3H14 gene encodes a ubiquitously expressed zinc-finger polyadenosine 

RNA-binding protein. Mutations in ZC3H14 that impair function of it encoded protein have been 

linked to an inherited form of non-syndromic intellectual disability (NS-ID). We developed a 

Drosophila melanogaster model of ZC3H14 NS-ID by deletion of dNab2, the fly ortholog of 

ZC3H14. These dNab2-deficient animals display defects in survival, locomotion, and memory 

which correlate at a cellular level with neurodevelopmental defects. Importantly, pan-neuronal 

expression of human ZC3H14 in Drosophila neurons can rescue the overt locomotor and 

survival phenotypes of dNab2-deficient flies, suggesting that dNab2 and ZC3H14 serve 

conserved roles in neurons. To probe this role, we used a dominant-modifier approach to identify 

alleles of genes that interact with dNab2. This approach has uncovered genetic interactions 

between dNab2 and multiple components of the planar cell polarity (PCP) pathway, such as 

Disheveled, Frizzled, and Van Gogh. Additionally, we have characterized classic PCP-like 

defects in wing hair orientation and cochlea inner hair cell orientation in dNab2 null flies and 

ZC3H14 knockout mice, respectively. Furthermore, loss of function alleles of PCP components 

can rescue a portion of dNab2 null neuro-morphology defects observed in the mushroom bodies, 

twin neuropil structures analogous to the mammalian hippocampus. What underlies the rescue of 

this neurodevelopmental defect is of particular interest. Here we conduct a comparative 

proteomic analysis of control and dNab2 null brains at a critical timepoint in Drosophila 



neurodevelopment. 4302 proteins were represented with significant changes in 144: 56 are 

increased and 88 are decreased in abundance by a factor of 1.6-fold or greater. Interestingly, a 

number of these are candidate PCP effectors or factors with PCP-like phenotypes by RNAi 

screens including: Treh, Akap200, and CG31738. Additionally, many actin and cytoskeletal-

related proteins were identified including: Arc1, Lasp, Map205, and Polo. These data suggest 

that multiple pathways relevant to neurodevelopment are regulated by dNab2 but that PCP may 

be critical. 
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Abstract: Autism spectrum disorders (ASD) are associated with defects in neuronal connectivity 

and are highly heritable. Genome wide association studies in large ASD family cohorts identified 

high risk variants associated with autism in genes that regulate histone modifications and 

remodel chromatin. These findings highlight the relevance of chromatin regulatory mechanisms 

in the pathology of ASD. Changes in Histone H3 methylation have been identified in a subset of 

neuronal genes in postmortem cerebral cortex of autism patients. ASH1L is a Histone H3-

Methyltransferase that was previously identified in whole exome sequencing studies, as a gene 

strongly enriched for variants likely to increase ASD risk. ASH1L dimethylates Histone H3 on 

Lysine 36 (H3K36me2), this histone mark has been implicated in transcriptional activation. 

Therefore, ASH1L could modulate expression of genes that are essential for neuronal 

development. However, how mutations in ASH1L lead to deficits in neuronal connectivity 

associated with autism pathogenesis is largely unknown. We are using genome editing and 

shRNA knockdown approaches in stem cell derived human neurons to interrogate the function of 



ASH1L. In particular we are defining how changes in chromatin structure and function elicited 

by loss of ASH1L could disrupt the structural development of early neuronal connectivity. Our 

preliminary data suggests that knockdown of ASH1L in human neurons impacts neurite 

outgrowth and that it might do so by modulating the expression of neurotrophic receptors. This is 

the first time that neurotrophic receptors gene expression have been shown to be regulated by the 

chromatin regulatory factor ASH1L, suggesting the relevance of ASH1L to human neuronal 

development. 
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Abstract: Psychopathy is a disorder characterized by a loosely correlated set of interpersonal, 

affective, and behavioral features, including pronounced emotional deficits such as diminished 

sense of guilt and empathy. Psychopathy involves also an increased risk for antisocial behavior 

and poor impulse control. Although psychopaths represent less than 1% of the general population 

and 15-25% of prison populations, they perpetrate even 30-50% of all violent crimes. Thus, 

psychopathy is one of the strongest predictors of aggression and severe violence. This study aims 

to identify the neurobiological characteristics associated with psychopathic violence as markers, 

and targets for intervention and prevention of violent behavior by generating induced pluripotent 

stem cell (iPSC) lines from psychopathic violent substance abusers and healthy controls and 

substance abusers without psychiatric manifestations. The iPSC lines were differentiated to 

TUJ1+ and VGLUT1+ glutamatergic neurons via dual SMAD inhibition. The neuronal RNA 



was sequenced with Illumina Hiseq sequencing system to compare the global gene expression 

profiles of the psychopaths and the two control groups. A total of 168 genes were up- or down-

regulated (|FC| >3, p <0.05) in psychopathic violent substance abusers when compared to control 

groups. One particular gene showed strong and statistically significant upregulation among 

psychopathic prisoners (upregulated FC=4.4 p=0.044). Even though this gene has not been 

previously reported to be related to psychiatric disorders, its expression correlates positively with 

PCL-R scores of psychopathic violent substance abusers (R² = 0.951). Future proteomic studies 

will uncover interacting proteins for the gene and elucidate its contribution to psychopathic 

violence. 
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Abstract: Advances in human genetics have identified a variety of candidate genes implicated in 

a number of developmental disorders such as intellectual disability (ID) and schizophrenia 

(SCZ). However, it is not known if mutations associated with candidate genes can be used to 

define alterations within developmental signaling networks. Here, we use the Traf2 and Nck 

Interacting Kinase (TNIK) as a model to explore changes in signaling pathways as a truncating 

mutation in the kinase domain (p.Arg180*) of TNIK has recently been shown to be causal for 

ID. TNIK plays essential roles in regulating synaptic function and interacts with multiple key 

postsynaptic density (PSD) proteins involved in complex brain disorders, including SHANK3 

and SYNGAP1. We determined protein interaction networks of TNIK and potential substrates of 

the kinase domain in early neural development and adult PSD via mass spectrometry, which 

highlighted the involvement of TNIK in centrosomal dynamics and synaptic function. This 



network was further expanded by immunoisolation of the centrosomal TNIK-interacting proteins 

AKAP9 and PDE4DIP. To investigate the function of TNIK within early stages of neural 

development, we generated multiple models using induced pluripotent stem cells (iPSCs). These 

include a TNIK kinase dead cell line and an iPSC line derived from a patient harboring the 

p.Arg180* mutation which was further corrected using CRISPR/Cas9 genome engineering. 

Functional analyses shows how TNIK regulates specific components within human neural 

progenitor cell (hNPC) developmental signaling networks such as beta-catenin and how they are 

dysregulated in mutant TNIK hNPCs. Furthermore, using mutant TNIK iPSC-derived 

glutamatergic neurons, we show the role of TNIK function in the regulation of synaptic activity 

through development and compare developmental and adult synaptic signaling networks in ID 

and SCZ. 
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Title: Human neural progenitor cells harbor DSB clusters in genes linked to Autism 
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Abstract: Human neurons contain high level of somatic genomic variations that might derive 

from DNA double-strand break (DSB) intermediates. To study replication stress-induced DSB 

hotspots, we applied high throughput genome-wide translocation sequencing, identifying 36 

replication-associated genomic fragile regions overlapping genes in neural progenitor cells 

(NPCs) derived from human pluripotent stem cells. Our analysis also reveals cell type-dependent 

gene fragility associated with transcription. Here we show that NPCs derived from autism 



patients exhibit increased DNA damage and elevated DSBs in long genes associated with autism. 

Our results demonstrate that replication-associated genome instability may cause neurological 

dysfunction by disrupting long neural genes linked to neurodevelopmental diseases. 
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Abstract: We and others have previously shown that transcription factor MEF2C is critical for 

neuronal differentiation, synapse formation and neuronal survival. Human MEF2C 

haploinsufficiency results in a syndrome with clinical features resembling autism spectrum 

disorder (ASD), intellectual disability, and epilepsy. However, molecular mechanisms 

underlying MEF2C haploinsufficiency syndrome (MHS) in patients remain poorly understood. 

Here we report that human induced pluripotent stem cell (hiPSC)-derived cerebrocortical 

neurons from MHS cultured on mouse astrocytes for 5-6 weeks exhibit excitatory to inhibitory 

(E/I) synaptic imbalance. By patch-clamp recording and fluo-4AM calcium imaging, we show 

greater spontaneous bursts of action potentials and increased frequency of calcium transients in 

MHS patient neurons when compared to controls including isogenic-correction. MHS patient 

neurons exhibit greater glutamate current density in response to 100 µM glutamate and smaller 

GABA current density in response to 100 µM GABA than control neurons. Sodium and 

potassium current density, cell size and resting membrane potential remain unchanged. MHS 



patient neurons also display increased frequency and amplitude of miniature excitatory 

postsynaptic currents (mEPSCs), but decreased frequency of miniature inhibitory postsynaptic 

currents (mIPSCs). These results provide mechanistic insight into the abnormal neuronal 

electrical activity that leads to the observed functional deficits in patients with MHS. These 

aberrant electrical properties of MHS hiPSC-derived neurons will be useful for screening of 

putative novel therapeutic compounds in a patient-specific genetic context. 
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Abstract: Evolving evidence suggest that Tool-like receptors (TLRs) are associated with the 

maintenance of neuropathic pain. However, little is known about the precise mechanisms 

underlying the TLRs. UNC93B1 associated with TLR3, TLR7 and TLR9, mediating their 

translocation from the endoplasmic reticulum to the endolysosome, hence allowing proper 

activation of glia cells. We found that the triple deficientó3dômice, which lack functional 

UNC93B1, significantly attenuated the maintenance of tactile allodynia, activated microglial 

cellnumber. It was also noted that,either gene mutation of UNC93B1 or by neutralizing antibody, 

can significantly suppress the harmful cytokines (IFN-ɔ,IL-1ɓ,TNF-Ŭ) expression and assist the 

beneficial cytokine (IL-10) expression. When applying the human recombinant HMGB1 into the 

MG6 microglial cell line, NF-əB and STAT1 activation was detected and significantly blocked 

by pretreating UNC93B1 neutralizing antibody. These observations suggest the crucial roles of 

TLR3, TLR7 and TLR9 in the development of neuropathic pain. 
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Title: Increased number of detected hypocretin (orexin) neurons in human heroin addicts 
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Abstract: We found that human heroin addicts have, on average, a 54% increase in the number 

of detectable hypocretin neurons (N=5) relative to human controls (N=7, p=0.0009, t=8.89, 

df=10). Hypocretin cell size is reduced by 22% in the addicts (p= 0.01, t=2.78 df=10). In mice 

(C57BL/6) doses of 10 mg/kg or higher for 14 days produced a significantly elevated number of 

detected hypocretin neurons compared to saline. The increase in hypocretin cell number at 50 

mg/kg was 38%. Doses above 50 mg/kg produced no further increase (10mg - p=0.009, t=-4.77 

df=4; 25mg - p=0.019,t=-3.81, df=4; 50mg - p=0.002, t=-7.07, df=4; 75mg - p=0.01, t=-5.14, 

df=4; 100mg - p=0.01, t=-4.52 df=4). With daily dosing for a 60 day period changes in cell 

number were smaller than that after 14 days of administration. mRNA amounts of 

preprohypocretin, Narp and preprodynorphin were significantly elevated with morphine injection 

(Preprohypocretin p=0.03, t=2.99 df=5; Narp p=0.02, t=3.36, df=5; Prodynorphin p=0.01, t=3.65 

df=5). The number of melanin concentrating hormone cells, a cell type intermixed with 

hypocretin cells in the hypothalamus, was not changed by morphine administration. BrdU 

labelling to identify new neurons showed no increase in the number of BrdU labelled cells in the 

hypothalamic hypocretin cell field after 14 days of morphine treatment in mice. Human 

narcoleptics with cataplexy given morphine over a long period were found to have a higher 

number of hypocretin cells than the available narcoleptic control case. Morphine administration 



restored the population of detected hypocretin cells to the normal level in partially hypocretin 

depleted mice (orexin-tTA;TetO DTA mice), and eliminated or greatly decreased cataplexy in 

narcoleptic mice, suggesting that opiate agonists may have a role in the treatment of narcolepsy. 

Induction of specific long-term changes in peptide production may be useful in treating diseases 

characterized by neuronal loss. Our findings also indicate that some portion of the loss of 

specific cell types that have been reported in neurological diseases may be due to reduced 

production of the identifying label used for counting the neurons, rather than to neuronal death. 
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Abstract: Dense core secretory vesicles (DCSVs) of neurons, glia, and neuroendocrine cells 

secrete peptide signal molecules to regulate physiological systems and facilitate cell-cell 

communication. These peptides perform crucial functions in biological processes that range from 

neurotransmission to hunger, analgesia, circadian rhythm, and cognition. Neuropeptide 

precursors, or proneuropeptides, are packaged in DCSVs along with a diverse array of proteases 

responsible for processing them into bioactive neuropeptides. This begins inside the DCSVs at 

pH ~5.5 and is followed by secretion into the extracellular environment of neutral pH 7.4. The 

acidic pH within DCSVs is thought to be an important factor for protease function. To gain 

understanding of the DCSV proteolytic systems, we utilized high-resolution liquid 

chromatography (LC)-mass spectrometry (MS) proteomics, peptidomics, and multiplex substrate 



profiling (MSP)-MS of purified DCSVs from adrenal chromaffin cells (bovine) to determine 1) 

the identities of DCSV proteases and their endogenous inhibitors, 2) the primary cleavage 

properties of DCSV proteases at intravesicular and extracellular pH, and 3) which classes of 

DCSV proteases are responsible for the biosynthesis and degradation of neuropeptides such as 

Neuropeptide Y, Galanin, and Met-Enkephalin. Proteomics data identified approximately 65 

proteases comprised of the cysteine, aspartyl, serine, and metallo protease sub-classes. The 

identification of this diverse group demonstrates the extensive spectrum of DCSV proteases. To 

characterize the specificity of proteolysis within the DCSVs at their internal pH of 5.5, MSP-MS 

was used to measure the relative abundances of cleavages of a comprehensive synthetic peptide 

library. Further, peptidomic analyses of endogenous peptides generated by DCSV proteases is 

being conducted to illustrate the protease sub-classes involved in neuropeptide production and 

degradation. Results will advance understanding of the vital DCSV proteolytic controls of 

neuropeptide precursor processing to generate active neuropeptides for intercellular 

communication. 
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Title: Desynchronized lower alpha rhythms were associated with functional ischemia in the 

prefrontal cortex in heroin patients after protracted abstinence: A concurrent EEG-fNIRS study 

Authors: *H. IEONG 1,2, Z. YUAN2 
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Abstract: Opiate addiction involves cycles of lapse and relapse. Despite diverse treatment 

options nowadays, the relapse rate is still extremely high, and there is no biomarker to predict 

relapse. Prefrontal cortex (PFC) has been a target for drug addiction, in large part, because of its 

well-known executive functioning and its strong connection with limbic reward regions. 

However, the mechanism underlying the systems-level neuroadaptations during abstinence has 



not been fully characterized across drug classes. It has been suggested that resting-state 

functional connectivity (rsFC) can serve as a systems-level biomarker to predict various 

neuropsychiatric trajectories. Is it possible to establish an intermediate level that explores a large 

population of cells and vessels within PFC network to better understand the adaptation in opiate 

addiction after prolonged cessation from the drug? The objectives of our study were to determine 

which neural oscillatory activity contributed to the chronic effect of opiate exposure on 

abstinence and whether the electrical activity could be coupled with neurovascular information in 

the PFC. The oscillatory activity was recorded through electroencephalography (EEG); whereas 

the hemodynamic activity was recorded through function near-infrared spectroscopy (fNIRS). 

Resting-state desynchronization in lower alpha rhythm, decreased functional connectivity and 

degree strength in PFC network among heroin-dependent patients. Through modern machine 

learning computation, asymmetric interhemispheric excitability evidenced by hemodynamic 

patterns in PFC was observed, suggesting as a potential biomarker for heroin protracted 

abstinence. Our findings have potentially important implications for future brain state-dependent 

electrotherapy applying wearable optical neuroimaging in clinical psychiatry to predict relapse. 
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Title: Co-administration of mixed Õ/Ặ-agonist attenuate the opioid dependence 

Authors: *R. RAGHAV 1,2, R. JAIN2, T. ROY3, A. DHAWAN2, P. KUMAR3 
2Natl. Drug Dependence Treatment Centre, Psychiatry, 3Anat., 1All India Inst. of Med. Sci., New 

Delhi, India 

Abstract: Background: The most actions of exogenous opioids, such as morphine, are mediated 

through µ-opioid receptors. By contrast, the activation of the ə-receptor antagonizes various µ-

receptor mediated actions in the brain, including analgesia, tolerance, reward and memory 

processes. Therefore, the aim of present study was to provide more information about the 

possible action of acute and chronic co-administration of ə-agonist, nalbuphine on opioid 

dependence also it is not properly known whether the effect of acute and chronic doses of 

nalbuphine are similar in attenuating the opioid dependence. 

Method: Male adult Wistar albino rats (n=160) were made physically dependent by 



administrating increasing dose of morphine and withdrawals were precipitated with naloxone. 

Nalbuphine was co-administered acutely and chronically in variable doses (0.1, 0.3, 1.0, 3.0 

mg/kg, i.p.) with morphine. Somatic signs of withdrawals were scored by using Gellert-

Holtzman (GH) rating scale. Thereafter, brain was carefully dissected out for tyrosine 

hydroxylase, Õ and ə expressions. 

Results: Withdrawals from chronic morphine administration produces profound increase in GH-

score whereas, TH levels were significantly decreased. Chronic co-administration of nalbuphine 

significantly suppressed the GH Score and µ-opioid receptor levels whereas, increase the TH and 

ə -opioid receptors levels. No change was observed with acute co-administration. 

Conclusion: These findings suggest that withdrawal-induced reduction in TH levels could be 

responsible for somatic and as well as subjective symptoms of opiate withdrawal and anti-

morphine action of the ə-receptor systems may lead to new drug design and therapeutic 

strategies for opioid addiction (Supported by ICMR, Govt. of India and nalbuphine gifted by 

RUSAN Pharma Ltd.). 

Abbreviations: Õ = mu; ə = Kappa; TH = Tyrosine Hydroxylase; n = Number 
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Title: Characterizing reproductive function in POMC-deficient mice 
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Abstract: The pro-opiomelanocortin (Pomc) gene encodes POMC, which is differentially 

processed to produce adrenocorticotrophin, beta-endorphin, and three melanocyte-stimulating 

hormones, among other peptides. POMC neurons are principally located in the arcuate nucleus 

(Arc) of the hypothalamus, where they are essential in the control of food intake, energy 

expenditure and body weight. Several different homozygous null mutations in the POMC gene 

have been shown to cause early-onset obesity and adrenal cortical insufficiency in a small 

number of humans. Pomc expression in Arc neurons is regulated by two distal enhancers. 

Mutations in these enhancers selectively reduce the amount of Pomc mRNA and POMC peptides 

in Arc neurons, but not pituitary cells. Furthermore, estrogen receptor alpha can bind to one of 

these enhancers in vitro, and about 25% of Arc POMC neurons express this receptor. Mice with 

combined deletions of both enhancers (FNȹ1ȹ2) have less than one percent of Arc Pomc mRNA 

compared to wildtype mice. Like other mouse models of obesity, FNȹ1ȹ2 mice are infertile, but 

it is unclear whether their reproductive disruption is due primarily to POMC-deficiency in the 

brain or is secondary to obesity. We are comparing aspects of reproductive function in wildtype 

and FNȹ1ȹ2 female mice, including day of vaginal opening, day of first estrus, estrous cyclicity 

and fertility. In addition, we are using a related, conditional mutant mouse model (FNȹ2) in 

which Pomc gene expression can be restored by the action of a tamoxifen-inducible Cre-ERT2 

transgene after the mice have developed obesity. Because humans with mutations in the POMC 

gene also experience disruptions in timing of puberty, or a cessation of pubertal development, 

understanding more about how hypothalamic POMC-deficiency impacts reproduction in mice 

may help to develop therapies for humans impacted by similar mutations. 

Disclosures: Z. Thompson: None. G.L. Jones: None. H. Yu:  None. M.J. Low:  None. 

