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Title: Control of brain development by the DYRKZ1A kinase Minibrain
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Abstract: Determining the mechanisms behind developmental diseases of the nervous system
can provide insight into advancing treatments. The kinase DYRK1A plays a role in Down
syndrome, microcephaly, and cancer, however the exact mechanism through which it functions
is unknown. By studying the Drosophila homolog, Minibrain (Mnb), we can learn more about
DYRKZ1A function. Neuronal precursor cells give rise to differentiated cells and the adult brain
structure. During development, the proper number of neuronal precursors must be formed from
neuroepithelial cells, and this transition is a carefully regulated process. Molecular marker
analysis of mnb®® null mutants has revealed alterations in the neuroepithelium and neuroblast
regions of developing larval brains. We have also shown that Mnb is required for proper cell
proliferation in larval brains using DNA content analysis from dissociated brain cells through
fluorescence activated cell sorting (FACS). To determine how Mnb regulates brain development,
we performed affinity purification-mass spectrometry (AP-MS) on embryos expressing an
endogenously tagged form of Mnb. Several proteins identified in the Mnb interactome play a
role in endocytosis. We hypothesize that Mnb may play a role in the endocytic regulation of
signaling pathways, and thus regulate the critical neuroepithelium to neuroblast transition as well
as cell proliferation in the larval brain.
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Title: Brain-wide cellular resolution mapping of GABAergic cells and microglia unveils
spatially distinct developmental patterns in the early postnatal mouse brain
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Abstract: Microglia are the resident innate immune cells of the central nervous system which
support cellular migration, initiate synaptic pruning, and sculpt developing neural circuits during
early postnatal development. Particularly, microglia facilitate the programmed cell death of
developing cortical neurons, including y-aminobutyric acid-containing (GABAergic)
interneurons. However, it is currently unknown whether microglial guidance of developing
GABAergic cells occurs in region-specific manner. Furthermore, studies observing the
developmental trajectories of microglia in the postnatal mouse brain are currently unknown due
to the lack of cellular-resolution datasets. To resolve this knowledge gap, we used whole-brain
quantitative cell type mapping methods to assess the temporal and spatial changes of microglial
cell densities throughout postnatal mouse brain development. We have compared the
developmental patterns of microglia to GABAergic cell types including somatostatin-,
parvalbumin-, and vasoactive intestinal polypeptide-expressing neurons at postnatal day (P) 4, 6,
8, 10, 12, 14, 21, and 28 in mice. We find different spatiotemporal changes in microglial and
GABAergic cell types in various cortical and subcortical brain regions. Microglia residing in the
developing cerebellum show differential expression across cerebellar layers during maturation.
Additionally, we identify white-matter-tract microglia with distinct, amoeboid morphologies
migrating along developing commissural fibers, including the corpus callosum. In all, our study
characterizes spatially distinct microglia during early postnatal development and presents a
valuable resource for studying the interplay between microglia and GABAergic neurons in
neurodevelopmental disorders and neuropsychiatric diseases.
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Abstract: Development of the zebrafish (Danio rerio) retina is well-researched. Apoptosis of
overproduced neurons is an important part of wiring the retinotectal pathway. In the past,
apoptosis has been assayed with terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) which requires sectioning, a time-intensive process. Although this is the traditional
method of tracking apoptosis, it is not the only way. Molecular Probes Lysotracker™ is a
lipophilic dye which enters cells by simple diffusion. The dye is protonated by the acid pH of the
lysosome, which traps the now-fluorescent dye. The lysosome drives apoptosis (as well as
autophagy and other processes). We have used Lysotracker as an alternative method for studying
the time course of apoptosis in normal and altered development. Sifuentes-Romero et al. (2020)
have used this method in the cavefish lens and we have adapted it to our system. The probe is
user-friendly and is used in living samples. There is no sectioning required which keeps the
tissue in its original form for visualization by confocal microscopy. We have used this protocol
to study apoptosis in developing zebrafish retina between about 2 and 6 days post-fertilization
(dpf). We were able to confirm penetration of the Lysotracker dye by identifying known sites of
apoptosis during development. We then applied the Lysotracker technique to investigate the role
of apoptosis in autism. Our zebrafish model of autism involves treatment of zebrafish embryos
with valproic acid (VPA) between 0 and 2 dpf. Prenatal exposure to VPA treatment is known to
increase the incidence of human autism, and in zebrafish, produces a developmental phenotype
with some resemblance to human autism (Zimmermann et al. 2015; Meshalkina et al. 2018;
Dwivedi et al. 2019). Autism is thought to result from abnormally increased synaptic survival.
We hypothesized that VPA would increase activity in developing neurons, leading to increased
synaptic stabilization with decreased apoptosis. After Lysotracker exposure at various points in
development, zebrafish were preserved in 4% formaldehyde. The fixed fish were mounted in
low-melt agarose and labeling was visualized in an Olympus Fluoview 3000 confocal laser
scanning microscope. There was more staining in retinas from VPA-treated fish at each age
compared to the control fish, suggesting that cell death may be increased by VPA treatment. This
contradicts our initial hypothesis. Lysotracker staining is a useful alternative for monitoring
apoptosis and/or autophagy in developing zebrafish retinas and other developing zebrafish
tissues and will help describe the role of cell death in normal and disordered development.
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Title: Regional cytoarchitecture of the adult and developing mouse enteric nervous system
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Abstract: The ENS autonomously controls secretory and motor functions of the gastrointestinal
(GI) tract and ENS dysfunction contributes to the morbidity of a broad range of Gl and
neuropsychiatric illnesses. The ENS contains more neurons than the spinal cord and presents a
translational model relevant to many human illnesses. However, ENS circuit development,
connectivity and function is vastly understudied relative to that of the spinal cord or brain. We
have adapted and developed state-of-the-art means to visualize ENS neurons and map their
connectivity. By imaging large areas of the ENS, we have observed that the clusters of neurons
that coordinate muscle activity are radially oriented and organized into stripes traversing the
circumference of the intestine. Using computational approaches we have revealed marked
differences in stripe width and stripe spacing between regions of the intestine. We have further
found that specific enteric neuronal subtypes, defined by expression of neurotransmitters,
neuropeptides, and calcium-binding proteins, are distributed in a highly region-dependent
manner. Together, our work extends knowledge of ENS topography and provides a possible
mechanistic basis for region-specific motility patterns in health and disease.