Poster 

556. Opiates, Cytokines, and Other Neuropeptides 

Location: SDCC Halls B-H 

Time: Tuesday, November 6, 2018, 1:00 PM - 5:00 PM 

Program #/Poster #: 556.07/D15 

Topic: B.01. Neurotransmitters, Transporters, and Signaling Molecules 

Support: NIH grant 5R01NS094597 
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Abstract: Proteases are required to generate active peptide neurotransmitters, known as 

neuropeptides, from pro-neuropeptides. Model animal systems have recently illustrated roles for 



the cathepsin V (CTSV) and cathepsin L (CTSL) cysteine proteases, combined with the serine 

proteases PC1/3 (PCSK1) and PC2 (PCSK2), and exopeptidases in the production of 

neuropeptides. There is notable interest in the human-specific cathepsin V gene that is not 

present in rodent and other animal models used in prior studies of neuropeptide production. A 

gap in the field is of the human brain gene expression patterns of these neuropeptide-producing 

protease systems. Therefore, the goal of this study was to characterize the expression profiles of 

these pro-neuropeptide processing proteases in human brain. Quantitative gene expression 

microarray data for 169 human brain regions was obtained from the Allen Institute Human Brain 

Atlas resource, analyzed as log2 of gene expression intensity normalized to the mean of human 

genes (21,245 genes) expressed in human brain. These proteases had log2 values of 2-12, 

indicating expression levels above the average of all genes in the human brain, with varying 

expression levels among the 169 brain regions. CTSV and CTSL displayed moderate to high 

expression values of 1.9-8.6 and 7.1-10.6, respectively. Interestingly, CTSV and CTSL showed 

high expression in white matter composed of myelinated axons, consistent with the knowledge 

that neuropeptide production occurs within axons that transport neuropeptide secretory vesicles 

to nerve terminals. PCSK1 had a broad range of moderate to very high expression with log2 of 2-

12. PCSK2 had somewhat lower expression levels than PCSK1. The exopeptidase genes 

RNPEP, CTSH, and CPE each showed fairly even levels of expression throughout the brain, 

with CPE displaying high expression. The prevalence of these processing proteases throughout 

human brain regions, including areas rich in neuropeptides such as hypothalamus, is consistent 

with their roles for neuropeptide production. Further, proenkephalin and NPY precursors, 

substrates of CTSV and CTSL shown in prior model animal studies, were co-expressed with 

CTSV and CTSL. These data demonstrate that the human brain expresses the neuropeptide-

producing cysteine and serine proteases, with exopeptidases, throughout a multitude of brain 

regions. 
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Title: Cell-type-specific expression of neuropeptide precursor and receptor genes in mouse 

neocortical neurons 



Authors: *S. J. SMITH , F. C. COLLMAN, L. ELABBADY, O. GLIKO, L. T. GRAYBUCK, 

M. KARLSSON, M. NAUGLE, J. SCHARDT, R. SERAFIN, S. SESHAMANI, B. TASIC, Z. 

YAO, H. ZENG 

Allen Inst. for Brain Sci., Seattle, WA 

Abstract: Function of the brainôs synaptic networks depends profoundly upon adjustment of 

synaptic weights by spike activity and neuromodulatory chemical signaling. Among the 

numerous chemical signals known to modulate synaptic transmission, neuropeptides have long 

attracted attention due to discoveries of their potent effects in critical brain processes such as 

pain perception, mood and motivational state. Neuropeptides are produced as cleavage products 

of precursor proteins and stored in dense-cored secretory vesicles, which are released by 

regulated exocytotic secretion. In mouse, approximately 90 genes have been identified as 

encoding neuropeptide precursor proteins. In addition, similar numbers of protein species, 

predominantly G-Protein-Coupled Receptors (GPCRs), have been identified as neuropeptide 

receptors. The functional architecture of neuropeptide signaling systems has nonetheless 

remained enigmatic. The high ligand affinities of most neuropeptide receptors suggest the 

possibilities of humoral and volume transmission signaling, while the presence of neuropeptide 

secretory vesicles in many presynaptic boutons suggests more focal synaptic actions. 

This poster presents new insights into neocortical neuropeptide signaling from deep single-cell 

RNA-seq transcriptomic analysis and clustering of approximately 20,000 neurons in VISp and 

ALM regions of mouse cortex (Tasic B, et al., bioRxiv. doi.org/10.1101/229542). This clustering 

identified 53 inhibitory neuron types and 58 excitatory neurons types in these two regions. 

Eighteen neuropeptide precursor genes with high and strongly cell-type-dependent expression 

patterns (Npy, Vip, Sst, Cck, Tac2, Penk, Crh, Tac1, Pdyn, Cort, Igf1, Nxph1, Pthlh, Pnoc, 

Cbln2, Cbln4, Adcyap1, Nucb2) were identified based on the RNA-Seq data. Strongly cell-type-

specific expression of 20 GPCRs genes cognate to these 18 peptide precursors (Npy1r, Npy2r, 

Npy5r, Oprm1, Oprd1, OprK1, Oprl1, Ogfr, Sstr1, Sstr2, Sstr3, Sstr4, Vipr1, Vipr2, Cckb2, 

Tacr1, Tacr3, Hcrt1, Hcrt2) were similarly identified. The neuropeptide precursor mRNAs were 

found predominantly in the inhibitory neuron clusters, while the cognate receptor mRNAs genes 

were more commonly found in excitatory neuron clusters, suggesting a prevailing polarity of 

neuropeptidergic signaling from inhibitory to excitatory neurons. We are using array tomography 

to test for the presence of specific neuropeptide secretory vesicles in specific cell types as 

predicted by the transcriptomic analysis. 

We thank Allen Institute for Brain Science founders, Paul G. Allen and Jody Allen, for their 

vision, encouragement and support. 
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Abstract: Orphanin FQ (aka nociception; OFQ/N) binds to its cognate opioid-receptor-like 1 

(ORL1) in many different areas within the hypothalamus, including those that partake in the 

regulation of energy balance. It has been shown that ORL1 receptors are expressed in 

proopiomelanocortin (POMC) neurons within the arcuate nucleus (ARC), as well as in excitatory 

terminals impinging upon them, and that OFQ/N inhibits POMC neurons both pre- and post-

synaptically[Conde, 2016]. Pre-synaptically, OFQ/N inhibits glutamatergic input onto POMC 

neurons, while post-synaptically, OFQ/N activates G-protein coupled inwardly-rectifying K+ 

channels (GIRK) channels. Steroidogenic factor (SF) 1-expressing neurons in the dorsomedial 

ventromedial nucleus (VMN) of the hypothalamus, which are known to be glutamatergic, have 

been shown to synapse directly with ARC POMC neurons. Gonadal hormones regulate the 

hypothalamic energy balance circuitry in part by modulating Gi/o-coupled receptors and their 

linkage to GIRK channels. Thus, we tested hypothesis that OFQ/N inhibits neurotransmission via 

pleiotropic actions at VMN SF-1/ ARC POMC synapses. Electrophysiological recordings were 

done in slices from both intact male and female NR5A1-Cre mice and eGFP-POMC mice. In 

optogenetic recordings from POMC neurons in NR5A1-Cre mice, OFQ/N (1ɛM) significantly 

decreased the light-evoked excitatory postsynaptic current (leEPSC) more so males than in 

diestrus or proestrus females, and this inhibition was further accentuated in males fed a high- fat 

diet (HFD) for approximately 4-8 weeks. In recordings from POMC neurons in eGFP-POMC 

mice, OFQ/N induced a robust outward current and increase in conductance in voltage clamp, 

and a hyperpolarization and decrease in firing in current clamp. This effect was again greater in 

males than in diestrus, proestrus and estrus females. These pre- and postsynaptic actions were 

abolished upon application of the ORL-1 receptor antagonist BAN ORL-24 (10ɛM).These 

findings show that the OFQ/N-induced decrease in glutamate release and activation of GIRK 

channels at VMN SF-1/ ARC POMC synapses is greater in males than in females, and that diet-

induced obesity caused by long term HFD exposure further potentiated OFQ/N-induced 



inhibition of excitatory transmission at SF-1/POMC synapses. Overall, these findings 

demonstrate that OFQ/N regulates neurotransmission at SF-1/ POMC synapses in a sex- and 

diet-dependent manner. 
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Abstract: Current understanding of the rewarding and addictive effects of opioids involves mu-

opioid receptor (MOR) binding within the nucleus accumbens (NAcc), a region of the basal 

forebrain. GABA neurons in the NAcc are thought to function to potentiate the rewarding 

response to opioids, and in fact, drugs that generally stimulate GABAergic activity are also 

addictive, a phenomenon mediated in part by endogenous opioid systems. It is still unclear how 

some individuals become susceptible to opioid addiction and thus, further understanding of the 

interaction between the MOR and other neurotransmitter systems in the reward pathway is 

needed. We report here evidence supporting the direct interaction between GABA and MOR 

within the mouse NAcc. Male and female FVB/NJ mice (12-16 months of age) were euthanized 

via carbon dioxide inhalation and brains processed for histology and immunohistochemistry 

(IHC). Coronal sections (10-12 um in thickness) were taken through the NAcc at the level of the 

anterior commissure. A mouse monoclonal antibody against GAD67, an enzyme catalyzing 

GABA production, was used in conjunction with an anti-mouse rhodamine red-X-labeled 

secondary antibody to identify GABA neurons. Alternating sections were stained for MOR using 

a rabbit polyclonal MOR1 antibody linked to the fluorophore FITC. The location of expression 

of GAD67 and MOR1 was identified using a DAPI nuclear stain. As expected, fluorescence 

microscopy results show that GAD67 staining is localized predominately in the cytoplasm. 

Unexpectedly, the MOR1-FITC stain tended to localize in the cytoplasm and cell membrane, but 

more prominently within the nucleus and nuclear membrane. In separate experiments, we used 

double-immunostaining to study the co-expression of MOR1 and GAD67 within the same NAcc 

neurons. A similar localization pattern for these proteins was detected. There are few published 

reports of GAD67 and MOR1 co-expression within neurons of the NAcc. Previous studies of 



MOR expression show the receptor to be localized to the plasma membrane and, to a smaller 

degree, intracellularly. Here we found the MOR1 staining to be predominantly in the nucleus and 

nuclear membrane. Further studies are required to validate the nuclear expression of MOR in 

GABAergic NAcc neurons. We conclude that individual mouse NAcc neurons may express both 

MOR1 and GAD67, potentially providing a functional link between opioid and GABAergic 

systems in the reward pathway. 
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Abstract: Tolerance limits the analgesic clinical value of mu-opioid receptor (MOR) agonists. 

Neuropeptide FF (NPFF) mediates hyperalgesia and opioid-induced tolerance through the 

activation of NPFF-1 and -2 receptors. We hypothesized that ligands with dual MOR 

agonist/NPFF receptor antagonist activity would produce antinociception with reduced tolerance. 

Accordingly, a series of ligands were designed with putative dual opioid and NPFF 

pharmacophoric elements. Nineteen of these novel ligands were synthesized and screened with 

competition radioligand binding assays in vitro, demonstrating a range of affinity for mu-, 

kappa-, and delta-opioid receptors (nM) as well as NPFF-1 and -2 receptors (ɛM). Subsequent in 

vivo screening of all compounds (30 nmol, i.c.v.) in mice with 55oC and 48oC warm-water tail-

withdrawal assays identified three compounds with better analgesia and anti-hyperalgesia 

performance, VBJ-192, VBJ-215 and KGM01082. Following up with a more detailed 

assessment, all three compounds dose-dependently produced equipotent antinociception lasting 



at least 50 min, with ED50 (and 95%CI) values of 6.9(4.7-9.5), 16(3.5-38.8) and 22.2(11.3-36.6) 

nmol, i.c.v., respectively that was antagonized by pretreatment with mu- or kappa-opioid 

receptors antagonists. All three compounds also dose-dependently attenuated NPFF-induced 

hyperalgesia. Unlike morphine, when tested in the acute antinociceptive tolerance test, repeated 

dosing of VBJ-215 showed no tolerance, while VBJ-192 and KGM01082 showed moderate 

tolerance commensurate with their magnitude of NPFF antagonism. In further examination of the 

three compounds, mice administrated with VBJ-192 or VBJ-215 showed neither respiratory 

depression nor elevated ambulation in the Comprehensive Lab Animal Monitoring System 

(CLAMS), and both VBJ-215 and a low dose of VBJ-192 did not impair coordinated locomotor 

activity on the rotorod (30 and 100 nmol, i.c.v.). Together, these results confirm the mediating 

effect of NPFF on opioid tolerance, and suggest the potential of dual-action opioid-NPFF ligands 

as analgesics with fewer liabilities of use. 
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Title: Different roles of PD-L1 and PD-L2 in regulating nociceptive synaptic transmission in 
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Abstract: Programmed cell death ligand-1 (PD-L1) is typically produced by cancer cells and has 

been shown to suppress immunity through PD-1 receptor expressed on T cells. Emerging 

immune therapies such as anti-PD1 and anti-PD-L1 monoclonal antibodies have shown success 

in treating cancers such as melanoma, as well as lymphoma, lung cancer, ovarian cancer, and 

head and neck cancers. We recently demonstrated that PD-1 is also expressed by primary 

sensory neurons in dorsal root ganglion (DRG). PD-L1 inhibits acute and chronic pain by 

suppressing nociceptive neuron activity via PD-1 (Chen et al., Nat Neurosci, 2017). PD-L2 is 

another ligand of PD-1, but its role in nociception is unclear. We compared PD-L1 and PD-L2 



expression using RNAscope. We found broad expression of PD-L1 in many DRG neurons but 

very limited expression of PD-L2 in mouse DRGs. We also tested the effects of PD-L1 and PD-

L2 in spinal cord synaptic transmission using patch clamp recordings in isolated spinal cord 

slices. While PD-L1 significantly reduced sEPSC in lamina IIo neurons, PD-L2 had very mild 

effects on sEPSCs. Currently, we also comparing the antinoceptive effects of PD-L1 and PD-L2. 

Our findings suggest that PD-L1 has normal physiological function and may serve as an 

endogenous neuromodulator or neurotransmitter as well as an endogenous pain inhibitor.Thus, 

PD-L1 is not only an immune checkpoint inhibitor but may also act as a ñneuro checkpoint 

inhibitorò. 
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Abstract: A major problem with current anxiolytic medications is abuse liability; thus, new 

pharmaceutical targets are being explored. The cannabinoid (CB) system is one potential target. 

Previous behavioral studies have shown that indirect agonists of the CB system may be more 

beneficial as anxiolytics than direct CB receptor agonists. Determining the effect of such CB 

agonists on dopamine release in the nucleus accumbens (NAc), a brain area well known for 

regulating the rewarding effects of drugs, is critical to assess potential abuse liabilities. The 

current study compared the effects of chronic administration (one injection per day for 7 days) of 

the indirect CB agonist arachidonoyl serotonin (AA-5-HT 2.5 mg/kg, i.p.), the direct CB receptor 

agonist arachidonyl-2-chloroethylamide (ACEA 1 mg/kg, i.p.), and vehicle (control solution with 

saline and 10% DMSO) on locomotor activity using open field tests and stimulation-evoked NAc 

dopamine release using in vivo fixed potential amperometry in anesthetized mice. AA-5-HT 

indirectly agonizes the CB system via inhibition of fatty acid amide hydrolase (FAAH) while 

also inhibiting transient vanilloid type 1 channels (TRPV1), providing this drug with 2 anxiolytic 

mechanisms. Open field tests revealed that the 7th injection of ACEA but not AA-5-HT 

decreased locomotor activity relative to pre-drug baseline (ACEA = 14.41% ± 6.51, AA-5-HT = 

54.92% ± 11.85, and vehicle = 55.74% ± 13.2). Amperometric recordings revealed that mice 



chronically treated with ACEA but not AA-5-HT had significantly decreased stimulation-evoked 

dopamine release (ACEA = 0.18 uM ± 0.03, AA-5-HT = 0.23 uM ± 0.03, and vehicle = 0.29 uM 

± 0.03). Furthermore, mice chronically treated with ACEA but not AA-5-HT had an increased 

dopaminergic response to cocaine (10 mg/kg, i.p.) (ACEA = 289% ± 27, AA-5-HT = 197% ± 22, 

and vehicle = 223% ± 17). Overall, in regards to potential anxiolytic use, these findings suggest 

that indirect mechanisms of agonizing the CB system may be a better alternative than direct 

mechanisms if concerned with disrupting dopamine function and inducing abuse liability. 
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Title: 2-Aminoindan and its ring-substituted derivatives interact with plasma membrane 

monoamine transporters and Ŭ2-adrenergic receptors 
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1UCSD, La Jolla, CA; 2Liverpool John Moores Univ., Liverpool, United Kingdom; 3Natl. Inst. 
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Abstract: Over the last decade many new controlled psychostimulant substance analogues have 

appeared on the recreational drug market and many of these substances are derivatives of 

amphetamine or cathinone. Another class of designer drugs are derived from the 2-aminoindan 

structural template. Several members of this class, including the parent compound 2-aminoindan 

(2-AI), have been available in Europe as designer drugs. Here we tested 2-AI and its ring-

substituted derivatives 5-methoxy-2-aminoindan (5-MeO-AI), 5-methoxy-5-methyl-2-

aminoindan (MMAI), and 5,6-methylenedioxy-2-aminoindan (MDAI) for their abilities to 

interact with plasma membrane monoamine transporters for dopamine (DAT), norepinephrine 

(NET) and serotonin (SERT). We also compared the binding affinities of the 2-aminoindans at 

29 receptor and transporter binding sites. We found that 2-AI was a selective substrate for NET 

(EC50 = 86 nM) and DAT (EC50 = 439 nM). Ring substitution increased potency at SERT while 

reducing potency at DAT and NET. MDAI was moderately selective for SERT (EC50 = 114 nM) 

and NET (EC50 = 117 nM), with 10-fold weaker effects on DAT (EC50 = 1,334 nM). 5-MeO-AI 

exhibited some selectivity for SERT (EC50 = 134 nM), having 6-fold lower potency at NET 



(EC50 = 861 nM) and 20-fold lower potency at DAT (EC50 = 2,646 nM). Conversely, MMAI was 

highly selective for SERT (EC50 = 31 nM), with 100-fold lower potency at NET (EC50 = 3,101 

nM) and DAT (EC50 > 10,000 nM). In addition to their effects on monoamine release, the 2-

aminoindans had relatively high affinity for Ŭ2-adrenoceptor subtypes. 2-AI had particularly high 

affinity for Ŭ2C receptors (Ki = 41 nM) and slightly lower affinity for the Ŭ2A (Ki = 134 nM) and 

Ŭ2B (Ki = 211 nM) subtypes. Ŭ2-Adrenoceptor affinity was reduced by ring substitution but 5-

MeO-AI, MMAI, and MDAI still bound with submicromolar or micromolar affinity. 5-MeO-AI 

and MMAI also had moderate affinity for the 5-HT2B receptor (Ki values of 4,793 nM and 902 

nM, respectively). Based on these results, 2-AI is predicted to have (+)-amphetamine-like effects 

and abuse potential whereas the ring-substituted derivatives may produce 3,4-

methylenedioxymethamphetamine (MDMA)-like effects but with less abuse liability 
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Abstract: Dopaminergic signaling is known for its role in reward valuation, reinforcement 

learning, and memory. Dysregulation of dopamine signaling is also implicated in 

neuropathological conditions such as depression, schizophrenia, movement disorders, and 

addiction. Dopamine is released from ventral tegmental area (VTA) neurons and acts on 

dopamine receptors in the nucleus accumbens (NAc) to modulate cortical input. Dopaminergic 

terminals in the NAc are thought to release dopamine in response to large population-level burst 

activity in the VTA. However, the exact relationship between VTA cell activity and NAc 

dopamine release has not been established due to technological limitations that have prevented 



simultaneous measurement of both dopamine release and single-unit activity. To address this, we 

collected simultaneous measurements of cell firing in the VTA and dopamine release in the NAc 

using a novel measurement tool developed in our laboratory that integrates extracellular 

electrophysiological recording with fast-scan cyclic voltammetry. To induce phasic dopamine 

release, anesthetized Sprague Dawley rats (n = 10, 3 - 4 months old, 1 - 1.5 % isoflurane) were 

injected with dopamine transporter inhibitor GBR-12909 (17.5 mg/kg, i.p.) and D2 receptor 

antagonist eticlopride (0.75 mg/kg, i.p.). Although we predicted that a large portion of recorded 

dopamine neurons would fire before the onset of transient dopamine release events, we found 

instead that only ~ 8 % of VTA dopamine neurons exhibited reliable peri-event responses before 

a dopamine transient release event. Additionally, transient dopamine release events were 

associated with small (< 1 Hz) increases in dopamine neuron activity. Neurons that did exhibit 

reliable responses to transient dopamine release events responded long before the onset of 

transient dopamine release (980 ± 403 ms SEM; n = 5 neurons). We also observed that the firing 

rate of putative GABAergic neurons in the neighboring ótailô of the VTA (tVTA), a region 

thought to be the ómaster brakeô of the VTA, decreased as cell firing of both dopaminergic and 

non-dopaminergic neurons in the VTA increased. Taken together these data suggest that NAc 

dopamine release is encoded by sparse signals from VTA dopamine neurons that are under tight 

control by inhibitory neurons of the tVTA. 
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Abstract: The selective targeting of specific neuronal subtypes using chemogenetic techniques, 

such as Designer Receptors Exclusively Activated by Designer Drugs (DREADDs), has 

facilitated the understanding of the functional roles of complex brain circuits. While DREADDs 

are a powerful tool for transient and repeated manipulation of neurons, how activation of 

excitatory or inhibitory DREADDs affects neurotransmitter dynamics (release and clearance) is 

poorly understood. In this study, we used a combinatorial viral targeting system to restrict 