Disclosures: R. Hamnett: None. L.B. Dershowitz: None. V. Sampathkumar: None. Z.
Wang: None. V. De Andrade: None. N.B. Kasthuri: None. S. Druckmann: None. J.A.
Kaltschmidt: None.

Poster

350. Patterning, Cell Death, and Proliferation
Location: SDCC Halls B-H

Time: Monday, November 14, 2022, 1:00 PM - 5:00 PM
Program #/Poster #: 350.05

Topic: A.01. Neurogenesis and Gliogenesis

Support: JSS Grant (2022-4026)
IMEG Kumamoto University
SPRING Grant

Title: Akhirin, a Secreted Protein, Regulate Innate Immune Responses During Brain
Development and Maintains Homeostasis in the Neural Stem Cell Niche.



Authors: *M. KUDO, N. MATSUOQ, T. IRIE, K. NAKASHIMA, K. OHTA;
Kyushu Univ., Kyushu Univ., Fukuoka, Japan

Abstract: Previously, we identified Akhirin (AKH) as a novel secretory molecule expressed in
the chick embryo’s lens epithelium. AKH contains one LCCL domain (involved in the innate
immune response from bacterial infections in the inner ear) and two VWF domains (one of the
famous blood coagulation factor), exhibits heterophilic cell adhesion property (Ahsan et al.,
2005). AKH is expressed explicitly in the neural stem cell (NSC) niche region
(microenvironment where NSCs are present) of the central nervous system (eye, spinal cord, and
brain) (Ahsan et al., 2005, Athary et al., 2015, Anam et al., 2020). Our findings suggest that
AKH is one of NSCs niche regulator and plays a crucial role in their development, however the
detail molecular function of AKH in brain development is still unclear. Here, using an anti-AKH
polyclonal antibody, we show that AKH is expressed in the neuronal ependymal cells layer,
choroid plexus ependymal cells layer, and the cerebral spinal fluid at embryonic brain.
Compared to wild-type mice, AKH knock out mice (AKH™") have aberrant LV expansion and
suppressed NSC proliferation, as well as behavioral abnormalities. Furthermore, we revealed the
abnormal blood vessels formation and the increase of activated microglia in the AKH™ brain.
Recently, microglial association has been reported for maintenance of homeostasis in the NSC
niche. To elucidate the reason behind microglial activation induced by AKH deficiency, we
observed that AKH is involved in the innate immune response of the developing mouse brain. In
the developing brain, the blood-brain barrier (BBB) is immature, and the maturation of the BBB
is complex and remains unclear because it involves factors such as vascularization and glial
maturation. We propose that AKH regulates innate immunity in the brain during development,
when the brain’s immune system is still underdeveloped, and is involved in maintaining
homeostasis of NSC niche regulation to maintain normal brain development.
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Abstract: Normal brain development depends upon precise spatiotemporal regulation of neural
stem and progenitor cells (NSPC) to ensure that the appropriate number of neurons are generated
and balanced neuronal wiring can emerge. Aberrations in this process contribute to
neurodevelopmental disease (NDD) pathogenesis. N-Methyl-D-Aspartate receptors (NMDAR)
are glutamate-gated cation channels known to play essential roles in neurodevelopment, yet their
role in the regulation of neurogenesis is not fully understood. Some studies report suppression of
NMDAR-mediated signaling promotes neurogenesis, while other studies support the opposite
view. Discord in the literature is, in part, due to the perinatal lethality of NMDAR knockout in
rodents, which precludes analysis of postembryonic neurodevelopment. We have developed a
mutant zebrafish line that lacks all NMDAR-mediated signaling (grinl double mutant) yet
survives to 10 days post fertilization (dpf), far beyond the comparable age of rodent models.
Thus, our model provides an opportunity to examine the role of NMDARSs in all stages of
neurodevelopment. To assess the cytoarchitecture of the grinl double mutant brain at the end of
embryonic neurogenesis, we performed detailed quantification of 12 forebrain cell populations in
3 dpf zebrafish. We found that relative to wild type fish, grinl double mutants show increased
cell densities in the anterior regions of the forebrain. At 5dpf, increased cell densities were
observed in all forebrain cell populations. We performed GFAP and PSA-NCAM
Immunohistochemistry (IHC) and determined that these cells were neurons, not glial cells.
Morphometric analysis demonstrated that increased neuronal density occurs without any gross
anatomical changes to the brain. Activated caspase-3 IHC indicated that the supernumerary
neurons did not result from diminished programmed cell death. We then assayed the NSPCs
using IHC to determine the origin of dysregulation. We find that grinl double mutants have a
higher percentage of mitotic neuroblasts, as indicated by PCNA expression, and are



predominantly clustered abventricurlarly. These data, taken together, imply a delay in their
differentiation into mature neurons, which inappropriately prolongs their mitotic state and
amplifies the neuronal population. These data suggest that NMDAR signaling is required for
suppression of neurogenesis in the neuroblast transit amplifying cell populations, without which
proliferation progressively increases unchecked. Furthermore, as NMDAR mutations are
correlated with NDDs, as are supernumerary neurons, this work also suggests an unexplored
mechanism of NMDAR-mediated NDD etiology.
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Abstract: Inflammation is the tissue-based response to invasive pathogens and cellular injury.
Following an injury to the central nervous system, activated microglia release inflammatory
cytokines, a diverse group of soluble factors that function to activate, amplify, and resolve
inflammation. 1110 is an anti-inflammatory cytokine that plays a critical role in resolving
neuroinflammation and promoting wound healing. In the zebrafish retina, which has the capacity
to regenerate neurons and photoreceptors, acute inflammation is required to reprogram Muller
glia, which function as an intrinsic stem cell, and regulate proliferation of the Mdller glia-derived
progenitors (MGDPs), the immediate antecedents of regenerated neurons. In this study we used
wild-type (WT) zebrafish, il10”7- mutants, Q-PCR, and tissue-based proliferation assays to
determine expression and function of 1110 during the selective death and regeneration of
photoreceptors. Following photoreceptor death, in WT animals il10 expression peaks at 2 days
post lesion (dpl) and returns to baseline by 5 dpl. Q-PCR assays of tnfa, tnfb, and il1b, and their
downstream target, cjun, show that these pro-inflammatory cytokines are significantly elevated
in i1107- mutants, indicating that in the zebrafish retina, 1L10 is required to resolve the
inflammatory response. At 5 and 7 dpl in WT animals, MGDPs have exited the cell cycle and are