DREADD expression to dopamine (DA) neurons in the ventral tegmental area (VTA)/substantia 

nigra (SN) of wild-type rats. We then employed in vivo fast-scan cyclic voltammetry (FSCV) to 

determine how systemic administration of Clozapine-N-oxide (CNO), a biologically inert ligand 

for DREADDs, modulates DA transmission in the olfactory tubercle (OT), an important limbic 

structure located in the ventral-most part of the ventral striatum that is implicated in mediating 

the rewarding effects of drugs. Through immunohistochemical and electrochemical evidence, we 

demonstrated selective viral targeting of DA neurons and determined that CNO dose-

dependently (0.3 - 6.0 mg/kg, i.p) activates DREADDs, leading to excitation and/or inhibition of 

DA release evoked by electrical stimulation of the VTA/SN in urethane-anesthetized rats. These 

results will facilitate the understanding of DA neurons in essential brain functions, as well as 

establish guidelines for the use of DREADDs in behavioral studies. 
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Abstract: Serotonin action on principal excitatory cells is implicated in mood regulation and 

thought to be mechanistic for part of the dysfunction in many psychiatric disorders. While 

pharmacological treatments targeting serotonin signaling can be highly effective their exact 

mechanism is not clearly understood. Released serotonin may bind to any of seven 5HT receptor 

subtypes, with the 5HT2 family having a critical role in mood disorder pathology. Recent 

findings in cultured cells and expression systems have demonstrated serotonin receptor 

expression and function in non-principal cells, yet a comprehensive and comparative localization 

of these receptors in intact tissue has yet to be completed. In the present study, we examined 

5HT2A and 5HT2B receptor expression in parvalbumin-positive inhibitory interneurons, GFAP-

positive astrocytes, and Iba1-positive microglia in the mouse cortex and hippocampal CA1 

region. Using immunohistochemistry and confocal microscopy, we characterize differential 

5HT2A and 5HT2B receptor expression that varies both by cell type and brain region. We 

detected robust expression levels of 5HT2A in microglia cells, which are not conventionally 

thought to participate in serotonin signaling. These findings elucidate the potential contributions 



of specific 5HT2 receptor subtypes to normal brain function via non-principal cells and may 

have implications for the mechanisms of action of drugs that target these receptors. 
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Abstract: Drugs of abuse cause addiction through neuronal modulations, though the molecular 

mechanisms of addiction are poorly understood and targeted treatment options are scarce. The 

immense social and financial costs of drug addiction necessitate further investigation. The 

rewarding effects of these drugs act through many of the same monoamine proteins in humans as 

in invertebrates. Since the human nervous system is quite complex, this research utilizes a 

simple, reliable model for investigation of the molecular mechanisms of action underlying 

cocaine and MDMA using the invertebrate nematode Caenorhabditis elegans. Previous research 

confirms high molecular conservation of the dopamine and serotonin reward systems between 

humans and C. elegans. We set out to investigate the effects of cocaine and MDMA on C. 

elegans egg laying as a marker for activation of the serotonergic system. Cocaine inhibits the 

dopamine, serotonin and norepinephrine transporters in mammals, whereas MDMA interferes in 

vesicle packaging of neurotransmitters and is a known serotonergic agonist. Our results show a 

dose-dependent increase in egg-laying in response to cocaine (mean eggs laid/animal/hour = 6.56 

at 70 mM and 2.82 at 35 mM, p < 0.0001 for both concentrations as compared to an osmotic and 

a negative control) and a smaller increase in response to MDMA (mean eggs laid/animal/hour = 

1.1 at 35 mM, p = 0.0048 compared to osmotic control and p = 0.0019 compared to negative 

control). Significantly, we observed a curled posture of worms subjected to MDMA (88.00% 

curled). Reduction of function mutations in the ortholog of the vesicular proton ATPase required 

for neurotransmitter transport into vesicles show an identical posture in the same assay (unc-

32;him-5 control strain, 79.49% curled, Fisherôs exact test MDMA treated wild type vs untreated 

unc-32 mutants p = 0.3802). To further investigate this finding, we will test for resistance to 



MDMA when unc-32 is overexpressed. Finally, we are also adapting a Conditioned Place 

Preference experiment to be applied on relevant mutant strains. We aim to use this system and 

our posture and egg laying assays to measure addictive behavior to MDMA and cocaine and 

elucidate the molecular mechanisms involved. 
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Abstract: The medial prefrontal cortex (mPFC) plays a key role in cognitive and emotional 

behaviors affected in many neuropsychiatric disorders. Dopamine is a major modulator of layer 5 

(L5) pyramidal neurons, which are a main output from mPFC. L5 neurons can be divided into 

subpopulations based on their expression of various dopamine receptors. Previous studies from 

our laboratory showed that subcortically projecting L5 pyramidal neurons exhibit a specific 

modulation of intrinsic excitability after dopamine type 2 receptor (D2R) activation. However, 

the effects of dopaminergic modulation on specific circuits and behavior remain unclear. To test 

whether dopamine modulates behavior through defined circuits, we have used a combination of 

genetic models, behavioral assays, optogenetic manipulations, pharmacology, patch-clamp 

recordings and in vivo calcium imaging. We have found that D2R activation can enhance 

responses of mPFC neurons to inputs from the mediodorsal thalamus (MD) but not other 

sources. This mechanism is cell-type specific and depends on specific voltage gated ion 

channels. D2R deletion in the mPFC disrupts normal social behavior. Furthermore, optogenetic 

inhibition of projections from the MD thalamus to mPFC can decrease social interactions. 

Together, these observations suggest a role for this mechanism in social behaviors. Interestingly, 

we found that the D2R-mediated potentiation of MD-mPFC synapses can be abolished under 



pathological conditions: cocaine administration, DISC1 dominant negative and chronic social 

defeat stress. In these cases, the D2R-mediated potentiation can be rescued by preventing D2R 

internalization and degradation, suggesting that under some conditions, the downregulation of 

surface D2Rs may lead to the loss of this modulation, potentially driving behavioral effects. 
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Title: A novel serotonergic microcircuit in the Drosophila visual system 
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Abstract: Serotonergic projections densely innervate the visual system of the fruit fly 

Drosophila melanogaster, yet the role of serotonin signaling in the optic lobe remains unknown. 

Here, we characterize cells expressing serotonin receptors and identify a microcircuit modulated 

by serotonin. Drosophila have five serotonin receptors that are homologous to mammalian 5-

HT1A, 5-HT1B, 5-HT2A, 5-HT2B and 5-HT7. We found that 5-HT1A, 5-HT1B and 5-HT7 are 

expressed in serotonin-immunoreactive projections, presumably functioning as autoreceptors. 

We also identified several neurons that house serotonin heteroreceptors, including lamina 

monopolar cell 2 (óL2ô), expressing excitatory 5-HT2B and 5-HT7 receptors, and óT1ô, 

expressing inhibitory 5-HT1A and 5-HT1B receptors. Serotonin neurons were not found to 

synapse onto L2 or T1 neurons, indicating signaling via volume transmission. However, L2 and 

T1 neurons both synapse onto serotonergic projections, in contrast to several other serotonin 

receptor-expressing cells we examined. Intriguingly, there are reciprocal synaptic connections 

between L2 and T1 neurons themselves. Thus, activation of serotonin receptors independently 

modulates each visual neuron, while the L2/T1 synaptic connection acts as a potential integration 

site. L2 and T1 both form reciprocal synapses with lamina monopolar cell one (óL1ô), together 

encompassing the light-OFF and -ON visual pathways. This is the first description of serotonin 

signaling to visual processing neurons that function as inputs to fly visuomotor behaviors. The 



Drosophila visual systemôs well-characterized circuitry provides an ideal model system to 

inform our understanding of long range serotonergic signaling and reveal basic principles of 

modulatory network function. 
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Title: CTR1 in normal striatum, substantia nigra, and cortex 
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Abstract: Copper is crucial for several cellular functions including proper monoamine 

metabolism, mitochondrial activity, and myelination. Abnormal copper levels are implicated in 

several brain disorders such as Menkeôs disease, Wilsonôs disease, and probably schizophrenia 

(SZ). In fact, copper-decreasing experimental manipulations (such as a diet containing the copper 

chelator cuprizone) produce demyelination, increased dopamine, decreased expression of 

oligodendrocytic (OLI) proteins and SZ-like behavioral impairments. The copper transporter 

CTR1 transports copper across the blood brain barrier, but has rarely been studied in human 

postmortem brain. In this study we used immunohistochemistry to localize CTR1 in the striatum, 

substantia nigra (SN), and prefrontal cortex of twelve normal controls, with four cases examined 

for each brain area (5F&7M; overall mean PMI and age were 11.83hr and 46yrs). Rabbit anti-

CTR1 (dilution 1:2000, Novus Biologicals NB100-402) was used. Preadsorbtion with CTR1 

blocking peptide neutralized all staining, confirming antibody specificity. Cellular staining was 

infrequent throughout most of the striatum, while endothelial cells, labeled punctate structures, 

and beady fibers were observed. There was dramatic staining of fibers and ependymal cells at the 

ventricular border of the caudate. Very few, if any, stained astrocytes (AST) and OLI were 

observed in the striatum; however, AST were occasionally labeled in the external and internal 

capsule. Diffusely labeled puncta were observed in the white, but not grey, matter of the 

striatum. The SN contained a large number of stained endothelial cells within dopaminergic and 



nondopaminergic regions; prominently labeled endothelial cells were also common in white 

matter. Most dopaminergic neurons appeared to be labeled. Very few, if any, labeled AST and 

OLI were observed. However, densely labeled neuropil was observed throughout the SN. 

Labeled beady fibers were also present. Labeling was present in neuropil, neurons and glia of the 

cortex. Labeled neurons, including pyramidal neurons, were scattered throughout grey matter. 

Blood vessels lined with stained endothelial cells were prominent in both grey and white matter. 

Subcortical white matter was heavily stained with fibers, punctate structures, glial cells and 

endothelial cells. CTR1 labeling differed between regions. The rich staining of CTR1 in the SN, 

cortex and hippocampus (previous work) parallels the known concentrations of copper in the 

brain. This study yields novel information about cell-specific CTR1 copper transport in 

postmortem human cortex, SN and striatum, which could elucidate disease state etiology. 
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Abstract: Acid-Sensing Ion Channels (ASICs) are gated by extracellular protons and play 

important roles in physiological and pathological states, such as pain and stroke. ASIC1a and 

ASIC2a, two of the most highly expressed subunits in the brain, form functional homo- and 

hetero-meric (ASIC1a/2a) channels. The function of ASIC1a has been widely studied using 

psalmotoxin (PcTx1), a venom-derived peptide, as an ASIC1a-selective antagonist. Here, using 

whole-cell patch clamp, we show that PcTx1 has dual actions at rodent ASIC1a/2a. It can either 

inhibit or potentiate the heteromeric channel, depending on the conditioning and stimulating pHs. 

Potent inhibition occurs only at conditioning pHs that begin to desensitize the channel (IC50 = 

2.9 nM at pH7.0, a threshold pH for desensitization of ASIC1a/2a). By contrast, potent 

potentiation of the channel can occur at the physiological pH in both CHO cells (EC50 = 56.1 

nM) and cortical neurons (threshold concentration < 10 nM). PcTx1 potentiates ASIC1a/2a by 

increasing the apparent affinity of channel activation for protons. As such, potentiation is the 

strongest at moderate pHs, diminishing with increasing proton concentrations. Our findings 

identify PcTx1 as a valuable tool for studying ASIC1a/2a function and expand the diverse and 

complex pharmacology of PcTx1. 
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Title: New insights into the pathology of glycine receptor autoantibodies in stiff person 
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Abstract: The rare neurological disease stiff person syndrome (SPS) is triggered by 

autoantibodies against various neuronal structures including intracellular proteins like the 

GABA-synthesizing enzyme glutamate decarboxylase (GAD) and the vesicle-associated protein 

amphiphysin or membrane-bound proteins like NMDA receptors and glycine receptors (GlyR). 

Typical symptoms of SPS-patients are stiffness and painful spasms in axial and proximal limb 

muscles sometimes accompanied by anxiety and sudden falls. So far, immunotherapy is the most 

effective treatment but relapses often occur. We focus on SPS-patients carrying GlyR 

autoantibodies. The first identification of GlyR autoantibodies in a patient was in 2008. This 

patient showed symptoms similar to the hereditary neurological disorder hyperekplexia, rigidity, 

brainstem signs and CSF lymphocytosis. Enhanced GlyR internalization induced as a 

consequence of autoantibody-binding was suggested as the underlying pathomechanism. 

Furthermore, internalized GlyRs colocalized with the late endosomal marker LAMP2. We use 

live staining experiments of transfected HEK293 cells to identify GlyR autoantibody-positive 

sera from SPS-patients. Live stainings of cultured motoneurons resulted in a similar staining 

pattern. Competition analyses were used for evaluation of the GlyR autoantibody epitope. 

Therefore, monoclonal anti-GlyR alpha1-antibody mAb2b and sera positive for GlyR 

autoantibodies were co-incubated in different dilution ratios, thus revealing a shared epitope of 

both antibodies. Chimeric construct of human and zebrafish GlyR alpha1 could further restrict 



the epitope to the N-terminus. Autoantibody-binding to GlyRs had no effect on the ligand 

affinity of glycine. HEK293 cells transfected with GlyRs as well as spinal cord motoneurons 

labeled by GlyR-autoantibodies were investigated for further functional GlyR analysis. Using 

electrophysiological recordings, GlyR efficacy and potency were determined following 

autoantibody binding in a time window that excluded GlyR internalization as the primary 

mechanism. Hence, our data widen the knowledge of the pathomechanism of GlyR 

autoantibodies in SPS. 
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Abstract: Glycine receptors (GlyRs) are anion-permeable ligand-gated ion channels of the Cys-

loop superfamily. In the mammalian CNS, the enhancement of the chloride conductance through 

the activation of GlyRs results in a transient hyperpolarization of the membrane potential, which 

is critical to control the neuronal excitability. The relevance of glycinergic inhibition is 

underlined by the presence of malfunctional GlyRs in many pathophysiological states, including 

chronic pain. Previous studies have shown that the dysfunction of GlyRs containing the alpha 3 

subunit is a pivotal mechanism of pain hypersensitivity. This pathway involves the activation of 

prostaglandin receptors and the subsequent PKA-dependent phosphorylation of alpha 3 GlyRs 



within the intracellular domain (ICD), which decrease the GlyR-associated currents and in turn 

enhance the neuronal excitability. Despite the importance of this pain sensitization pathway 

associated with the dysfunctional alpha 3 GlyRs, our current understanding of the molecular 

events involved is very limited. Here we report that PKA-mediated phosphorylation of alpha 3 

GlyR decreases the ion channel conductance. We show in addition that the substitution of the 

PKA-targeted serine with a negatively charged residue within the ICD of alpha 3 GlyRs and of 

chimeric GLIC-GlyR receptors was necessary and sufficient to generate receptors with impaired 

conductance. Furthermore, we show that a recently characterized GlyR modulators showing in 

vivo analgesic activity normalized the impaired conductance of phospho-mimetic alpha 3 GlyRs. 

Our findings thus propose a molecular framework for a pain sensitization mechanism involving 

neuronal dis-inhibition and suggest that the allosteric modulation of alpha 3 GlyR alleviates 

chronic pain at least in part through the restoration of phosphorylated ion channels with impaired 

chloride conductance. 
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Abstract:  Background: Glutamate-gated chloride channel receptors (GluClRs) are expressed by 

invertebrates where they mediate neuronal and muscle inhibition. GluClRs are important 

therapeutic targets for controlling parasitic pest species in agriculture, veterinary practice and 

human health. The most widely used drug to control pest species is ivermectin (IVM). This drug 

acts by binding to and potentiating the activity of GluClRs with high potency. However, the 

continuous and long-term use of IVM has led to the emergence of resistance in many pest 



species. 

Aim: Our aim was to explore possible mechanisms of IVM resistance in pest species by 

measuring the glutamate and IVM sensitivity of different homomeric and heteromeric isoforms 

of GluClRs. We used different methods for this purpose a) two-electrode voltage clamp 

electrophysiology (TEVC) and oocyte expression b) heterosynapses to measure the inhibitory 

postsynaptic currents (IPSCs) of GluClRs subunits from the ruminant animal parasite, 

Haemonchus contortus (HcoGluClR). 

Results: Glutamate dose-response experiments demonstrated that homomeric HcoGluClRs 

comprising Ŭ subunits and heteromeric HcoGluClRs made of Ŭ and ɓ subunits of have similar 

EC50s, being between 20-30 ɛM. In contrast, homomeric HcoGluClRs containing ɓ subunits 

exhibit an increased EC50 of 300 ɛM. The most IVM-sensitive receptors were the Ŭ HcoGluClRs 

with an EC50 value of 20 nM. An intermediate IVM sensitivity was exhibited by heteromeric Ŭɓ 

HCoGluClRs with EC50 of 130-200 nM. Homomeric receptors of HCoGluClRs comprising ɓ 

subunits were insensitive to IVM (EC50 > 10 ɛM). 

We also studied IPSCs mediated by the two isoforms in a cortical neuron-HEK 293 co-culture 

assay. The IPSC decay time constant was faster for the heteromeric receptors (Ŭɓ:15 ms) than for 

Ŭ homomeric receptors (Ŭ:40 ms). IVM application prolonged the decay times for both the 

isoforms wherein increasing the decay time of the Ŭ homomer by 2.5 fold to 100 ms and that of 

Ŭɓ heteromer to 70 ms. 

Conclusion: Our data from TEVC and IPSCs suggests that a significant determinant of IVM 

sensitivity at GluClRs is the subunit composition. This implies that an organism can increase 

resistance to IVM without losing glutamate sensitivity by upregulating the expression of an 

IVM -insensitive subunit to produce heteromeric receptors. 
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Abstract: GABAA and glycine receptors (GABAARs and GlyRs) are anion-selective ligand-

gated ion channels that mediate the inhibitory neurotransmission in the central nervous system. 

Activation of GABAARs and GlyRs controls relevant biological processes, including pain 

processing, sleep and anxiety. Recent reports coincidentally have shown that natural alkaloids 

from the Gelsemium genus plants, such as gelsemine and koumine, displayed analgesic and 

anxiolytic activity in behavioral models. Interestingly, these effects were dependent on the 

activity of inhibitory receptors. However, it is currently unknown whether Gelsemium alkaloids 

can directly modulate the function of GlyRs and GABAARs. Here, we examined the functional 

effects of gelsemine, one of the principal alkaloids produced by the Gelsemium genus of plants, 

on recombinant and native GABAARs and GlyRs by using electrophysiological techniques. 

Using whole-cell recordings of inhibitory receptors expressed in HEK293 cells, we determined 

that gelsemine exerted conformation-specific and subunit-selective effects on GlyRs. On the 

other hand, recombinant benzodiazepine-sensitive GABAARs were inhibited by gelsemine. The 

gelsemine modulation of GlyRs was associated with differential changes in the apparent affinity 

for glycine and in the open probability of the ion channel. Additional electrophysiological studies 

with chimeric and mutated GlyRs indicated that specific residues within the extracellular domain 

of GlyRs were essential for the gelsemine effects. Molecular modeling and docking calculations 

suggest that gelsemine binds to the orthostheric site of GlyR. Similar studies performed on 

GABAARs also suggest that gelsemine binds to the GABA binding site at the interphase between 

Ŭ and ɓ subunits. Further studies performed on cultured neurons showed that gelsemine 

significantly diminished the frequency of glycinergic, GABAergic and glutamatergic miniature 

post-synaptic events without altering the average amplitude. Our results show that gelsemine can 

directly modulate the activity of recombinant and neuronal GlyRs and GABAARs. At the 

molecular level, our data also suggest that gelsemine binds to the orthostheric site of GlyRs and 

GABAARs. In addition, our results showed that gelsemine negatively modulate both inhibitory 

and excitatory neurotransmission. Future studies may contribute to shed light on the mechanisms 

underlying the beneficial effects of the Gelsemium alkaloids in the control of pathological pain 

and anxiety through the modulation of inhibitory receptors. 
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Abstract: The adult glycine receptor is a pentamer of three Ŭ and two ɓ subunits that enables fast 

inhibitory neurotransmission in the central nervous system. The ɓ subunit is encoded by the 

GLRB gene. Mutations in the GLRB gene have been assigned as the third most common cause of 

the neuromotor disorder startle disease. Patients with this rare neurological disorder suffer from 

exaggerated startle responses following unexpected noise or tactile stimuli. Moreover, a genome-

wide association study provided evidence for a link between GLRB gene polymorphisms of 

agoraphobic (AG) patients with an anxiety phenotype based on an Agoraphobic Cognitions 

Questionnaire (ACQ) in healthy German volunteers. To further investigate the issue of a panic 

phenotype, we used the mouse model spastic. Homozygous spastic mice show a neuromotor 

phenotype due to a splice defect within the Glrb gene. The splice defect generates aberrant splice 

products that lack exon 6 or a combination of exons 5 and 6. As a consequence, reduced amounts 

of full-length GlyR ɓ protein have been observed. Since homozygous animals die at the age of 

three weeks after birth, the homozygous animals do not represent a good model to study panic 

behavior. Heterozygous Glrb mutants lack about 50% of full-length GlyRɓ in brain regions 

including cortex, cerebellum, thalamus, striatum, hippocampus, brain stem and spinal cord. 

Heterozygous animals have no motor phenotype, which is in line with the human volunteers 

carrying GLRB gene polymorphism that most probably do not result in large changes of glycine 

receptor ɓ expression. Thus, heterozygous spastic mice were analyzed at the age of 8-10 weeks 

for an anxiety phenotype. Heterozygous animals show an avoidance of a novel open space, a 

behavior in line with the agoraphobic fear in human volunteers with GLRB polymorphisms. In 

addition, the distance the animals walked as well as the entries into the open field did not change 

between heterozygous animals and controls. Furthermore, mice were analyzed in the elevated 

plus maze, the dark/light field, for the startle reaction, and in the Morris water maze. The last 

was used as a control for lack of a motor phenotype and a control for learning and memory in 

heterozygous spastic animals. In summary, our findings show that the Glrb gene does not only 

contribute to the neurological disorder hyperekplexia, but also represent a model system useful to 

investigate agoraphobic behavior associated with differences in the expression level of the 

glycine receptor ɓ subunit. 
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Abstract: The extracellular domains (ECDs) of Cys-loop receptors characteristically contain 

many aromatic amino acids, but only those in the binding pocket have been extensively studied. 

Here we show that many Phe residues in the ECD which are not located in the binding pocket are 

also involved in the function of the glycine receptor, a typical Cys-loop receptor. The Phe 

residues were explored by creating a range of mutant receptors, characterising them using two 

electrode voltage clamp in Xenopus oocytes, and interpreting changes in receptor parameters 

using currently available structural information on the open and closed states of the receptor. The 

data reveal that substitution of most of the Phes in the ECD with Ala alters the function of the 

receptor; of the 14 Phe residues 2 Ala substitutions ablate function, 3 cause >100 fold changes in 

EC50, 3 cause changes in EC50 10-100 fold, and 2 change EC50 2-10 fold. Only 4 of these 

mutants resulted in EC50s similar to WT. Substitution with other amino acids, combined with 

examination of nearby residues that could potentially interact with these Phes, suggests 

interactions that could be important for the correct functioning of glycine receptors, and possibly 

also for other members of the Cys-loop receptor family. Overall the data suggest many regions of 

the ECD are important for receptor function, and they also indicate potential novel regions that 

could be targeted in the design of novel therapeutic agents.  
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Abstract: Mosapride accelerates gastric emptying through acting on a 5-hydroxytryptamine (5-

HT) 4 receptor and is used for the treatment of gastritis, gastroesophageal reflux diseases, and 

irritable bowel syndrome. But its mechanism is still unclear, therefore we tested the effect of 

mosapride on 5-HT3 receptor currents, because the 5-HT3 receptors are known to be expressed in 

the gastrointestinal system and have an important role for the regulation of bowel movement. 

Using whole cell voltage clamp method, we compared the currents of 5-HT3 receptor when 5-HT 

was applied alone and co-applied with mosapride in cultured NCB-20 cells known to express the 

5-HT3 receptors. The 5-HT3 receptor current amplitudes were inhibited by mosapride in a 

concentration dependent manner. Mosapride blocked the peak currents in a competitive manner, 

because the EC50 was shifted to the right without the change of maximal effect evoked by the 5-

HT application. The 5-HT3 receptor current rise slopes were decreased by the mosapride. It 

accelerated the desensitization of 5-HT3 receptor, but did not affect the receptor deactivation. 

There were no voltage-, and use-dependency in its blocking effects. Mosapride also did not 

change the recovery process from the receptor desensitization. These results suggest that 

mosapride inhibits the 5-HT3 receptor through a competitive blocking mechanism. From this 

study, we could expand our understanding the pharmacological and therapeutic mechanisms of 

mosapride to improve gastrointestinal motility and to treat several gastrointestinal disorders. 
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Abstract: Drug addiction is a persistent mental illness and there is no effective therapy for 

patients. The precise mechanisms underlying addictive responses have not been completely 

deciphered. New evidence has been shown that ion channels in the brain reward circuits are 

believed to play a vital role in drug addiction. Acid-sensing ion channels (ASICs) are highly 

expressed in brain with ASIC1a and ASIC2 channels being the predominant subtypes. These 

channels are enriched at synaptic sites and are central for the regulation of normal synaptic 

transmission. Moreover, increasing evidence is linking ASICs to the pathogenesis of various 

neurological and neuropsychiatric disorders. We and others have shown that ASICs are involved 

in cocaine addiction. Here, we hypothesized that amphetamine, a psychostimuland similar to 

cocaine, may also impact the function of ASICs. Adult wild-type (WT) C57BL/6J, ASIC1 and 

ASIC2 knock-out (KO) mice were placed in individual test chambers to allow accommodation to 

novel environment for 60 minutes. They then received a single intraperitoneal (i.p) injection of 

amphetamine at 3.0 mg/kg, and their locomotor activities were recorded for 150 minutes. The 

experiment was repeated daily for a total of 5 days. After a 2-week withdrawal period, the mice 

were brought back to the behavioral chamber followed by a final challenge i.p injection of 

amphetamine at 1.5 mg/kg. Locomotor activity to this challenge dose was measured for 150 min. 

Acute amphetamine injection induced a typical dose-dependent increase in locomotor activities 

in WT, ASIC1 and ASIC2 KO mice (both male and female mice). However, the increase in 

locomotor activities were attenuated in ASIC1 and ASIC2 KO mice as compared to WT mice. 

Both WT, ASIC1 and ASIC2 KO mice showed sensitization to amphetamine. However, ASIC1 

KO mice showed more, while ASIC2 KO mice showed less behavioral sensitization to 

amphetamine. Our data provides new understanding of the complex genetic and molecular 

mechanisms of ASICs in response to amphetamine exposure. 
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Abstract: GABAA receptors have long been considered as targets for treatment of acute pain and 

neuropathic pain conditions. Our previous studies have shown that carisoprodol (CSP), a widely 



prescribed muscle relaxant to treat low back pain, differentially potentiates GABAA receptor 

subtypes with strongest potentiation on Ŭ1- containing GABAA receptors. Furthermore, it has 

been reported that Ŭ1-containing GABAA receptors are associated with abuse-related effects 

while Ŭ2/Ŭ3-containing receptors are linked with anti-nociceptive and muscle relaxant effects. 

The purpose of the present study is to investigate the structure and function relationship of CSP 

in an effort to seek a compound with lower Ŭ1 efficacy and putative Ŭ2/Ŭ3 selectivity and thus 

maximize CSPôs clinical utility with lower abuse liability. Focusing on particular positions of our 

parent compound, CSP, a series of novel compounds were synthesized with various side-chain 

modifications. The subtype selectivity profile was examined on HEK cells expressing various 

recombinant GABAA subtypes with whole-cell patch clamp. Animal behavioral assays were 

performed to assess the effects of drugs on motor function, nociception and abuse potential. We 

show that modifications made to CSPôs structure were able to shift its original subunit selectivity 

profile. Some of the synthesized CSP analogs have shown relatively high efficacy on Ŭ2-

containing receptors. Our preliminary results provide a future direction for the development of 

subtype-selective GABAergic drugs for the treatment of chronic pain and other neuropathic pain 

conditions. 
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Abstract: GABAA receptors are chloride channels that are the primary mediators of inhibitory 

neuronal transmission. These channels are pentamers composed from 19 possible subunits (Ŭ1-6, 

ɓ1-3, ɔ1-3, ŭ, Ů, ɗ, ˊ, and ɟ1-3). The canonical GABAA receptor contains 2 Ŭ subunits, 2 ɓ subunits, 

and 1 other subunit - typically ɔ. However, non-canonical subunit combinations can also create 

functional receptors with unique pharmacology. Non-canonical ɗ-containing combinations have 

been shown to create plasma membrane-expressed receptors that are not activated by GABA or 

known GABAA ligands. ɗ is expressed primarily in aminergic midbrain and brainstem nuclei, the 

hypothalamus, and the hippocampus. This is a discrete expression pattern, unlike that of the 



subunits that make up the canonical receptor. Therefore, we believe the ɗ subunit could prove to 

be a novel, druggable target for aminergic dysfunction without widespread side effects. To date, 

there are only two publications exploring the role of ɗ in GABAA pharmacology, however they 

report contradictory findings. Our lab has observed that ɗ does not assemble into pentamers 

when expressed in recombinant HEK293 or COS7 cells. Whole-cell voltage-clamp comparisons 

of Ŭ3ɓ3, Ŭ3ɗ, and Ŭ3-only transfections reveal that Ŭ3ɗ is not different than Ŭ3-only with regard to 

current amplitude (both ~90 pA), EC50 (both ~30 uM), and histamine potentiation (both ~300% 

potentiation). Non-permeabilized staining of HAɗ in combinations that were previously shown by 

another lab to be present at the plasma membrane was nonexistent in our hands; however, HAɗ 

expression was confirmed intracellularly and the protein was not degraded, as shown by 

permeabilized staining and Western blotting. The absence of assembly could be due to a lack of 

an accessory protein, the presence of a protein that inhibits assembly, or cell type and species 

differences. To circumvent the problem with recombinant systems, we have identified cell lines 

that natively express the ɗ subunit. If ɗ is assembled into the GABAA receptors in these cell 

lines, the results of this study are expected to reveal any interacting proteins as well as expand 

our knowledge about the pharmacological contributions of ɗ to GABAA function. 
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Abstract: Hippocampal theta-rhythm appears in oscillation epochs (episodes of synchronized 

activity followed by silent intervals) that contribute to encoding of spatial and behavioral 

information. Here we suggest a mechanism responsible for appearance of these second-order 

oscillations. We recorded hippocampal theta-rhythms with a wireless system in freely moving 

mice. Rhythmic modulation of the theta power was studied using wavelet analysis. 1 µM 



picrotoxin was injected through a chronically implanted cannula to selectively block tonic 

GABAA conductance. The injection significantly increased the length of the theta-rhythm epochs 

and decreased the inter-epoch intervals. Larger concentrations of picrotoxin (10 µM and 100 

µM), which also block synaptic GABAA mediated signalling, shortened the theta-rhythm epochs 

and prolonged the inter-epoch intervals. This finding is consistent with previous reports that 

synaptic GABAergic signalling is required for synchronization of neuronal networks. Then we 

facilitated activity-dependent tonic GABAA conductance increase by blocking GABA uptake. 

Both a GAT-3 inhibitor SNAP-5114 (100 µM) and a GAT-1 inhibitor NNC-711 (10 µM) 

significantly shortened the epochs and increased the inter-epoch intervals. 100 nM 

allopregnanolone, highly potent positive allosteric modulator of extrasynaptic GABAA receptors, 

shortened the epochs and increased the inter-epoch intervals likewise. In summary, we suggest 

that accumulation of extracellular GABA during synchronized neuronal activity inhibits neurons 

and stops their firing, hence rhythmic activity. When the neuronal activity is reduced, the 

ambient GABA concentration also decreases. Such fluctuations in the ambient GABA are 

responsible for the rhythmic modulation of the theta oscillations. GABA uptake or enhancement 

of tonic GABAA current with allopregnanolone modulate the epochs of the theta rhythms. Our 

findings also shed light upon possible mechanisms by which endogenously produced 

allopregnanolone exerts its physiological effects. 

Disclosures: A.V. Semyanov: None. A. Pushkarev: None. E. Ivlev: None. I. Novozhilov: 

None. A. Mironov:  None. 

Poster 

557. Glycine Receptors and Other Ligand Gated Ion Channels 

Location: SDCC Halls B-H 

Time: Tuesday, November 6, 2018, 1:00 PM - 5:00 PM 

Program #/Poster #: 557.13/D42 

Topic: B.02. Ligand-Gated Ion Channels 

Support: U54NS079202 

 T32GM099608 

Title: The GABA-A receptor antagonists TETS and RDX bind in the pore of the GABA-A 

channel 
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Abstract: The rodenticide tetramethylenedisulfotetramine (TETS) is a potent convulsant (lethal 

dose in humans 7-10 mg) that is listed as a possible threat agent by the United States Department 

of Homeland Security. TETS has previously been studied in vivo for toxicity and in vitro in 



binding assays, with the latter demonstrating it to be a non-competitive antagonist on GABAA 

receptors. However, since it was unknown whether TETS exhibits subtype selectivity for a 

particular GABAA receptor combination, we used whole-cell patch-clamp to determine the 

potency of TETS on the major synaptic and extrasynaptic GABAA receptors associated with 

convulsant activity. We found that TETS exhibited the highest potency towards blocking Ŭ2ɓ3ɔ2 

(IC50 480 nM, 95% CI: 320-640 nM) and Ŭ6ɓ3ɔ2 (IC50 400 nM, 95% CI: 290-510 nM). We next 

decided to map the TETS binding site on the Ŭ2ɓ3ɔ2 receptor by using a combination of 

electrophysiology, site-directed mutagenesis and molecular modeling with the Rosetta membrane 

method to help identify critical residues. In parallel, we are also investigating the structurally 

related compound RDX (royal demolition explosive; 1,3,5-trinitroperhydro-1,3,5-triazine), a 

high energy explosive, which is widely used for military and civilian purposes and regulated as 

an environmental contaminant. RDX induces seizures in humans following accidental exposure 

during manufacture or in soldiers following inadvertent or intentional ingestion as a perceived 

illicit drug. We first constructed a homology model of the Ŭ2ɓ3ɔ2 receptor using the published 

structures of the ɓ3 homopentamer and the ɓ3Ŭ5-TMD chimera as templates. Both TETS and 

RDX were docked in the homology model using Rosetta ligand docking with the membrane 

function. Rosetta identified three possible interaction sites for both compounds in the pore region 

of the channel: Site one at the 2' position previously hypothesized as a site of TETS action; site 

two at T6', which is the traditional non-competitive antagonist site for picrotoxin, TBPS and 

EBOB; and site three located much higher up in the pore with favorable interactions at the R19' 

position. We are currently experimentally testing these predictions but hypothesize that both the 

TETS and the RDX binding sites overlap with, but are not identical to, the picrotoxin binding 

site. 
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Abstract: Proteostasis deficiency in ion channels leads to a variety of ion channel diseases called 

channelopathies, which are often caused by excessive endoplasmic reticulum-associated 

degradation (ERAD) and inefficient membrane trafficking of mutant ion channels. We focus on 



proteostasis maintenance of gamma-aminobutyric acid type A (GABAA) receptors, the primary 

inhibitory ion channels in the mammalian central nervous system. Numerous epilepsy-associated 

missense mutations in the receptor subunits predispose them to rapid ERAD, reduce their cell 

surface expression, and cause loss of their function. We aimed to use small molecules to adapt 

the proteostasis network in the ER to restore the surface trafficking and function of such mutant 

receptors. Our screening assay from a structurally diverse FDA-approved drug library identified 

lead compounds that enhanced the surface expression of a number of trafficking-deficient mutant 

receptors. Furthermore, patch clamping electrophysiology showed that these lead compounds 

restored their function on the plasma membrane. Mechanistic studies revealed that they reduced 

the degradation by attenuating the ERAD pathway. In addition, they enhanced the folding of the 

mutant subunits by enhancing their interactions with major GABAA receptors-interacting 

chaperones. Both ERAD inhibition and folding enhancement contributed to the improved ER-to-

Golgi trafficking efficiency of the mutant receptors. These compounds hold the promise to be 

further developed to ameliorate idiopathic epilepsy resulting from excessive GABAA receptor 

degradation. 
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Abstract: Interneurons act on principal neurons to pattern excitatory output allowing for 

neuronal synchronization and maintenance of homeostatic rhythms. Changes in excitatory 

patterning due to disruptions in inhibitory signaling are thought to be mechanistic in 

neuropsychiatric and neurodevelopmental disorders including developmental epilepsy, autism 

spectrum disorder, and schizophrenia. In support of a critical role of inhibitory regulation, 

neuropsychiatric and neurodevelopmental disorders share common symptomology including 

spontaneous recurrent seizure, abnormal sleep architecture, and altered circadian rhythmicity. 

Providing phasic inhibition necessary for patterning excitatory output, ɔ-aminobutyric acid type 

A receptors (GABAARs) are heteropentameric chloride channels constructed from a diverse set 

of subunits resulting in 26 known human isoforms with several subtypes having unique signaling 

characteristics. GABAARs containing the Ŭ2 subunit are trafficked to the axon initial segment 



(AIS) postsynaptic to chandler cells, a synaptic site central to neuronal synchronization. Despite 

the high abundance of Ŭ2 at the AIS, little is known about its contribution to common 

symptomology seen in neuropsychiatric and neurodevelopmental disorders. Behavioral and 

electroencephalographic techniques were used to examine cortical bursting activity, sleep-state 

architecture, and circadian rhythmicity in transgenic mice with a knock-in mutation that reduces 

Ŭ2 trafficking onto the AIS (Gabra2-1). Our results indicate reduced Ŭ2 signaling at the AIS 

plays a pivotal role in the breakdown of rhythmic homeostatic functions and abnormal cortical 

activity common to neuropsychiatric and neurodevelopmental disorders. Increased understanding 

of the contribution of Ŭ2 signaling on the AIS to common symptomology seen in these disorders 

will allow for the development of novel, targeted, therapeutics 

as well as further our understanding of the mechanisms underlying excitatory patterning. 
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Title: Effects of neurosteroids and phosphorylation on GABAAreceptor currents and piriform 
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Abstract: Neurosteroids such as tetrahydrodeoxycorticosterone (THDOC) are well known 

modulators of gamma-aminobutyric acid (GABA) receptor activities, and thus, they have great 

influence on circuit activities. THDOC is a potent positive allosteric modulator of GABAA 

receptor, and it has been shown to be involved in epilepsy. THDOC potentiates GABAA receptor 

by prolonging the decay of inhibitory postsynaptic currents (IPSCs). The modification of IPSC 

kinetics by neurosteroid can also be influenced by phosphorylation by kinases. However, the 

interaction of neurosteroids and kinases have not yet been thoroughly investigated and the 

available information is conflicting. 