differentiating into regenerated photoreceptors. In contrast, in il10”7- mutants, the MGDPs
continue to proliferate. At 14 dpl in WT animals, regenerated photoreceptors have mature
morphologies, whereas in the il10”7- mutants, photoreceptor morphology is markedly abnormal.
Further, at this time point activated microglia persist in the subretinal space of il107- mutants.
These results indicate that in the zebrafish 1110 governs the proliferation of Mller glia-derived
progenitors by determining the duration of the pro-inflammatory response. Further, the persistent
inflammation in il10”- mutants compromises the maturation of regenerated photoreceptors.
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Abstract: How is an intricate pattern of stem cells and post-mitotic ependymal cells generated
along the lateral wall of the lateral ventricle, while an uninterrupted monolayer of ependyma
forms along the medial wall? In late embryonic development, neural stem cells give rise to
ependymal cells forming a monolayer barrier along the ventricle surface. This process of
ependymogenesis is likely achieved by two different modes of cell division: symmetric and
asymmetric division. During embryonic to postnatal development, a combination of cell division
strategies generates two different cytoarchitectures at the ventricle surface: 1) a monolayer of
ependymal cells interspersed with the apical process of stem cells, forming pinwheel-like
structures, across the lateral wall and 2) an uninterrupted ependyma along the medial wall. The
goal of our project is to computationally predict stem cell lineage commitment decisions that
give rise to the distinct cellular patterning observed along the lateral versus medial wall of the
lateral ventricle. Our model, based on the Markov chain Monte Carlo (MCMC) method, predicts
the changing cytoarchitecture of the lateral and medial walls by subjecting stem cells to 4
possible events: 1. symmetric division (two stem cells, p1) 2. asymmetric division (one stem cell
and one ependymal cell, EC, p2) 3. terminal symmetric division (two EC, p3) 4. terminal
neurogenesis (two neuroblasts, NB, p4). Each stem cell is assigned an ‘energy level’ (e) - a
variable that defines the total number of cell divisions a single stem cell can undergo - that
diminishes with every division. For initial data input, cell counts by type (stem cell or EC) at the