Previous studies have shown widely varying effects of neurosteroids on GABAergic currents. 

We hypothesized that the variability is due to varying phosphorylation states of GABAA 

receptors. In this study, we have investigated the activity of neurosteroids THDOC on 

GABAergic miniature IPSCs (mIPSCs) and tonic currents after activation of various kinases, and 



their activities in brain circuit. Tonic currents and IPSCs were measured from Sprague-Dawley 

rat pyramidal neurons (>14 days) in primary culture. Decay of IPSCs were in two phases, fast 

decay lasting ~10 ms (Ű1) followed by slow decay lasting ~50 ms (Ű2). 

THDOC by itself caused shortening of Ű1 and prolongation of Ű2. It also greatly increased the 

negative charge transfer. Activation of protein kinase C (PKC) using the phorbol ester PMA, or 

activation of tyrosine receptor kinase B (TrkB) by 7,8-dihydroxyflavone (DHF), did not 

significantly alter the effects of THDOC. Treatment with THDOC after activation of protein 

kinase A (PKA) by forskolin resulted in two distinct populations of response. One population 

showed increased mIPSC amplitude. The other showed prolonged Ű2 compared to the first 

population. For tonic currents, THDOC caused a large inward shift in holding current, and thus 

increase in tonic inhibition. All three kinases suppressed the change in tonic current by THDOC. 

These data show that kinases differentially modulate the effects of neurosteroids on phasic and 

tonic GABA currents. 

Next, we utilized voltage sensitive dye imaging (VSDI) technique to visualize circuit activity of 

the piriform cortex (PCtx) in brain slice, and how these kinases and THDOC function to 

modulate circuit activity. The PCtx is one of the most seizure-susceptible region of the brain. 

Application of THDOC decreased the circuit activity by 40%. However, our preliminary data 

show that when THDOC is applied in the presence of PMA, THDOC failed to suppress circuit 

activity. Our preliminary finding suggests that PKC activation blocks the effect of THDOC in 

the PCtx. 
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Abstract: Dendrite-targeting GABAergic interneurons powerfully control dendritic 

electrogenesis, synaptic plasticity and learning. However, the underlying mechanisms are not 

well understood. In the current study, we show that dendritic GABAA receptors (GABAARs) in 

CA1 pyramidal neurons exhibit pronounced outward rectification. Optogenetically activated 

IPSCs from somatostatin (SOM)- and NOS-positive interneurons linearly increased with holding 

potential above -50 mV. By contrast, at more negative potentials the synaptic peak conductance 

was about 3-fold smaller, showing a pronounced non-linear voltage-dependence. On the other 

hand, fast peri-somatic IPSCs evoked in parvalbumin (PV)-ChR2 mice showed a classical, much 

more linear behavior. Pharmacological experiments showed that Ŭ5-subunit containing 

GABAARs substantially contributed to the non-linear IPSCs generated by SOM and NOS 

interneurons, while somatic IPSCs evoked by PV interneurons were independent of a5-

GABAARs. Next we tested the impact of synaptic Ŭ5-GABAARs on the activation of NMDARs. 

Application of an Ŭ5-NAM (RO4938581) increased the amplitude of subthreshold burst PSPs to 

about 140% of control. This increase was strongly dependent on NMDARs, as it was fully 

reversible by AP5-application. By contrast, low concentration of gabazine (100 nM) increased 

burst EPSP to a similar extent, however, in a largely NMDAR-independent manner. 

Computational modeling in NEURON demonstrated that the slow time course and the nonlinear 

voltage-dependence of the IPSCs evoked by SOM and NOS interneurons are essential for its 

powerful control of voltage-dependent NMDAR recruitment. Taken together, nonlinear 

rectifying Ŭ5-GABAARs with slow kinetics match functional NMDAR properties and thereby 

mediate powerful control of dendritic postsynaptic integration by dendrite-targeting interneurons. 

Disclosures: J.M. Schulz: None. F. Knoflach: None. M. Hernandez: None. J. Bischofberger: 

None. 

Poster 

557. Glycine Receptors and Other Ligand Gated Ion Channels 

Location: SDCC Halls B-H 

Time: Tuesday, November 6, 2018, 1:00 PM - 5:00 PM 

Program #/Poster #: 557.18/D47 

Topic: B.02. Ligand-Gated Ion Channels 

Support: UAB Research Acceleration Funds 

Title: Elevated O-GlcNAcylation depresses inhibitory transmission recorded from granule cells 

in the rat dentate gyrus 

Authors: *K. ABIRAMAN 1, L. T. STEWART1, L. L. MCMAHON2 
1Univ. of Alabama at Birmingham, Birmingham, AL; 2Dept Cell, Developmental, and 

Integrative Biol., UAB, Birmingham, AL 



Abstract: O-GlcNAcylation is crucial for protein function, and involves the addition and 

removal of an O-linked N-acetylglucosamine (O-GlcNAc) to serine or threonine residues by the 

enzymes O-GlcNAc transferase (OGT) and OGlcNAcase (OGA), both of which are highly 

expressed in the hippocampus. We have previously shown that acutely increasing O-

GlcNAcylation using the substrate glucosamine or the OGA inhibitor, thiamet-G (TMG), 

induces long-term depression (LTD) at CA3-CA1 hippocampal synapses that requires O-

GlcNAc modification of GluA2 AMPA type glutamate receptor (AMPAR) subunits. 

Additionally, we found that increasing O-GlcNAcylation dampens epileptiform activity at these 

same synapses. Because function of GABAA receptors (GABAARs) is modulated by serine 

phosphorylation, we have begun to ask whether the strength of GABAAR mediated synaptic 

inhibition is modulated by O-GlcNAcylation. We have found that pharmacologically increasing 

O-GlcNAc levels in acute slices decreases the amplitude and frequency of spontaneous IPSCs 

(sIPSCs) but only the amplitude of miniature IPSCs recorded from CA1 pyramidal cells. This 

indicates that much like phosphorylation, O-GlcNAcylation affects postsynaptic GABAAR 

function. To assess if this is general mechanism by which inhibition is modulated in the brain, 

we used whole-cell voltage-clamp recordings from dentate granule cells (DGCs) to investigate 

whether increasing O-GlcNAcylation modulates the frequency and/or amplitude of spontaneous 

IPSCs (sIPSCs) onto DGCs. Preliminary experiments found a reduction in both sIPSC amplitude 

and frequency following pharmacologically increasing O-GlcNAcylation. Collectively, these 

data will help us parse the effects of O-GlcNAcylation on the input and output stages of 

hippocampal processing. 
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Abstract: Synaptic inhibition in the brain is essential to regulate neuronal excitability and is 

primarily achieved through gamma-aminobutyric acid (GABA) acting on fast-acting GABAA 

receptors. Collybistin (CB) is critical in the postsynaptic localization of gephyrin and GABAA 



receptors at these synapses. The constitutively active isoform of collybistin, CBSH3-, has been 

shown to be particularly adept at recruiting gephyrin and GABAA receptors to post-synaptic 

clusters. This effect, which we have shown both in culture and in vivo, is coupled with an 

increase in synaptic strength, suggesting that CBSH3- is a good target candidate for modulating 

the strength of inhibitory neurotransmission. For this purpose, we have created an adeno-

associated virus (AAV) with a double-floxed cassette that bicistronically expresses the 

constitutively active isoform of collybistin, CB2SH3-, and mCitrine (as a transduction marker), 

in a cre-dependent manner. Through unilateral stereotactic injection of our AAV construct into 

the hippocampus of two mouse lines, VGLUT1-ires2-cre or VGAT-ires-cre, we were able to 

investigate changes in GABAergic synaptic clusters specifically in hippocampal glutamatergic 

pyramidal neurons and GABAergic interneurons, respectively. Interneurons transduced with this 

construct display higher densities and larger sized gephyrin clusters compared to contralateral 

interneurons or transduced interneurons of VGAT-cre mice injected with a control eGFP-AAV 

construct. Preliminary data in VGLUT1-cre mice indicate a similar increase in GABAergic 

postsynaptic proteins in transduced glutamatergic neurons. We therefore conclude that this 

approach can be used for the controlled manipulation of the strength of GABAergic synapses in 

specific brain regions and in specific cell-types. We are exploring the possibility of using this 

AAV in a mouse epilepsy model to reduce seizure seizures and provide neuroprotective effects 

against excitotoxicity. 
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Abstract: We have previously shown that Interleukin-10 (IL-10), an anti-inflammatory cytokine, 

is upregulated following a single intoxicating exposure to ethanol (EtOh) in rats 

(Neuropharmacology, 2016). In addition, we have also shown that IL-10 inhibits GABAergic 

transmission in the hippocampus, causing hyperexcitability via both pre- and postsynaptic 

mechanisms. However, the molecular mechanisms of the interaction of IL-10 with GABAAR are 

not known. Understanding these mechanisms are important in elucidating neuroimmune 



regulation of GABAAR and other ion channels. To further explore these neuroimmune 

interactions, we are studying the effects of IL-10 exposure on cell-surface expression and 

phosphorylation of GABAAR in human neuroblastoma and glial cells. Our results suggest that 

IL-10 exposure increases the phosphorylation of the ɓ3 subunit of the GABAAR. To explore a 

direct interaction of IL-10 with GABAAR, we have also employed two-electrode voltage clamp 

(TEVC) studies in xenopus laevis oocytes expressing human Ŭ1ɓ2 and Ŭ1ɓ2ɔ2 GABAAR. The 

TEVC experiments are looking at the effect of dose-dependent IL-10 exposure on GABAAR 

mediated currents. Based on results obtained from in vitro cell lines and TEVC experiments, we 

will perform ex vivo studies on rat hippocampal slices to elucidate the mechanisms of interaction 

of IL-10 with GABAAR. 
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Abstract: We found that the Ŭ6-subunit-containing GABAA receptors (Ŭ6GABAARs) in 

trigeminal ganglia (TG) are functional since Ŭ6GABAAR positive allosteric modulators (PAMs) 

attenuated the activation of the trigeminovascular (TGVS) system in a migraine model induced 

by intracisternal injection of capsaicin (Lee et al., SFN2018 poster). Here, we further evaluate 



the potential of Ŭ6GABAAR PAMs in migraine treatment in a clinical presentation align animal 

model, the repetitive nitroglycerin (NTG) -induced migraine model in mice since NTG can 

trigger migraine in human migrainer. NTG (10 mg/kg, i.p.) was injected into mice (6-8 weeks, 

male ICR) every two days for 5 sessions. The mouse grimace scale (MGS) was used to score the 

severity of migraine. All five parameters of MGS in NTG-treated mice were significantly greater 

than in saline-treated mice. In the 5th session, Compound 6 (3 and 10 mg/kg, i.p.), an 

Ŭ6GABAAR-selective PAM, injected 20 min after NTG administration significantly attenuated 

the elevated grimace score in the NTG group to the level as in the saline-treated group. 

Importantly, this effect of Compound 6 was antagonized by i.p. injection of furosemide (20 

mg/kg), an Ŭ6 GABAA R-selective antagonist. 

There are three trigeminal nerve branches from TG. In addition to the dural ophthalmic branch 

(V1) that is involved in migraine pathogenesis, the maxillary (V2), and mandibular (V3) 

branches are important for transmitting orofacial pain. We therefore also assessed the effect of 

Compound 6 in an orofacial pain model. Type III dental pulp injury (DPI) in mice (8 weeks, 

male ICR), which resembles irreversible pulpitis in humans and causes severe orofacial pain, 

was induced by drilling their left maxillary first molars. The DPI-induced orofacial pain in mice 

was accessed by the reduction of their burrowing behaviors, which are indicators of well-being 

of mice. DPI significantly decreased the burrowing activity in mice on Day 1, 3, 7, but not Day 

14. Ibuprofen (30 mg/kg, p.o.) and Compound 6 (3 mg/kg, i.p.) restored the burrowing activity 

on Days 1, 3 and 7 to the level as in sham-operated mice. These results support the effectiveness 

of an Ŭ6GABAAR PAM in animal models with clinical representations of migraine and orofacial 

pain. 
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Abstract: The Ŭ6 subunit-containing GABAA receptors (Ŭ6GABAARs) are abundant in 

cerebellar granule cells while their functions remained unclear due to a lack of selective ligands. 

Recently, we identified several pyrazoloquinolinones to be positive allosteric modulators 

(PAMs) selective to Ŭ6GABAARs.1,2 Using the prototypical Compound 6 (PZ-II-029), we have 

revealed that positively modulating cerebellar Ŭ6GABAARs, via attenuating granule cell activity, 

can rescue disrupted prepulse inhibition (PPI), which reflects sensorimotor gating deficits 

manifested in several neuropsychiatric disorders.3 Compound 6 (3 and 10 mg/kg, i.p.) 

significantly rescued methamphetamine-induced PPI disruption in mice. Importantly, this effect 

was prevented by intra-cerebellar (i.cb.) microinjection of furosemide, an Ŭ6GABA AR 

antagonist, and mimicked by Ro15-4513 and loreclezole, (two Ŭ6GABAAR PAMs), but not by 

diazepam (an Ŭ6GABAAR-inactive benzodiazepine). In the same animal model, we further 

examined effects of Compound 6 and three other pyrazoloquinolinones, Compound 11 (PZ-II-

028), LAU159 and LAU463, as well as their methoxy-deuterated derivatives. All compounds, 

applied at 10 mg/kg (i.p.) rescued methamphetamine-induced PPI disruption in mice with an 

efficacy similar to Compound 6. These results indicate that methoxy-deuterated derivatives of 

pyrazoloquinolinones, which are less susceptible to metabolic O-demethylation,1 retain the in 

vivo efficacy in the PPI-disrupted animal model. This suggests that deuterated 

pyrazoloquinolinones with appropriate half-lives (9-13 hr)1 are first-in-class drugable candidates 

for treating sensorimotor gating deficits in neuropsychiatric disorders, including but not limited 

to schizophrenia. 
1Knutson et al. (2018) Design and synthesis of novel deuterated GABAAR Ŭ6 subtype 

functionally selective ligands with improved metabolic stability and enhanced bioavailability. J. 

Med. Chem. 61:2422-2446. 
2Treven et al. (2018) Towards functional selectivity for Ŭ6ɓ3ɔ2 GABAA receptors: a series of 

novel pyrazoloquinolinones. Br. J. Pharmacol. 175:419-428. 
3Chiou et al. (2018) Cerebellar Ŭ6 subunit-containing GABAA receptors: A novel therapeutic 

target for disrupted prepulse inhibition in neuropsychiatric disorders. Br. J. Pharmacol. DOI: 

10.1111/bph.14198. 
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Abstract: Migraine remains an unmet medical need. Its pathogenesis is attributed to activation 

of the trigeminal vascular system (TGVS). The Ŭ6-subunit-containing GABAA receptors 

(Ŭ6GABAARs) are expressed in trigeminal ganglia (TG), the hub of the TGVS. Here we revealed 

an unprecedented role of Ŭ6GABAARs in TGVS activation using several pharmacological 

approaches in a migraine model induced by intra-cisternal (i.c.) instillation of capsaicin. 

Capsaicin (i.c.) induced both central and peripheral TGVS responses in rats. Centrally, it 

activated the trigeminal cervical complex (TCC), measured by the increased number of c-Fos-

immunoreactive (c-Fos-ir) TCC neurons. Peripherally, it elevated calcitonin gene-related peptide 

immunoreactivity (CGRP-ir) in TG and caused CGRP release from sensory nerve fibers, which 

was measured by the reduced length of CGRP-ir fibers, in the dura mater. Pharmacological 

approaches included a recently identified Ŭ6GABAAR-selective positive allosteric modulator 

(PAM), the pyrazoloquinolinone Compound 61 and its 4ô-deuterated derivative (4ô-OCD3-

Compound 6)2, two Ŭ6GABAAR-active PAMs (Ro15-4513 and loreclezole), an Ŭ6GABAAR-

inactive benzodiazepine (diazepam), an Ŭ6GABAAR-selective antagonist (furosemide), and a 



clinically effective antimigraine agent (topiramate). Compound 6 (3-10 mg/kg, i.p.) and 4ô-

OCD3-Compound 6 (3-10 mg/kg, i.p.) significantly attenuated the TCC neuronal activation and 

TG CGRP-ir elevation, and dural CGRP depletion induced by i.c. capsaicin. All effects of 

Compound 6 were mimicked by Ro15-4513, loreclezole and topiramate, but not diazepam. The 

brain-impermeable furosemide antagonized the peripheral, but not central, effects of Compound 

6 and 4ô-OCD3-Compound 6. These results suggest that the Ŭ6GABAAR in TG is a novel drug 

target for migraine and the potential of Ŭ6GABAAR-selective PAMs as novel anti-migraine 

agents. 
1Chiou et al. (2018) Cerebellar Ŭ6 subunit-containing GABAA receptors: A novel therapeutic 

target for disrupted prepulse inhibition in neuropsychiatric disorders. Br. J. Pharmacol. DOI: 

10.1111/bph.14198. 
2Knutson et al. (2018) Design and synthesis of novel deuterated GABAAR Ŭ6 subtype 

functionally selective ligands with improved metabolic stability and enhanced bioavailability. J. 

Med. Chem. 61:2422-2446. 
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Abstract: We found in a young proband who displayed continuous myokymia, ataxic gait 

episodes, motor incoordination and spastic skeletal muscle contractions, a novel heterozygous 

mutation in the KCNA1 gene that encodes the delayed-rectifier potassium channel Kv1.1. The 

missense mutation causing debilitating symptoms involved a highly evolutionary conserved 

aromatic non-polar phenylalanine at position 303. Using site-directed mutagenesis mutant and 

wild-type KCNA1 constructs were heterologously expressed in Xenopus laevis oocytes, after 

which electrophysiological characterization followed. The mutation resulted in decreased Kv1.1 

current amplitude, significant positive shifts of voltage-dependence, altered kinetics of 

activation, deactivation and slow inactivation, and reduced window currents. We constructed a 

model using rat Kv1.2 coordinates that shows the open channel structure may be stabilized by 



hydrophobic interactions. Substitution of the aromatic phenylalanine with the smaller aliphatic 

valine in the model revealed altered neighboring interactions important in keeping the channel 

open. These findings suggest the bulky hydrophobic phenylalanine occupies a sterically confined 

area that allows essential hydrophobic interactions and restricts conformational movements 

towards channel closure. We propose the rigid phenylalanine at position 303 as an open-state 

conformation stabilizing residue and aromatic-dependent interactions as a mechanism for the 

fine-tuning of conformational equilibria in the Kv1.1 channel. 
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Abstract: The Eag1 K+ channel is a member of the ether-à-go-go (Eag) potassium (K+) channel 

that belongs to the superfamily of voltage-gated K+ channel. In mammals, the expression of Eag1 

is largely restricted to the brain. Mutations in the gene encoding human Eag1 (KCNH1) K+ 

channel have been associated with the congenital neurodevelopmental diseases Temple-Baraitser 

syndrome and Zimmermann-Laband syndrome. Some of the disease-associated Eag1 mutants 

may manifest enhanced protein degradation. A dynamic equilibrium between synthesis and 

degradation contributes to the proteostatic regulation of K+ channels. However, little is known 

about the molecules mediating protein synthesis and degradation of Eag1 channels. To better 

understand the physiological function of Eag1 K+ channel, we study the molecular machinery 

responsible for the ubiquitin-dependent regulation of Eag1 K+ channels. By performing yeast 

two-hybrid screening of a rat brain cDNA library, we identified a specific RING E3 ubiquitin 

ligase, MKRN1 (also known as RNF61), as a potential binding partner of Eag1 proteins. We 

have performed the co-immunoprecipitation, GST pull-down assay, and immunofluorescence 

staining to confirm the interactions between Eag1 and MKRN1. The expression level of Eag1 

proteins was significantly increased in HEK293T cells when using siRNA to knockdown the 

expression of MKRN1. Immunoblotting analyses of Eag1 per se revealed two protein bands that 

correspond to full- and core-glycosylated channel proteins. Interestingly, when co-expressed 

with MKRN1, Eag1 displayed a third low molecular-weight band that was also be detected when 



treated with the proteasomal inhibitor MG132. Deglycosylation treatment showed that the third 

band had the molecular weight similar to the deglycosylated form of Eag1. Co-

immunoprecipitation also indicated that MKRN1 interacted mostly with the immature Eag1 at 

the endoplasmic reticulum (ER). Moreover, MKRN1 overexpression enhanced Eag1 

ubiquitination and prevented protein maturation. Taken together, our data suggest that MKRN1 

may contribute to the ER quality control of Eag1 channels. 
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Title: Kv3.3 channels regulate the formation of multivesicular bodies 
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Abstract: The voltage-dependent potassium channel Kv3.3 is encoded by the KCNC3 gene. 