ventricle surface (n>3) and ventricle surface area (n>3) from 6 embryonic to postnatal periods
are used. To support our model, cell lineage-based frequency of asymmetric versus symmetric
division at the lateral ventricle surface are calculated using lineage-tracing mouse models with
timed EdU labeling. MCMC predictive modeling will serve as a powerful program to determine
cytoarchitectural changes during early brain development.
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Abstract: In the adult brain, subsets of astrocytes act as neural stem cells in two anatomically
defined neurogenic niches: the sub-ventricular zone and the hippocampal dentate gyrus.
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Surprisingly, in specific physiologic and pathologic conditions, neurogenic progenitors can
activate also in the mature brain parenchyma, particularly in the striatum. In this region, at least
after excitotoxic lesion and stroke, these progenitors turned out to be local astrocytes, however
little is known about the organization of neuronal genesis outside the canonical niches
specialized microenvironment. Here, through genetic lineage-tracing, BrdU birth-dating analyses
and 3D reconstructions coupled with mathematical modelling and spatial analyses, we thus
evaluated the spatio-temporal dynamics of parenchymal astrocytes activation and lineage
progression after excitotoxic lesion. Our results indicate that starting from the third week after
lesion, neurogenic astrocytes are activated in a sparse and asynchronous manner preferentially
around the lesion border. Once activated each astrocyte locally generate a cluster of clonally
related proliferating neuronal precursors that transiently expand for about 10 days. The
exhaustion of some of these niches however is continuously counterbalanced by the
establishment of new ones, so that the total number of niches remains constant at least up to 8
weeks post lesion. The analyses of cellular composition revealed that striatal niches are initially
composed of activated astrocytes and transient amplifying progenitors that further divide and
differentiate into proliferating neuroblasts. Both cell types stochastically undergo symmetric
divisions that are uncoupled from cell differentiation. Conversely, the differentiation rate of
transit amplifying progenitors and proliferating neuroblasts deterministically increases in an
exponential manner. Finally, post-mitotic neuroblasts initially accumulate in the niche before
dispersing in the striatum as individual cells. Furthermore, spatial and clonal analyses indicated
that striatal niches are independent of each other both regarding their astrocytic origin and their
expansion and maturation dynamics.In conclusion, long-term striatal neurogenesis emerges from
the asynchronous activation of multiple scattered striatal astrocytes stablishing transient
independent neurogenic niches. Overall, these data suggest that the neurogenic potential is
widespread among striatal astrocytes, and that the striatal parenchyma is largely permissive for
de-novo establishment of neurogenic niches.
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Abstract: The lower brainstem (pons and medulla oblongata) is a key central nervous system
structure involved in communication between the brain and the spinal cord, integrating sensory
information and coordinating motor responses. Dysregulation in hindbrain development may
lead to tumor formation and frequently leads to behavioral disorders, stressing the importance of
understanding the intricacies of human hindbrain development. Here we performed RNA-
sequencing of over 300,000 single nuclei to construct a developing human hindbrain atlas
ranging from embryonic to adult stages, profiling complete neural and glial populations of the
hindbrain, from progenitors to mature cell types. We complemented the transcriptomic atlas with
single nuclei ATAC atlas from same or stage matched samples. We describe the transcriptional
and regulome identity of neuronal cells constituting hindbrain nerve centers including
precerebellar, respiratory, auditory and vestibular nuclei, and their differentiation trajectory from
the progenitor domains in the embryonic rhombencephalon. To identify the origins of pediatric
brain tumors, we mapped ~2,900 bulk and ~50 published single-cell transcriptome tumor
datasets to the atlas of brainstem development, focusing on medulloblastoma and pediatric low-
and high-grade glioma, and determined cell populations and differentiation states associated with
specific tumor groups. We confirmed migrating lower rhombic lip derivatives as the lineage of
origin for WNT medulloblastoma. Furthermore, we ascertained the early ventral neural
progenitor-derived oligodendrocyte lineage as the source of diffuse midline glioma, H3 K27-
altered and postnatal oligodendrocyte progenitors as the origin of pilocytic astrocytoma. We also
identified the ependymal lineage as the best match for ependymomas. We show that tumor
development has a component that transcriptomically follows its cellular lineage of origin, and
identify genes with preserved expression between the respective normal and malignant cell
populations. We also identify tumor-specific genes, which represent promising therapeutic
candidates. We plan to make our data and analysis pipeline publicly available via user-friendly
graphical interface for unrestricted use of the generated results.
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Abstract: The brainstem ocular motor neurons (OMNSs) mediate eye movements and are
differentially affected in some disorders, compared with other motor neurons (MNSs). In
congenital cranial dysinnervation disorders (CCDDs) such as Duane Syndrome, OMN
subpopulations show disrupted or aberrant innervation, while in Amyotrophic Lateral Sclerosis
(ALS), OMNSs continue to function while other MNs degenerate. Here we define unique gene
expression patterns among developing MNs, and generate a toolbox of protocols and genetic
markers to help study these disorders. We combine various mouse genetic reporter lines with
intersectional temporal and spatial transcriptomics (bulk-, single cell-, and single nuclei RNA-
seq, and Slide-seq) to isolate and compare eight distinct mouse MN populations from embryonic
days E9.5-E18.5: the three ocular motor nuclei (CN3, CN4, CN6) and the other primary MN
types (CN5, CN7, CN9/10, CN12 in brainstem, and spinal MNs). Gene expression was validated
with database analysis, in situ hybridization, antibodies, and genetic axonal labeling. We
correlate gene expression differences with cell age by both EdU labeling and tamoxifen-
mediated temporal CreER induction, and visualize iDISCO- and EyeDISCO-cleared whole
embryos by light sheet microscopy. Each MN population shows a unique genetic fingerprint,
including novel markers of spatially- and temporally-distinct OMN subpopulations. Some OMN
nerve branches correspond with cell birthdate and selectively contribute to specific aberrant
branches in the Mafb-knockout mouse model of Duane Syndrome. Overall, this MN
transcriptomic atlas uncovers distinct developmental gene expression patterns and markers of the
various cranial motor neurons, and provides new tools to study their differential vulnerability in
the CCDDs and other motor neuron disorders.
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Abstract: Tuberous sclerosis complex (TSC) arises due to heterozygousmutations in TSC1 or
TSC2 and affects approximately 1 in 6000 births.Neuropsychiatric symptoms of this disorder
include autism spectrum disorder(ASD), developmental delay, intellectual disability, and
epilepsy. Mutations inTSC2 are often associated with worse symptoms and severity. Epilepsy in
TSC patientsis often refractory to drug treatment, sometimes requiring surgical resection.Within
resected brain tissues from patients with TSC, detection of enlarged‘balloon” cells is diagnostic
for this disorder. Analysis of tubers andperituberal tissues indicates seizures in TSC originate in
the perituberaltissues, and “balloon” cells may contain loss of heterozygosity (LOH) of
TSC1/2compared to surrounding tissue. Though mutations in TSC1/2 lead to epilepsy andcause
mTORC1 hyperactivation, unified criteria to identify balloon cells andinfer their lineage are
lacking, and these diagnostic cells have not beenstudied across TSC cohorts at the protein level.
In addition, how balloon cellsinfluence their microenvironment to produce epileptogenic foci is
poorlyunderstood. High-dimensional approaches such as imaging mass cytometry(IMC) offer the
opportunity to directly assess thirty (30+) proteins andsignaling events in single cells while
documenting spatial relationships withinthe tissue. We developed a custom imaging panel, where
each of thirty-five (35)antibodies was successfully tested on known positive and negative
controls,including pharmacological manipulations of signaling proteins in human tissuesand
cells. We developed a customized machine-learning workflow that identifiesprospective balloon
cells with 93% precision and 69% efficiency within archivedcortical tubers. Currently, we are
mapping the cytoarchitecture and signalingperturbations within these samples, with a specific
focus on balloon cells andtheir immediate neighbors. These data will comprise a rich dataset
forunderstanding the abundance, structure, and signaling activity of neuronal,glial, and immune
cells within archived tubers and perituberal tissues,enabling quantitative comparison of TSC with
other mTOROopathies.
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Title: Ensembles of endothelial and mural cells promote angiogenesis in prenatal human brain
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Abstract: Preterm infants born during the second trimester are prone to develop brain