Human mutations in this gene result in Spinocerebellar ataxia type 13 (SCA 13), a condition 

associated with cerebellar degeneration. We have found by electron-immunostaining that Kv3.3 

channels are highly expressed in Purkinje cells of the cerebellum at locations where the plasma 

membrane comes into close apposition with underlying mitochondria. We have also found that 

depolarization of Kv3.3 channels directly activates Tank Binding Kinase 1 (TBK1), an enzyme 

that plays a key role in the formation of multivesicular bodies, autophagy and mitophagy. A 

disease-causing mutation, G592R Kv3.3, produces enhanced TBK1 activation both in cell lines 

and in the cerebellum of knock-in mice bearing this mutation. By electron microscopy, we find 

that the enhanced activation of TBK1 in G592R Kv3.3 knock-in mice is associated with 

increased numbers of intracellular multivesicular bodies, and increased levels of CD63, a 

molecular marker for these structures. Mitochondrial function may also be impacted by the 

mutation because levels of mitofusin-1 and mitofusin-2, proteins that are required for fusion and 

maintenance of mitochondrial structure, are altered in the mutant mice. Using cell lines 

expressing the mutant channel, we have shown that the G592R Kv3.3-induced multivesicular 

bodies contain Hax-1, a protein essential for the survival of cerebellar neurons. Inhibition of 

TBK1 in the cell lines prevents in increase in CD63 levels produced by the Kv3.3 mutation. Our 



findings suggest that Kv3.3 channels are directly coupled to pathways that regulate the 

trafficking of proteins into multivesicular bodies. Moreover, disease-causing mutations of these 

channels may promote the formation of autophagosomes and potentially trigger mitophagy of 

mitochondria that are co-localized with the channels at the plasma membrane. 
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Title: 1869 nm infrared laser pulses inhibit action potential firing and hyperpolarize the 

membrane potential in postnatal hippocampal neurons and neuroblastoma X glioma NG108-15 

cells by modulating thermo-sensitive potassium channels 
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Abstract: Infrared laser pulses (IRLPs) modulate the activity of excitable cells, making it a 

potentially valuable tool for a variety of clinical applications. We have shown that 1869 nm 

IRLPs can reversibly inhibit action potential (AP) firing in hippocampal neurons. One 

explanation for this observation is that the IRLPs influence the activity of the ion channels 

contributing to the APs. By applying the patch-clamp technique, we investigated the effect of 

IRLPs on membrane potential and channel activity in hippocampal neurons. We found that while 

IRLPs induce a depolarization of the plasma membrane of up to 18 mV and above the AP firing 

threshold, the majority of hippocampal neurons failed to fire synchronized APs. Moreover, when 

APs were stimulated by voltage-step protocol, we observed complete inhibition of APs by 3 and 

3.5 ms IRLPs applied at the beginning of the voltage step. By reducing IRLPs duration to Ò2.5 

ms some AP recovery was observed, but with shorter duration or/and smaller magnitude. The 

membrane depolarization induced by IRLPs was followed by a longer-lasting hyperpolarization. 

The hyperpolarizing current was voltage-dependent and blocked in neurons sensitive to low 



concentrations of tetraethyl ammonium (TEA, 1mM), indicating the involvement of Kv3.1 

channels, a thermo-sensitive potassium channel subtype. When K+ channels where blocked in 

TEA-sensitive neurons, 3.5 ms IRLPs induced only a 3% reduction in magnitude of the voltage-

step-stimulated depolarization waveform, suggesting a relatively small effect on Nav+ channels 

from IRLPs. Involvement of Kv3.1 was confirmed in NG108 cells, which primarily express 

Kv3.1 channels, where IRLPs caused an instant potentiation of current when channels were 

opened by a voltage (Vh) stimulus. The amplitude of the response depended on holding voltage 

and was significantly decreased by 20 mM TEA. 
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Abstract: Anhedonia and behavioral despair represent core symptoms of depression. While 

these features are in part mediated by maladaptive neuroadaptation within the brain reward 

circuitry, a comprehensive framework of how information flows through these nodes in 

depression is lacking. Here, we show that aversive learning induces anhedonia and behavioral 

despair. These phenotypes can be reversed independently by depotentiating the observed 

increased synaptic strength of ventral hippocampus (VH) excitatory synapses onto D1 medium 

spiny neurons (D1R-MSNs) in the nucleus accumbens shell (NAc), or by restoring depression-

induced decreased potassium channel function in hyperexcitable D1R-MSNs. Moreover, 

mimicking the observed decreased potassium channel function observed after aversive learning 

in D1R-MSNs in naïve animals is sufficient to drive depressive behavior. Finally, utilizing a 

novel disconnection procedure, we demonstrate that strengthening of VH synapses and 

excitability changes in D1-MSNs induced by potassium channel dysfunction are serial processes 

that promote anhedonia and behavioral despair after aversive learning. These results provide a 



novel, cellular mechanism for decreased motivation and increased behavioral despair after an 

aversive experience. They highlight a previously unappreciated role for D1R-MSNs in driving 

negative affective states, thus elucidating innovative targets for treatment of depression and other 

psychiatric disorders characterized by negative affective states. 
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Title: SUMOylation of the mouse voltage-gated potassium channel Kv4.2 at two distinct sites 

independently regulates surface expression and the biophysical properties of the A-type 

potassium current (IA) 
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Abstract: Small ubiquitin-like modifier (SUMO) is a ~100 amino acid peptide post-

translationally added to lysine (K) residues on target proteins to alter their protein-protein 

interactions. SUMOylation can occur in an activity-dependent manner, and ion channel 

SUMOylation can regulate surface expression and biophysical properties. These data suggest 

that dynamic SUMOylation could mediate activity-dependent regulation of ionic currents. The 

voltage-gated potassium channel Kv4.2 mediates the A-type potassium current, IA. We are 

examining the role of Kv4.2 channel SUMOylation. Immunoprecipitation followed by western 

blot experiments showed that Kv4.2 channels were SUMOylated in the rodent CNS and in a 

human embryonic kidney (Hek) cell line stably expressing a GFP-tagged Kv4.2 channel (Hek-

Kv4.2g). Transiently cotransfecting Hek-Kv4.2g cells with plasmids encoding SUMO and the 

SUMO conjugating enzyme, Ubc9, produced a significant 35% increase in Kv4.2 SUMOylation 

(p<0.05 t-test) and a significant 27% reduction in IA maximal conductance (Gmax) as measured 

with whole cell patch clamp recordings (34.75±2.65 vs 25.45±2.24µS p<0.05 MWU). 

Surprisingly, the conductance decrease was accompanied by a significant 78% increase in Kv4.2 

channel surface expression as determined with biotinylation experiments (0.80±0.09 vs1.42±0.28 

p<0.05 MWU). Prediction software identified two high-probability SUMOylation sites on the 

Kv4.2 channel, K437 and K579, and we surmised that they had opposing functions in Hek cells. 

We tested this by mutating one or both sites: K437R and K579R. Preliminary data showed that 

mutating both sites abolished the 35% increase in Kv4.2 SUMOylation elicited by transient 



overexpression of SUMO and Ubc9. When one site was mutated, the 35% increase was reduced 

to ~16%. These data suggest that both predicted sites can be SUMOylated. Consistent with our 

hypothesis, SUMOylation at each site produced a distinct effect. Transient overexpression of 

SUMO+Ubc9 in Hek-Kv4.2g K579R cells still produced the increase in Kv4.2 surface 

expression (1.0±0.19 vs 1.9±0.37 p<0.05 t-test) but not the decrease in IA Gmax. In fact, increased 

SUMOylation now elicited a mean increase in IA Gmax consistent with augmented surface 

expression (27.6 vs 36.2µS p=0.17). We are currently examining the properties of Hek-Kv4.2g 

K437R. Preliminary data suggest that the mutation prevented the increase in surface expression 

elicited by transient overexpression of SUMO+Ubc9 (1.00 vs 1.027 n=1), but we have not yet 

examined IA Gmax. In sum, Kv4.2 channel biophysical properties and surface expression can be 

independently regulated by SUMOylation of the channel at two distinct sites. 
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Abstract: Exposure to chronic stress is responsible for many psychiatric diseases, such as 

depression, anxiety, and reduction of social ability. TREK-1 has been believed to play an 

important functional role in mood regulation, as already known that TREK-1 Knockout (Kcnk2 -

/-) mice showed a depression-resistant phenotype. TREK-1 localized with GABAergic 

interneuron in mouse hippocampus. Particularly, in the temporal DG(Dentate gyrus), a sub 

region related to stress response and emotion. However, TREK-1ôs involvement in GABAergic 

regulation under chronic stress has not been studied. we made a depression model in TREK-1 

Knockout (KO) and Wild type (WT) littermate control mice, and depression validation was 

performed through a forced swim test (FST), a tail suspension test (TST) and social interaction 

behavior After 21 days of stress, social interaction was reduced in WT stressed mice, whereas 

the TREK-1 KO stressed mice showed increased social interaction significantly. These findings 

suggests that TREK-1 may be involved in the inhibitory regulation of social behavior circuits as 

well as the depression resistant phenotype. 
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Abstract: The hippocampus is an essential brain structure for learning and memory processes. 

Its correct performance relies on the balance between excitatory/inhibitory synaptic transmission. 

G protein-activated inwardly rectifying potassium (GirK) channels regulate neuronal excitability 

by mediating inhibitory effects of different G protein-coupled receptors. Activation of GirK 

channels induces neurons to hyperpolarize, compensating neuronal excitation excess. In addition, 

they are constitutively active contributing to resting conductances. Recent evidence shows that 

GirK-dependent signal is altered in pathologies related to excitatory/inhibitory neuronal activity 

imbalances, such as Down syndrome, epilepsy, and Alzheimerôs disease. Here, we have 

examined the role of GirK-dependent signalling in the mouse dorsal hippocampus at different 

levels of complexity (synaptic, network and behavioral) and its relevance in the maintenance of 

normal cognitive functions. To reach that objective, GirK-dependent signal was 

pharmacologically modulated by specific drugs, the GirK opener ML297, and the blocker 

Tertiapin-Q. In vitro, we studied in dorsal hippocampal slices, the effect of GirK-dependent 

signalling modulation on LTP induced in CA1 by Schaffer collaterals stimulation. In vivo, we 

performed acute intracerebroventricular injections of GirK specific drugs and studied: 1) at the 

synaptic level, I/O and PPF protocols in CA3-CA1 synapse, 2) at the circuit and network levels, 

oscillatory properties of CA1 region and LTP induction in CA3-CA1 synapse and 3) at the 



behavioral level, learning and memory capabilities during open field and object recognition tests, 

both dependent on CA3-CA1 synapse. Our data shows that an imbalance of GirK-dependent 

signalling, whether caused by increased or decreased activity of the channel, results in 

abnormalities on neuronal excitability, LTP and oscillatory rhythms recorded from CA3-CA1 

hippocampal synapse. These effects are accompanied by learning and memory impairments in 

behavioral tasks. Taken together, our results suggest that GirK channels are necessary for normal 

hippocampal activity at synaptic, neural network and behavioral levels and an accurate control of 

its activity must take place in the hippocampus to sustain cognitive faculties. 
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Title: Characterization of Kir channels in neurovascular pericytes in the brain 
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Abstract: Pericytes are one of the most important component of neurovascular units and are 

essential in angiogenesis, blood-brain barrier formation, and blood flow regulation. Pericytes can 

be identified by expressing different molecular markers, such as PDGFɓR, Ŭ-SMA, CD13, 

desmin and nerve-glia antigen 2 (NG2 / CSPG4) 1. Interestingly, NG2-glia as the fourth type of 

macroglia which are broadly distributed in the white and grey matter in the central nervous 

system (CNS), also express the pericytic specific marker NG2. Our previous study has shown 

that NG2-glia exhibit very hyperpolarized resting membrane potentials (RMPs) around -90 mV 

which is close to the K+ equilibrium potential (EK) and this hyperpolarized RMP is largely due to 

the high expression of inwardly rectifying K+ channels subtype Kir4.1. However, compared with 

NG2-glia, our recent data has found that the neurovascular pericytes have much depolarized 

RMPs which is around -60 mV. Itôs well known that Kir4.1 channels express in glial cells and 



play an important role in the maintenance of RMP and extracellular K+ uptake in the CNS. In 

addition, Kir channels are also reported to be expressed in smooth muscle cells (SMCs) as well 

as in pericytes 2,3. However, the functions of Kir channels in pericytes are largely unknown. To 

explore what is the major subtype of K+ channel contributing to a depolarized RMP in pericytes 

and what is the physiological relevance underlying, we will combine RNA-Seq transcriptional 

analysis with electrophysiological patch recordings technique obtained from NG2DsRed 

transgenic mice. In this poster, we will present the characteration and function of K+ channels 

especially Kir channels in neurovascular pericytes. This study will reveal a potential significance 

of how pericytes expressing Kir channels integrate into the maintenance of the BBB homeostasis 

in the brain. 
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Title: Seizure induces Kv4.2 phosphorylation by p38 MAPK 
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Abstract: Kv4.2 is the main A-type voltage-gated potassium channel in hippocampal CA1 

pyramidal neuron dendrites. Their currents play an important role in regulating the back-

propagating action potentials and limiting the propagation of local dendritic spikes. Kv4.2 

control of dendritic excitability impacts neuronal plasticity and contributes to learning and 

memory. Thus, it is important to know how Kv4.2 is regulated. Previous findings showed that 

Kv4.2 can be phosphorylated at T602, T607 and S616 by ERK in vitro. However, how 

phosphorylation is regulated and the identity of the proline-directed kinase us unknown. Here, 

we report that Kv4.2 is dynamically phosphorylated at T607 in mouse brain. We first 



characterized specific antibodies against phosphor-T602 and phosphor-T607 using Kv4.2 

mutations expressed in HEK293T cells. Kv4.2 phosphorylation at T602 and T607 were increase 

when co-expressed Erk1 suggesting that Erk1 can phosphorylate the two sites. However, the 

increase was small, which leads us to consider other kinases that could phosphorylate these two 

sites. We co-transfected Kv4.2 with other proline-directed kinases such as CDK5, GSK3B and 

P38 in HEK293 cells and found that P38 had the largest effect. Interestingly, a point mutation of 

P38 which abolished P38 kinase activity largely blocked Kv4.2 phosphorylation suggesting P38 

is the main kinase responsible for T602 and T607 phosphorylation in HEK293T cells. We found 

that P38 binds to Kv4.2, supporting this idea. Furthermore, we found that both P38 activity and 

T607 phosphorylation of Kv4.2 was induced by seizure that is triggered by pentylenetetrazol 

(PTZ) administration, while T602 phosphorylation remained unchanged in mouse brain. 

Interestingly, P38 inhibitor SB203580 administration blocked PTZ-induced Kv4.2 

phosphorylation at T607 site in mouse hippocampi. Taken together, these data show that P38 

phosphorylates Kv4.2 at T607 in mouse hippocampi after seizure induction suggesting that 

Kv4.2 phosphorylation may play an important role in its pathophysiology. 
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Abstract: Kir4.1, a glial-specific inwardly rectifying potassium channel, is essential for 

astrocytic maintenance of K+ homeostasis. Underscoring the role of Kir4.1 in CNS functioning, 

genetic mutations in Kcnj10, the gene which encodes the Kir4.1 protein have been linked to 

seizures, ataxia and developmental disability. Furthermore, numerous studies consistently 

demonstrate reduced levels of Kir4.1 protein and mRNA expression in multiple injury paradigms 

and disease models, typically accompanied by reactive gliosis. While reduced Kir4.1 protein and 

mRNA expression is a common observance in CNS insult, it is unclear what molecular 

mechanism/s govern this process. Utilizing a pilocarpine model of status epilepticus in adult rats 

we demonstrate Kir4.1 protein is significantly reduced as early as 24 hours post-status. This 

downregulation persists though 30 days, the last time point examined. A concomitant loss of 

mRNA was observed at all time points examined, suggesting a transcriptional mechanism of 



regulation. Using a different injury paradigm, a fifth cervical (C5) vertebral hemi-contusion 

model of spinal cord injury, we observed similar results. Previous work by our group revealed 

the DNA methylation status of the Kcnj10 gene functions to regulate developmental levels. To 

analyze the role of DNA methylation in injury, studies were completed in the hippocampus and 

in isolated astrocytes after SE. Here we demonstrate hypermethylation of 7 CpG sites in CpG 

Island 2 in both the SE and SCI models. In contrast, our previous work indicates during 

development when Kir4.1 expression increases this region demonstrates significant 

hypomethylation. Our results suggest that bidirectional modulation of methylation may function 

to modulate Kcnj10 gene transcription. DNA methylation may represent a candidate mechanism 

to rescue astroglial Kir4.1 expression following CNS insult providing therapeutic benefit. 
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Abstract: Neuronal KCNQ/Kv7 channels composed of KCNQ2/Kv7.2 and KCNQ3/Kv7.3 

subunits are voltage-gated potassium channels that potently inhibit neuronal excitability. Close to 

200 mutations in KCNQ2 and KCNQ3 genes are associated with neonatal epilepsy in humans 

including Benign Familial Neonatal Epilepsy (BFNE) and Epileptic Encephalopathy (EE) 

(rikee.org). In particular, EE patients show refractory seizures and severe behavioral 

comorbidities including developmental delay, psychomotor retardation, and autism. Currently, it 

remains unknown whether these mutations are randomly distributed throughout the coding 

region of Kv7.2 and Kv7.3. In this study, we analyzed 177 KCNQ2 and 14 KCNQ3 missense 

epilepsy mutations using nonrandom mutation clustering (NMC) and resampling statistical 

methods. Nonpathogenic missense mutations and silent mutations were used as negative 



controls. These analyses revealed that KCNQ2 mutations are more likely to locate in the voltage-

sensing S4 transmembrane domain, the pore loop and S6 that control ion permeability, helix B in 

the intracellular C-terminal tail that mediates calmodulin (CaM) binding, and helix B-C linker. 

When mutations are analyzed based on the severity of outcomes, EE mutations are more 

concentrated in the same hotspots whereas BFNE mutations do not exhibit any enrichment. 

Mutations in KCNQ3 are enriched in pore loop and helix A. For characterization of mutation 

hotspots, we selected EE mutations including L203P in S4, L268F in the pore, K524T and 

R525L in helix B. K524T and R525L decrease apoCaM and Ca2+-CaM binding. All 4 mutations 

decrease channel expression at the membrane surface. The pore mutant L268F nearly abolishes 

the enrichment of the channel at the axon initial segment (AIS). Furthermore, we demonstrated 

that L203P induces right-shift voltage dependence, while K524T and R525L disrupt PIP2 

dependence with electrophysiolgy. Altogether, our results reveal the hotspots of pathogenic 

epileptic mutations in KCNQ2 and KCNQ3. Current efforts include systematic analyses of 

mutations within the hotspots to predict the functional and clinical outcome of the mutations. 
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Title: Neurocalcin delta translocation is not dependent on its dimerization 
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Abstract: Similar neuronal Ca2+ sensor (NCS) proteins, Neurocalcin ŭ (NCALD) and 

Hippocalcin (HPCA), control many neuronal functions via their differential Ca2+-dependent 

translocation from the cytosol to the plasma membrane. Our preliminary results indicate that in 

solutions Ca2+-bound HPCA is mainly present as a monomer while Ca2+-bound NCALD exists 

as a homodimer. Besides, three AA that are critical to the formation of the dimer interface of 

NCALD were identified in biochemical experiments. However, the functional consequences of 



NCALD dimerization have never been studied in cellular systems. We suggested that disruption 

of NCALD dimerization would result in its translocation to the plasma membrane that is similar 

to one for HPCA. To test this hypothesis, we developed a set of NCALD mutants having single, 

double, and triple point mutations disrupting dimerization interface of NCALD, tagged them by 

fluorescent proteins and co-expressed paired wise NCALD and HPCA or one of the NCALD 

mutants in cultured rat hippocampal neurons. Fast depolarization-induced [Ca2+] i transients led to 

the very different time courses and amplitudes of HPCA and NCALD translocation to the plasma 

membrane. Surprisingly, all NCALD mutants did not reveal a significant difference in Ca2+-

dependent translocation compared the wild type NCALD. Even a triple NCALD mutant, which 

revealed HPCA-like monomeric behavior in the biochemical experiments, demonstrated no signs 

resembling HPCA translocation in the cellular system. We conclude that in the cellular system 

Ca2+-bound NCALD promptly translocates to the plasma membrane before it can be dimerized 

in the cytosol. Thus, dimerization of NCALD revealed by its crystal structure is not important for 

this protein translocation in native cellular systems. 
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Abstract: Kv3 channels are voltage-gated potassium ion channels that are highly expressed in 

the brain and important in neuronal firing and synaptic transmission (Rudy et al., 1999). 