hemorrhage. Why the brain vasculature is vulnerable in this developmental window remains
unclear, but infants with this condition are at risk for life-long neurodevelopmental disability.
Using fluorescence-activated cell sorting, single-cell transcriptomics, and histological and
ultrastructural analyses, we showed that an ensemble of endothelial and mural cell subtypes tiled
the human prenatal brain vasculature during this critical period. These vascular cells followed
distinct developmental trajectories and utilized diverse signaling mechanisms, most notably the
extracellular matrix and growth factor Midkine, to facilitate cell-cell communication and
maturation. Interestingly, our results revealed that tip cells, a subtype of endothelial cells, were
highly enriched near the ventricular zone, the site of active neurogenesis. Indeed, when
transplanted into cortical organoids, the prenatal vascular cells exhibited restricted lineage
development that favored tip cells, promoted neurogenesis, and reduced cellular stress in
neurons. Together, our results uncovered important mechanisms into vascular development and
their implications for neural development during the second trimester.
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Abstract: The insects ventral nerve cord (VNC), the equivalent of mammal the spinal cord,
coordinates and integrates neural signaling from brain and periphery nervous system to produce
a variety of locomotor outputs. Holometabolous insects, which undergo complete
metamorphosis, need very different VNC functions, one for controlling crawling during the
larval stages and another one for enabling the adult complex locomotor activities. How do
insects develop and manage two different VNC? In flies, an atlas of the adult VNC has been
assembled. However, the molecular characterization of the cells in third instar VNC remains to
be determined.Here we use SCRNA-seq to profile the transcriptome of 31,040 single cells from
Drosophila third instar VNCs. Surprisingly, we found that almost 60% of these cells (17,920) are
immature and undergoing a developmental program that will generate the adult VNC. These
populations of cells include newborn adult interneurons (INs) and motor neurons (MNs), glial
precursors and midline glia. The remaining cells are mature INs, MNs, and glia that fulfil various
functions during the larval stages of development. Among the immature cells, we identified a
transcription progression from neuroblasts to newborn adult neurons. We found that all 21
hemilineages (LINSs) reported in adult VNCs have correspondent clusters of newborn neurons in
the larval VNC. Moreover, each larval LIN has already acquired neurotransmitter identity and
has its own repertoire of cell fate determinants. Almost 40% of the larval VNC cells are mature
neurons and glia that control larval behavior and function. We identified over 40 subtypes of
differentiated INs, each expressing unique combinations of transcription factors and
neurotransmitters. Interestingly, larval INs are very different from the future adult neurons. We
described the molecular signature of mature glia subtypes, including astrocytes, perineural glia,
subperineurial glia, cortex glia and ensheating glia. Each glia type has unique features to support
different aspects of neuronal development and function. The larval glia populations are very
similar to the adult counterpart, highlighting the conserved nature of the glia functions. Finally,
we identified and compared immature and mature MNSs. In contrast with mature MNs, immature
MNs have low level of glycolysis related genes, low level of genes encoding synaptic proteins,
and express no BMP target genes. Our studies uncover a surprising partition of the larval VNC
which prepares the cells for the adult VNC while ensuring that larval needs are met. This larval
VNC atlas provide a valuable resource for future studies of neurodevelopment and behavior.
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Title: Defects in neurogenesis in the retinal ciliary margin alter the binocular circuit
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Abstract: In animals with frontally positioned eyes, partial decussation of retinal ganglion cell
(RGC) axons in specific proportions at the optic chiasm forms the basis of stereopsis. The albino
visual system is characterized by a reduction in the number of RGCs expressing Zic2, the
transcription factor necessary for ipsilateral specification, and by abnormal distribution of
ipsilateral and contralateral RGC axons. To uncover the developmental processes important for
the establishment of ipsi- and contralateral RGC properties, and ultimately stereo vision, we
examined neurogenesis and its regulation by CyclinD2 in the ciliary margin zone (CMZ), a
neurogenic niche at the embryonic retina periphery that may be a specialized source of ipsilateral
RGCs.