However, in some brain regions, Kv3 channel expression decreases with age with functional 

consequences (Zettel et al., 2007). Kv3 channels are also expressed in the spinal cord (Deuchars 

et al., 2001) but little is known about their role in spinal circuitry and whether age-related 

changes are also observed here. To investigate this, we studied the expression of Kv3 subunits in 

spinal circuitry that underlies bladder function, and the effect of AUT1, a novel modulator 

selective for Kv3 channels (Alvaro et al. 2011), on bladder function. Parasympathetic 



preganglionic (PGN), sympathetic preganglionic (SPN) and dorso-lateral nucleus (DLN) 

motoneurones were retrogradely traced with fluorogold (1%, i.p). 3 month (n=3) and 28 month 

(n=3) C57bl6 mice were anaesthetised intraperitoneally (i.p.) with 60mg/kg pentobarbitone, 

perfused transcardially and fixed with 4% paraformaldehyde. Lumbosacral spinal levels (L1, L6 

and S1) were dissected, sectioned to 20 µm and processed for double labelling 

immunohistochemistry of Kv3 subunits, Kv3.1b and Kv3.3, with inhibitory synaptic markers, 

VGAT and GlyT2, and excitatory synaptic marker, VGluT2. 3 and 20 month mice were given 

vehicle or AUT1 (30 mg/kg, 60 mg/kg, i.p.) and their behaviour (micturition and locomotor 

activity) was recorded in metabolic cages over a 3 hour period. Kv3 puncta around bladder 

motoneurones in the lumbo-sacral spinal cord co-localised with both excitatory and inhibitory 

synaptic immunoreactivity. In a comparison of young and aged mice, the number of Kv3 puncta 

around motoneurones was significantly reduced (DLN, Kv3.3; Ind. Equ. T-test, young, 57.67 ± 

16.5 vs aged, 49.26 ± 14.3, p<0.01, PGN, Kv3.3; Ind. Equ. T-test, young, 67.18± 14.8 vs aged, 

43.8 ± 15.47, p<0.001, SPN, Kv3.1b; Ind. Unequ. T-test, young, 124.4 ± 27.0 vs aged, 87.7 ± 

36.5, p<0.001. Data as mean ± SEM). AUT1 treatment produced an acute dose dependent 

reduction in bladder output (60mg/kg, 100%, p<0.05; 30mg/kg, 42.3%, p<0.05) and reduced 

activity (recorded by a sedation rating scale and video tracking software). We hypothesise that 

the reduced Kv3 expression observed in aged mice may have a functional significance within 

bladder circuitry and on the bladder reflex. Furthermore, the reduction in bladder output 

produced by AUT1 may have therapeutic relevance to age-related conditions such as nocturia. 
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Abstract: There are fundamental differences between the immature and the mature brain 

resulting in a greatly increased risk of seizures in infancy and early childhood. We used 

heterogeneous cultures of rat CA1 hippocampal neurons to investigate the maturation of the 

action potential and excitability as well as the contribution of Ca2+-activated K+ channels to these 

biophysical characteristics. Whole-cell patch clamp recording in the current clamp configuration 

was used to study action potentials and excitability. Single action potentials (AP) were evoked 

by a 0.1 ms, 8 nA current and AP trains were evoked by 100 ms depolarizing pulses. The mean 

action potential duration, represented by spike width at half-amplitude, decreased from 

3.43±0.12 ms (22 animals, 133 cells) in cells from 0-5 day old pups to 2.65±0.10 ms (23 

animals, 144 cells) in cells from 6-10 day old pups (p<0.001). Excitability of neurons, measured 

by the maximum number of APs that could be evoked by a 100 ms depolarizing pulse, increased 

between these age ranges from 2.00±0.10 (22 animals, 157 cells) to 2.86±0.13 (23 animals, 150 

cells; p<0.001). These data may represent a maturation of inhibitory circuitry that can better 

coordinate hippocampal outputs and reduce seizure risk. As BK currents have been implicated in 

seizure susceptibility, we analyzed APs in cells treated with the BK antagonist Iberiotoxin 

(IbTx). Recordings were taken before, during, and after 100 nM IbTx perfusion and the drug 

effect was calculated by comparing the values during drug treatment to the average of the values 

before and after treatment to account for rundown effects. IbTx decreased action potential 

duration by 0.74±0.15 ms in cells from 3-5 day old pups (5 animals, 38 cells) but only by 

0.22±0.06 ms in cells from 6-8 day old pups (5 animals, 41 cells; p<0.002). The Ca2+ activated 

K+ channels SK and KCNQ also significantly contributed to AP kinetics but did not exhibit 

significant age-related changes in their effects so the difference in BK effect is likely not due to 

unrelated changes in AP kinetics. Preliminary data from voltage clamp recordings suggest that 

the BK component of the total K+ current halves from day 5 to day 8. Our data demonstrate that 

action potential durations shorten and excitability increases in a heterogenous population of 

hippocampal neurons in the early postnatal period. We also demonstrate that contributions of BK 

channels to total K+ currents and the action potential waveform decreases during this period. 

These results suggest that reduced excitability of inhibitory neuron populations and increased BK 

currents may underlie seizure susceptibility in infants. 
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Title: Mechanisms of suppression by the amyloid peptide fragments 1-42 and 25-35 on Kv1.1 

channel activity 
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Abstract: The beta amyloid peptide (Aɓ) has long been a hallmark of Alzheimerôs Disease (AD) 

pathology. Past studies have linked its involvement in the disruption of Ca2+ homeostasis, 

synaptic communication, and long-term potentiation (LTP), but the underlying mechanism(s) is 

still largely unclear. Because Kv1.1 and related channels are activated during an action potential, 

regulate depolarization Ca2+ influx, and inhibition of Kv1 channels can be neurotoxic, we 

speculate that Aɓ-suppression of Kv1 channels may be early targets in AD pathogenesis. Using 

murine Kv1.1 channels expressed in Xenopus oocytes, we have observed the effects of both 

Aɓ(1-42) and the ñcoreò peptide (25-35) on both macro- and micro-scopic currents. Both the 

bath application of Aɓ(1-42) and Aɓ(25-35) produced 40-50% suppression of macroscopic 

Kv1.1 current within 30 m. The suppression of Kv1.1 by Aɓ(1-42) was partially dependent on 

intracellular Ca2+ and PP2B, being reduced by ~50% when cells were loaded with BAPTA-AM 

or exposed to the PP2B-inhibitor cyclosporine A (CsA). Patch-clamp results suggest that Aɓ-

suppression of Kv1.1 involves both PP2B-dephosphorylation and direct protein-protein 

interaction of Aɓ with Kv1.1 channel subunits. Exposure of inside-out single Kv1.1 in ripped-off 

oocyte patches to application of purified, catalytically-active PP2B produced gradual reductions 

in p(open), followed by the abrupt disappearance of Kv1.1 activity. Application of Aɓ to the 

intracellular face of Kv1.1 channels also produced dramatic reductions in p(open). To better 

study the direct interaction between Aɓ and Kv1.1, we have made use of artificial membranes 

which have more stable preparations and easier access to both intra- and extra-cellular faces of 

the channel compared to oocyte patch clamping. Using ñtip-dipò methods, Aɓ(25-35) exposure 

eliminated Kv1.1 channel activity when applied to the intracellular face. Experiments are 

currently underway looking at the effects of Aɓ on Kv1.1 channels incorporated in a Black Lipid 

Membrane (BLM) apparatus. Suppression of Kv1.1 and related K+ channels presynaptically 

could lead to larger and longer action potentials, allowing more influx of Ca2+, increased release 

of glutamate, and possibly the beginning of a disruption of Ca2+ homeostasis. Postsynaptically, 

the increased glutamate release, through activation of AMPA and NMDA receptors, may 

contribute to excitotoxicity. 
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Abstract: KCNQ2/3 (M-channel) current maintains homeostatic control over neuronal firing and 

excitability. Classically, M-channels have been characterized by sensitivity to suppression by 

Gq-coupled muscarinic acetylcholine receptor stimulation due to intracellular membrane-PIP2 

hydrolysis. The muscarinic signaling plays important functional roles in modulation of neuronal 

excitability. We investigated the neuromodulatory effects of muscarinic receptor stimulation on 

hippocampal M-currents in-depth. 

Patch-clamp electrophysiology recordings were aquired from mouse dentate gyrus granule cells 

(DGGCs) and CA1 pyramidal neurons in brain slice. Stimulation of M1Rs with M1-selective 

allosteric agonist 77LH281 resulted in surprising and significant enhancement of M-current in 

DGGCs, however CA1 neurons exhibited muscarinic-induced suppression of M-current. We also 

observed significant increase to GIRK current acting as a a PIP2 biosensor, supporting our 

hypothesis that in DG, net intracellular PIP2 was increased after Gq-coupled muscarinic 

stimulation. The PIP5 kinase inhibitor UNC3230 was included to block PIP2 synthesis, and M1R 

stimulation then suppressed M-current in DGGCs. KCNQ2 knockdown in DG ablated the 

muscarinic receptor-dependent enhancement of M-current. Furthermore, the net effect of 

muscarinic stimulation was an increase in action potential firing frequency, despite enhancement 

of M-current. We found intracellular Ca2+ signals were robustly increased in DGGCs after 

muscarinic stimulation, as detected with a calcium sensor dye. Increased Ca2+ was dependent on 

TRPC channel activation of neuronal excitability, as TRPC blockers ablated excitability and 

Ca2+ increase. Interestingly, activation of TrkB receptors also enhanced M-current via 

PLCgamma activity in DGGCs. 

We describe novel muscarinic receptor-induced effects on neuronal excitability in the DG 

involving a heretofore undiscovered, cell-type specific role of M-channel neuromodulation. 

Muscarinic receptors may serve a wider and more complex role in governing hippocampal 

excitability through cholinergic signals. These novel findings in DG suggest an entirely different 

relationship between muscarinic receptors, PIP2 availability, and M-channels than found in 

peripheral sensory neurons or other glutamatergic CNS neurons. 
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Abstract: Potassium channels play important roles in a range of cellular physiological processes 

in normal brain function. KCNQ2/3 channels, in particular, have arisen as critical regulators of 

neonatal brain excitability. Highlighting the importance of these channels, a growing number of 

loss-of-function (LOF) and gain-of-function (GOF) variants inKCNQ2 and KCNQ3 have been 

reported in patients with severe neonatal and infantile epileptic encephalopathy. The main 

features of KCNQ2/3-associated epileptic encephalopathy are progressive cognitive deterioration 

and early onset of a severe seizure disorder that does not respond to most anticonvulsant drugs. 

In contrast to the wealth of knowledge on KCNQ2/3 channels functioning in excitatory neurons, 

the roles of these channels in interneurons is still unclear. This is a major gap in our knowledge 

as interneurons play a critical function in shaping the activity of neuronal populations and 

promoting the development of excitatory synaptic circuits. KCNQ2/3 channels have been 

associated primarily with neurons that undergo pronounced spike frequency adaptation, a feature 

not traditionally associated with interneurons. However, using microscopy and more recently 

single cell exome sequencing, KCNQ2/3 channels have been detected in cortical interneurons 

such as parvalbumin (PV)- and somatostatin (SST)-positive interneurons. Here, by using ex vivo 

and in vivo electrophysiology show that deletion of Kcnq2/3 channels from parvalbumin, but not 

somatostatin, interneurons increased their excitability, leading to elevated inhibitory transmission 

and homeostatic excitatory drive potentiation in CA1 pyramidal neurons. Additionally, PV-

Kcnq2 null-mice showed increased seizure susceptibility, suggesting that decreases in KCNQ2/3 

activity in interneurons remodels excitatory networks, providing a previously unrecognized 

function of KCNQ2/3 channels in the brain. 
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Abstract: Individual presynaptic terminals often behave differently to electrical stimuli in terms 

of vesicle fusion probability. The probability of vesicle fusion or synaptic strength of a terminal 

can be modulated by many factors including vesicle pool dynamics and fusion machinery, as 

well as the properties of voltage gated calcium channels. It is often assumed that the electrical 

inputs are digital in nature and that individual synapses along an axon receive uniform action 

potential waveforms. However, recent experiments have called this observation into question for 

many central neurons. Action potential broadening is one of the most classically observed 

phenomena during various stimulation protocols, yet it is unclear how this broadening alters 

vesicle fusion and release of neurotransmitter. This is primarily due to the small size of en 

passant central neuron synapses which are not easily accessed by classic electrophysiology. Here 

we provide the first simultaneous quantitative measurements of presynaptic action potentials, 

calcium influx and exocytosis in en passant synapses using genetically encoded fluorescent 

indicators in cultured hippocampal neurons. We combine these measurements with genetic and 

pharmacological manipulations to understand how changes in action potential waveform shape 

alter presynaptic transmission. Inhibition of Kv1s, one of the predominant voltage gated 

potassium channels found in these synapses, results in a predictable increase in action potential 

amplitude and full width at half maximum. Interestingly, we found only excitatory cells rely on 

Kv1 channels to modulate the presynaptic action potential waveform. Further, action potential 

broadening results in an uncoupling of the classically defined relationship between vesicle fusion 

probability and net calcium influx, with an enhancement of neurotransmission over what is 

predicted. To determine the mechanism behind this phenotype we restricted the size of 

presynaptic calcium microdomains using the calcium chelator EGTA and found no effect on the 

percent change of vesicle fusion, indicating the radius of microdomains are not responsible for 



the increase in fusion with action potential broadening. Our results suggest that modulation of 

the action potential waveform is a powerful modulator of synaptic strength. 
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Abstract: Essential Tremor (ET) is one of the most common neurological diseases, with an 

estimated 7 million affected individuals in the US; the pathophysiology of the disorder is poorly 

understood. Recently, we identified a mutation (KCNS2 (Kv9.2), c.1137 T>A, p.(D379E) in an 

electrically silent voltage-gated K+ channel Ŭ-subunit,Kv9.2, in a family with ET, that modulates 

the activity of Kv2 channels. We have produced transgenic Drosophila lines that express either 

the human wild type Kv9.2 (hKv9.2) or the ET causing mutant Kv9.2 (hKv9.2-D379E) subunit 

in all neurons. We show that thehKv9.2 subunit modulates activity of endogenous Drosophila K+ 

channel Shab. The mutant hKv9.2-D379E subunit showed significantly higher levels of Shab 

inactivation and a higher frequency of spontaneous firing rate consistent with neuronal 

hyperexcitibility. We also observed behavioral manifestations of nervous system dysfunction 

including effects on night time activity and sleep. This functional data further supports the 

pathogenicity of the KCNS2 (p.D379E) mutation, consistent with our prior observations 

including co-segregation with ET in a family, a likely pathogenic change in the channel pore 

domain and absence from population databases. The Drosophila hKv9.2 transgenic model 

recapitulates several features of ET and may be employed to advance our understanding of ET 

disease pathogenesis. 
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Title: Organization of Ca2+ and lipid signaling domains by the Kv2 family of voltage-gated 
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Abstract: Voltage-gated potassium (Kv) channels play diverse roles in regulating neuronal 

excitability. Of these, Kv2.1 and Kv2.2 are robustly expressed as micron-sized plasma 

membrane (PM) clusters on the soma, proximal dendrites, and axon initial segment of most brain 

neurons. These Kv2 paralogs are distinct in their cellular expression patterns, extent of multisite 

phosphorylation, and responses to stimuli that trigger phosphorylation-dependent changes in the 

localization and voltage activation of Kv2.1, but not Kv2.2. The clusters of Kv2.1 and Kv2.2 are 

found at endoplasmic reticulum (ER)-PM junctions (EPJs), and we have recently demonstrated 

that organization of EPJs is a conserved and bona fide non-conducting function of both members 

of the Kv2 family (Kirmiz et al., 2018. bioRxviv 10.1101/296731). As such, Kv2 ion channels 

are the first family of PM proteins whose expression is sufficient to govern organization of these 

membrane contact sites. EPJs in diverse cell types are known to participate in Ca2+ signaling 

[e.g., excitation-contraction coupling in striated muscle via the association of PM L-type Ca2+ 

channels and ER ryanodine receptors (intracellular Ca2+ release channels)] and/or regulation of 

lipid trafficking/metabolism (e.g., regulation of phosphatidylinositol-4-phosphate levels by 

Sac1). Kv2-containing EPJs are also defined by the presence of vesicle associated membrane 

protein-associated proteins (VAPs). VAPs are known to participate in regulation of lipid 

metabolism in cultured mammalian cells, and Kv2 clusters often colocalize with RyRs in 

cultured hippocampal neurons, raising the question as to whether EPJs mediated by the Kv2 

family have the capacity to function in dual capacities as distinct sites of lipid 

metabolism/trafficking and Ca2+ signaling. Here, using total internal reflection fluorescence and 

conventional fluorescence microscopy of cultured rat hippocampal neurons and heterologous 



cells, we investigated the potential role(s) of Kv2-associated EPJs as sites of lipid 

metabolism/trafficking and Ca2+ signaling. We found that expression of Kv2 channels is 

sufficient to reorganize/recruit L-type Ca2+ channels, as well as proteins involved in lipid 

metabolism/trafficking including Sac1 and PITPNM1/Nir2, to EPJs organized by Kv2 channels. 

We also found that L-type Ca2+ channel-mediated Ca2+ responses are enhanced in cells 

coexpressing either conducting or nonconducting isoforms of Kv2.1. Our findings suggest that 

these abundant neuronal Kv2 channels can influence lipid trafficking/metabolism and Ca2+ 

signaling in brain neurons via a non-conducting function that is dependent on their ability to 

organize EPJs. 
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Abstract: Endoplasmic reticulum-plasma membrane junctions (EPJs) have long been assumed 

to serve critical roles in modulating neuronal Ca2+ handling, as sites with enhanced expression of 

Ca2+ channels and pumps. The voltage gated K+ channels Kv2.1 and Kv2.2 are prominent 

constituents of neuronal EPJs, facilitating the spatial concentration of L-type Ca2+ channels 

(LTCCs), ryanodine receptors (RyRs), and Ca2+ store-regulated PM Orai1 channels (Kirmiz et 

al., 2018. bioRxviv 10.1101/296731). Although these observations suggest a role for Kv2 

channel-associated EPJs in neuronal Ca2+ handling, their participation in Ca2+ signaling events 

has not been demonstrated. This is an important question, as autosomal dominant de novo 

mutations in Kv2.1 that disrupt Kv2.1 clustering at EPJs are associated with severe neurological 

disorders. Here, we have visualized distinct Ca2+ signaling events at neuronal Kv2 channel-

mediated EPJs. We used genetically encoded Ca2+ indicators (GECIs) fused to conducting and 

nonconducting Kv2 channel isoforms or to the Kv2 auxiliary subunit AMIGO1 to image Ca2+ at 

these sites in cultured rat hippocampal neurons. We found that Kv2 channel-mediated EPJs are 



sites of Ca2+ entry during global Ca2+ influx events. We found that in addition to these global 

events, Ca2+ transients consisting of rapid and often stochastic spikes occurred at a subset of 

individual Kv2-containing EPJs. These transients at individual Kv2-containing EPJs occurred 

independent of one another, even at junctions located <1 µm away from one another, such that 

the spatial extent of the Ca2+ transients was confined within individual Kv2 channel clusters. The 

frequency and amplitude of these local Ca2+ transients were sensitive to membrane potential 

depolarization, nimodipine, caffeine, and thapsigargin, implicating the involvement of LTCC and 

RyR-mediated Ca2+-induced Ca2+ release. Moreover, following global Ca2+ entry, Ca2+ was 

cleared more quickly within a Kv2 channel cluster than in regions outside of clusters. 

Importantly, we determined that Kv2.1 channel conductance was not necessary for the 

occurrence of Kv2 channel cluster-associated spontaneous Ca2+ transients, as neither their 

frequency nor their amplitude differed between neurons expressing the ñwild-typeò Kv2.1-GECI 

or a non-K+-conducting Kv2.1 pore mutant (P404W)-GECI. Together these findings demonstrate 

that Kv2-channel mediated EPJs are sites of distinct and compartmentalized neuronal Ca2+ 

signaling events with unique Ca2+ handling properties. Our findings further support a critical role 

for EPJs in neuronal Ca2+ handling and demonstrate an important function for Kv2 channels in 

this process. 
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Abstract: The Slack ion channel is a member of a family of large conductance sodium-activated 

potassium channels. It is expressed predominantly in neurons of the central nervous system 

where it regulates neuronal excitability. FMRP, an important regulator of mRNA translation, 

binds both Slack mRNA and the Slack protein. The association of Slack with FMRP stimulates 



channel activity, raising the possibility that activation of Slack channels may also regulate the 

function of FMRP. Our laboratory has previously identified Slack as required for a protein 

translation-dependent recovery from an extended period of inhibition in Aplysia neurons 

following stimulation, further suggesting that Slack may play a role in the regulation of mRNA 

translation. Here we provide the initial evidence for such a role. We transfected cells with a 

fluorescent reporter for mRNA translation, which contains the 5ô and 3ô sequences of the mRNA 

for ɓ-actin, but with the coding region replaced with that for the irreversibly-photoconvertible 

fluorescent protein dendra2. We were able to visualize real-time translation in HEK cell cultures 

and in mouse cortical neurons. Based on the observed translation levels in a stable Slack-

expressing HEK cell line along with pharmacological manipulation and silencing RNA 

knockdowns, we propose a mechanism whereby Slack activation causes an increase in 

translation that is enhanced in the absence of FMRP. This increase in translation persists in the 

presence of the Slack channel blocker quinidine, indicating that it does not require ion flux 

through the channel. Experiments on cultured neurons from wild-type, Slack knockout, and 

FMRP knockout mice show that Slack-stimulated translation also occurs in native neurons. 

Additional experiments in HEK cell culture suggest that the Slack binding partners CYFIP1, 

another FMRP binding protein; and Phactr-1, a PP1 binding protein, may also modulate this 

channel-dependent translation. This mechanism of Slack-dependent translation potentially 

represents the first instance of the direct modulation of mRNA translation by activation of an ion 

channel. 
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Abstract: The Slack gene encodes sodium-activated potassium channels that are abundantly 

expressed in the central nervous system. Human mutations alter the function of Slack channels, 

resulting in epilepsy and intellectual disability. Most of the disease-causing mutations are located 

in the extended cytoplasmic C-terminus of Slack channels and most result in increased Slack 

current. Previous experiment using a yeast two-hybrid system indicate that the C-terminus of 

Slack channels binds a number of cytoplasmic signaling proteins. One of these is Phactr1, a 

protein that is believed to target protein phosphatase 1 (PP1) to its phosphoprotein substrates. 

Phactr1 is also known to be an actin-binding protein. We have now found by co-

immunoprecipitation that all three components, Phactr1, PP1 and actin exist in a complex with 

Slack channels. We then investigated the role of disease-causing Slack mutations in the 

modulation of the Slack-Phactr1 complex and found, using FRET and coimmunoprecipitation 

experiments that residue R1085 modulates the formation of Slack-Phactr1 complex and that the 

disease-associated mutation R1085A increases the affinity of the channel for Phactr1. In patch 

clamp experiments, however, the amplitude of both wild type and SlackR1085A currents was 

suppressed by co-expression of Phactr1. It has been proposed that activation of Slack channels 

could stimulate mRNA translation and preliminary experiments suggest that the SlackR1085A 

mutation may alter this aspect of channel function. Our data support the hypothesis that, in 

addition to regulating electrical excitability directly, Slack channels participate in intracellular 

signaling pathways via PP1 or actin. In this regard, targeting Slack-Phactr1 interactions may be 

helpful in developing novel therapies for brain disorders associated with the malfunction of 

Slack channels. 
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Abstract: Kv1.3 is a low threshold voltage-dependent potassium channel expressed in both 

excitable and non-excitable cells. In non-excitable cells, Kv1.3 channels are involved in various 

functions including cell volume regulation, proliferation, and insulin signaling. Within the 

central nervous system, deletion of Kv1.3 gene from mitral cells of the olfactory bulb 

dramatically increased the sensitivity of the olfactory system. Our group has previously shown 

that Kv1.3 channels are also present in the presynaptic terminals of the medial nucleus trapezoid 

body (MNTB) within the auditory brainstem (also called Calyx of Held). More specifically, they 

were found to be expressed along the plasma membrane and in internal vesicular structures of 

the calyx of Held. Whether these Kv1.3 channels with distinct localization in the presynaptic 

terminals can regulate the synaptic transmission and contribute to the auditory function is 

unknown. To examine the functional role of Kv1.3 channels in the auditory system, we used in-

vitro and in-vivo approaches in Kv1.3 knockout (KO) and Bl6 Wildtype (WT) mice. Our 

preliminary results from in-vitro whole cell patch-clamp recordings in young mice (P13-17) 

show that lack of Kv1.3 channels significantly increases the spike firing frequency of the 

presynaptic calyx in response to square pulses of injected currents. In contrast, no significant 

changes were detected in the postsynaptic MNTB neurons. We have also found aberrant evoked 

postsynaptic activity in MNTB neurons in response to presynaptic fibers stimulation in Kv1.3 

KO mice, suggesting that kv1.3 channels regulate synaptic transmission between Calyx of Held 

and MNTB neurons. To further investigate their role in auditory function, we carried out in-vivo 

recordings of the Auditory Brainstem Responses (ABR) of Kv1.3 KO and found that the 

thresholds of ABR are elevated in young (P13-17) and old (2-4 months) Kv1.3 KO mice over 

those in WT mice. Latencies of peaks I, II and IV are prolonged in Kv1.3 KO mice. In addition, 

mice lacking Kv1.3 potassium channels show a desynchronization of ABR waves suggesting an 

alteration of synaptic transmission and changes in spike fidelity within auditory pathways. 

Altogether, our data suggest that loss of Kv1.3 potassium channels primarily influences the 

properties of presynaptic terminals, alters synaptic transmission between Calyx of Held and 

MNTB neurons, and impairs auditory function. Ongoing experiments are now characterizing the 

dynamic of Kv1.3 channels distribution in response to presynaptic fibers stimulation. 
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Abstract: Small-conductance Ca2+-activated K+ (SK) channels mediate medium 

afterhyperpolarization in the neurons which limits the firing frequency of action potentials and, 

thus, play a key role in the regulation of neuronal excitability. Given their importance in neurons, 

SK channels are potential drug targets for movement disorders, including ataxia and 

Amyotrophic Lateral Sclerosis (ALS). The SK channels are activated exclusively by the Ca2+-

bound calmodulin. Previously, we identified an intrinsically disordered fragment that is essential 

for the mechanical coupling between Ca2+/calmodulin binding and the channel opening. Here, 

we report that substitution of one amino acid residue in the intrinsically disordered fragment 

caused a ~6 fold increase in the Ca2+ sensitivity of SK2-a channels. Subsequent tests with 

equivalent substitutions in SK1 and SK3 channels also exhibited Ca2+ hypersensitivity. 

Additionally, an equivalent phenylalanine substitution in the Caenorhabditis elegans (C. 

elegans) SK2 ortholog kcnl-2 partially rescued locomotion defects in an existing C. elegans ALS 

model, in which human SOD1G85R is expressed at high levels in neurons. This supports the 

idea that the phenylalanine substitution impacts SK channel function in vivo. This work confirms 

that the intrinsically disordered fragment plays a crucial role in SK channel regulation and - for 

the first time - provides a critical reagent for future studies: an SK channel that is hypersensitive 

to Ca2+ concentrations with increased activity in vivo. 
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Abstract: Presynaptic terminals are fundamental computational units in the brain, and their 

dysfunction is associated with several neurological diseases. They mediate the transduction of 

incoming electrical signals (action potentials) into chemical signals (neurotransmitter release), 

and the efficiency of conversion determines the strength of circuits underlying memory and 

behavior. Many synapses in the hippocampus display frequency-dependent changes in 

transduction efficiency. The shape of the presynaptic action potential is of fundamental 

importance in determining the timing and magnitude of neurotransmitter release. However, the 

plasticity of action potential waveform shape during frequency dependent stimulation and a role 

in transduction efficiency is unknown. This is largely due to the fact that the en passant synapses 

that are prevalent in the hippocampus are difficult to measure with classic electrophysiology 

owing to their small size. To overcome these limitations in our current study we combine a 

genetically encoded far-red voltage indicator named QuasAr with quantitative measurements of 

presynaptic calcium and vesicle fusion by GCaMP and vGlut-pHluorin imaging, respectively. 

We found significant frequency-dependent changes in presynaptic action potential shape even 

from paired pulse stimulation in primary cultured rat hippocampal neurons. Namely, a significant 

broadening of action potentials at excitatory synapses and narrowing at inhibitory synapses were 

shown. We determined that these changes were due to unique molecular identities and functional 

role of K+ channels that can modulate the electrogenic properties of the presynaptic membrane at 

excitatory and inhibitory terminals. Our results indicate that voltage-dependent inactivation of 

Kv1.1/1.2 channels underlies the broadening, while calcium-gated potassium channels underlie 

narrowing of the action potential for excitatory and inhibitory neurons respectively. Furthermore, 

while the changes in AP shape are strongly correlated with vesicle fusion probability, however 

they are independent of net calcium influx as classically predicted, suggesting a role for calcium-

microdomain signaling. Taken together, these results suggest that variability in presynaptic K+ 

channels may play a fundamental role in controlling frequency-dependent changes in synaptic 

strength. 
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Abstract: Proper nervous system function requires dynamic remodeling of the actin 

cytoskeleton, which is highly enriched at both presynaptic terminals and postsynaptic spines. 

Although actin dynamics and regulation have been well-characterized at postsynapses, studies on 

actin in mature presynapses have been limited by difficulties in visualizing presynaptic terminals 

and purifying them by biochemical fractionation. Here, we show the Arp2/3 complex, a 

nucleator of branched actin filaments, is present at presynaptic terminals in vivo. We also use 

electron microscopy, electrophysiology, and optical methods to probe the effects of its 

presynaptic disruption on synaptic transmission. Finally, we used in vivo BioID to identify 47 

additional actin regulatory proteins that reside in presynaptic terminals in the mouse brain. We 

are currently using stimulated emission depletion (STED) microscopy to verify the localization 

of these proteins and CRISPR/Cas9-based approaches paired with electrophysiology to 

determine their functions during synaptic transmission. We expect to uncover several lines of 

genetic evidence for the functions and regulation of presynaptic actin, creating a framework for 

how presynaptic terminals may be structurally altered during synaptic plasticity. Additionally, 

since defects in actin regulation are associated with many neurological disorders (including 

autism spectrum disorders, intellectual disability, and schizophrenia), our findings may help 

inform potential presynaptic pathologies in these diseases. 
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Abstract: Synaptic vesicles (SVs) are accumulated at active zones in clusters, which are 

comprised of ready-releasable and reserve pools. Phosphoprotein synapsin I plays critical role in 

organizing SVs in the reserve pool in many central synapses. SVs in the reserve pool replenish 

the ready-releasable pool to sustain neurotransmission during high-rate activity and are rapidly 

reclustered after stimulation. How these SV trafficking events are regulated is largely unknown. 

Using the giant reticulospinal model synapse in lamprey we show that the scaffolding protein 

intersectin 1 (ITSN1) regulates the synapsin 1 function during synaptic activity by forming a 

dynamic complex with synapsin. Like in mammalian synapses ITSN1 is a component of an 

extravesicular matrix of the reserve pool of SVs in giant lamprey synapses. The complex 

formation with synapsin 1 is mediated by SH3A (Src-homology 3 A) domain of ITSN1, which 

binds to the D domain of synapsin I. An intramolecular switch within ITSN1 regulates the 

interaction between the proteins. Microinjection of antibodies against SH3A domain into giant 

synapses at rest does not perturb SV organization, while during stimulation it disrupts the vesicle 

clustering in the reserve pool thus supporting that ITSN1 and synapsin 1 come into interaction 

during synaptic activity. Our data suggest that the SH3A domain of ITSN1 serves to sequester 

synapsin 1 within the reserve pool when it dissociates from SV during stimulation and promotes 

efficient reclustering when stimulation ceased by releasing dephosphorylated synapsin within the 

reserve pool. Thus, our experiments uncover the molecular mechanism regulating vesicle 

reclustering within the reserve pool of SVs. 

Disclosures: O. Shupliakov: None. K. Fredrich:  None. A. Pechstein: None. F. Gerth: 

None. O. Vorontsova: None. E. Sopova: None. O. Korenkova: None. V. Haucke: None. C. 

Freund: None. 



Poster 

559. Presynaptic Organization 

Location: SDCC Halls B-H 

Time: Tuesday, November 6, 2018, 1:00 PM - 5:00 PM 

Program #/Poster #: 559.03/E31 

Topic: B.05. Neurotransmitter Release 

Support: MOE2016-T2-1-097 

 NMRC/CBRG/0094/2015 

Title: MAP kinase phosphorylation gates regulation of SV trafficking and neurotransmitter 

release by J domain of synapsin III 

Authors: *S.-H. SONG, G. J. AUGUSTINE 

Lee Kong Chian Sch. of Medicine, NTU, Singapore, Singapore 

Abstract: Among the 3 mammalian synapsin genes, synapsin III is unique because it regulates 

neurotransmitter release in a neurotransmitter-specific manner (J. Neurosci. 28:10835; 30:9762; 

36:6742). These effects must be caused by the J domain, a motif found only in synapsin III. To 

examine the function of the J domain, we first injected a peptide from the J domain of synapsin 

III into squid giant presynaptic terminals. This peptide reversibly inhibited synaptic transmission, 

while a scrambled version did not; thus, the inhibitory effect is sequence-specific. Analysis of the 

kinetics of synaptic depression during high-frequency stimulus trains (50 Hz) revealed that J 

domain peptide inhibits synaptic transmission both by reducing the size of the readily-releasable 

pool (RRP) and by slowing mobilization of vesicles from the reserve pool (RP) to the RRP. This 

effect is regulated by phosphorylation: pseudophosphorylating the J domain peptide at a MAPK 

phosphorylation site (S470D) inhibited synaptic transmission, while a non-phosphorylatable 

version (S470N) did not. To further clarify J domain function, we examined excitatory synapses 

of microisland-cultured mouse hippocampal neurons. Expressing recombinant J domain did not 

affect the amplitude of autaptic EPSCs. However, during repetitive stimulation (10 Hz), J 

domain expression slowed the time constant of synaptic depression and increased RRP size. 

Further, a phospho-null mutant J domain (S470A) further slowed depression and increased RRP 

size, while pseudophosphorylated J domain accelerated the rate of synaptic depression and 

reduced RRP size. Thus, in both squid and mouse neurons, phosphorylation of the J domain 

controls the ability of synapsin III to regulate mobilization of RP vesicles. In summary, our 

results indicate that interactions mediated by the J domain of synapsin III determine the 

dynamics of both RRP and RP vesicles, thereby regulating neurotransmitter release. Further, this 

regulation is gated by MAPK phosphorylation. 
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Abstract: The spatial organization of voltage-gated Ca2+ channels and synaptic vesicles at the 

presynaptic active zone are tightly regulated and play essential role in synaptic function. 

However, the molecular mechanisms underlying the tight regulation remain much unknown. 

Here we examined the function of neurexins, the central organizer of synapse formation and 

function, at the calyx of Held synapse. We found that deletion of all neurexins remarkably 

reduces synaptic strength at the calyx of Held. The functioning of Ca2+ channels and release 

machinery remain intact; however, the coupling between Ca2+ channel and synaptic vesicle was 

surprisingly impaired. These results together suggest a novel function of neurexins in organizing 

presynaptic active zone by facilitating tight coupling between Ca2+ channels and readily-

releasable synaptic vesicles. 
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Abstract: Effective communication within neural circuits requires the precise control of 

neurotransmitter release in response to a presynaptic action potential. Indeed, perturbation of 

release can trigger circuit malfunction that leads to cognitive and psychiatric disorders. 

Functional precision arises from the proper subsynaptic organization of the proteins involved in 

synaptic transmission. Previous work from our lab has established that evoked vesicle fusion 

preferentially occurs at subdomains of the AZ with the highest density of Rab3-interacting 

molecule (RIM), a protein that is necessary for synaptic vesicle priming and for the recruitment 

of Ca2+ channels to the AZ. These RIM ñnanoclustersò are also aligned with postsynaptic 

nanoclusters of receptors and PSD-95, suggesting this presynaptic organization helps maximize 

synaptic strength by aligning sites of release with high density clusters of receptors. Considering 

the importance of subsynaptic protein organization, we sought to determine the nanoscale 

organization of RIM-binding protein 2 (RIM-BP2), another functionally relevant presynaptic 

protein that is crucial for the reliability and fidelity of synaptic transmission. Like RIM, RIM-

BP2 binds Ca2+ channels, particularly P/Q-type Ca2+ channels, and thus is suspected to localize 

them close to vesicles through this direct interaction as well as indirectly through its binding to 

RIM. Using super-resolution STORM imaging of cultured hippocampal neurons, we have 

observed that RIM-BP2 is tightly clustered within small AZ subdomains that bear a striking 

resemblance to the RIM nanoclusters. Since the overall clusters of RIM-BP2 are similar to the 

nanoclusters of RIM, RIM-BP2 may be playing an important role in synaptic function by 

influencing the nanoscale organization of RIM. To test this, we are currently performing 

STORM imaging of RIM and PSD-95 at synapses that are expressing RIM-BP2 mutants that 

cannot bind to RIM, and at synapses in which RIM-BP2 has been knocked down. Not only will 

these experiments help determine the influence of RIM-BP2 on the nanoscale organization of 

RIM, but they will also provide insight into the effect, or lack thereof, of presynaptic 

perturbations on postsynaptic protein organization. 
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Title: RIM4ɔ deficiency causes alterations in cerebellar Purkinje cell function 
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Abstract: RIMs (Rab3-interacting molecules) are multidomain proteins, enriched at presynaptic 

active zones. The large isoforms (RIM1Ŭ/ɓ, RIM2Ŭ/ɓ) have been shown to be important for 

mediating presynaptic active zone function by coupling synaptic vesicles to voltage-gated 

calcium channels (VGCCs) and by regulating neurotransmitter release as well as presynaptic 

plasticity. The functional role of the small RIM isoforms, RIM3ɔ and RIM4ɔ, in particular in 

vivo has so far remained unresolved. To address this open question we have generated 

constitutive RIM4ɔ knock-out (KO) mice. Starting after weaning these RIM4ɔ KO mice exhibit 

spontaneous episodes of strong hind limb impairments with rapid uncontrolled movements 

accompanied by weight loss. In order to uncover if this phenotype resulted from dysfunction in 

the cerebellum, we crossed conditional RIM4ɔ KO mice with a Purkinje-cell specific Cre-driver 

line (Pcp2-Cre) resulting in Pcp2-cre(Mpin)-RIM4ɔ KO mice. Behavioral experiments with 

these mice confirmed deficits in fine motor coordination and less exploration in a novel 

environment found in the constitutive KO line. Furthermore, it was also possible to induce the 

motor phenotype by injections of ethanol or caffeine. 

Interestingly, morphological analyses of the cerebellum and of individual Purkinje cells revealed 

changes in size and branching of the dendritic tree. Juxtacellular recordings of Purkinje cells in 

the presence of blockers of synaptic transmission revealed in Pcp2-RIM4ɔ KO mice an overall 

reduced spontaneous firing frequency of Purkinje cells and an almost complete lack of bursting 

cells. In addition, a population of Purkinje cells firing tonically at 10-15 Hz is strongly 

diminished in Pcp2-RIM4ɔ KO mice. 

Taken together, our data for the first time reports that RIM4ɔ in cerebellar Purkinje cells is 

required to maintain normal electrophysiological properties and to establish proper dendritic 

morphology. In turn, RIM4ɔ deficiency results in a phenotype resembling human dyskinesias. 
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