We combined genetic inducible fate mapping with birthdating to determine the number and
production rate of CMZ-derived Zic2® RGCs. We performed dual pulse birthdating to monitor
the cell cycle progression and exit of CMZ progenitors, and its regulation by CyclinD2 in
pigmented, albino, and CyclinD2-deficient mice. We find that in the albino fewer Zic2* RGCs
are generated from the CMZ, where there is reduced CyclinD2 expression and delayed cell cycle
progression. In addition, deletion of CyclinD2 from the pigmented CMZ leads to a reduced
number of progenitors reaching mitotic exit in time to express Zic2 and acquire ipsilateral RGC
identity. In turn, upregulation of CyclinD2 via pharmacological stimulation of calcium channels
in albino mice augments neurogenesis of ipsilateral RGCs.

To examine whether aberrations in the ipsi/contra RGC output lead to impaired depth perception,
we compared the performance of pigmented, albino, and CyclinD2-deficient mice in a
binocularly-driven visual cliff behavioral task. Both albino and CyclinD2-deficient mice failed to



reliably recognize the “cliff”, indicating reduced depth perception. Our study thus links proper
RGC neurogenesis with the establishment of the circuit for binocular vision.
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Abstract: The mammalian forebrain is associated with motor function, emotion and cognition
by processing high-level thinking. Malformation of the forebrain incurs disruption of neural
circuits correlated with psychiatric and developmental disorders including anxiety, depression,
schizophrenia, epilepsy, autism spectrum disorder and Timothy syndrome. The fine regulation of
neurogenesis by neural stem cells (NSCs) are mediated by neurotrophic factors and genes
including sonic hedgehog, Wnt proteins, glutamate, ATP, gamma-aminobutyric acid (GABA),
epidermal growth factor (EGF) and fibroblast growth factor (FGF). Here, we report new findings
of the molecular mechanism of anoctamin 1 (ANO1), a Ca?*-activated CI- channel including
activation mechanism of ANO1 and underlying other ion channel activity in specialized NSCs of
the mouse embryonic ventricular zone. Further results of cell biological and physiological
evidences from Anol knock-out mouse will be presented.
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Abstract: White matter injury (WMI) is the most common brain injury leading to poor
neurologic outcomes in premature infants. Intestinal perforation is a significant risk factor and
there are no treatment options available. Developing novel drug therapies for neonates is
challenged by appropriate concerns for safety. Thus using mass spectrometry, we discovered
sonic hedgehog (Shh) agonist oxysterols in human maternal breast milk. We explored their
therapeutic potential in directing neural stem cells (NSCs) into the oligodendrocyte (OL) lineage
and in promoting oligodendrocyte progenitor cell (OPC) maturation. Oxysterol-induced
oligodendrogenesis from subventricular zone-derived (SVZ) NSCs was assayed in vitro using
immunocytochemistry, western blot, flow cytometry, and single cell sequencing (scRNA-seq),
looking for markers of the OL lineage. Shh pathway activation was established by quantifying
upregulation of target gene, Glil, by western blot and RT-PCR. Shh-dependence was explored
using multiple pharmacologic approaches and Glil and Gli2 (Shh effectors) knockout alleles.
Maturation effects of oxysterols was analyzed in OPCs using Sholl analysis and sScRNA-seq.
Neonatal modeled intestinal perforation (MIP) leading to diffuse WMI was induced in mice on
postnatal day 5 (P5). MIP mice were treated with vehicle alone or oxysterol (20-
hydroxycholesterol, 20HC). Stereology was used to determine numbers of OPCs and mature OL
numbers in the periventricular white matter. Nestin-CreER ™ alleles were used to lineage trace
postnatal NSCs in treated and untreated mice post-MIP to identify oxysterol-induced
oligodendrogenesis in vivo. Myelination was evaluated by performing g-ratios on electron
microscopy images of the corpus callosum at P60. CatWalk gait analysis system analyzed motor
function in mice at P60. We found that Gli2 is required for 20HC-induced oligodendrogenesis.
Following neonatal WMI in vivo, 20HC treatment increased numbers of mature OLs, improved
myelination and rescued motor deficits in mice. Lineage tracing showed that 20HC-mediated
recovery of OL deficit is mediated in part through 20HC-induced SVZ-derived
oligodendrogenesis. Additional recovery may be due to the impact of 20HC on OPC maturation.
ScRNA-seq data on 20HC treated OPCs are currently undergoing analysis. Because oxysterols
are found in human maternal breast milk, this approach may be a novel and safe therapeutic
strategy to mitigate neonatal WMI.
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Abstract: Brain injury can result in long-term neuronal loss that is exacerbated by the limited
regenerative capacity of the central nervous system. The rostral migratory stream (RMS)
facilitates neuroblast migration from the subventricular zone (SVZ) to the olfactory bulb
throughout adulthood. Brain lesions attract neuroblast migration out of the RMS, but resultant
regeneration is insufficient without intervention. Our lab has biofabricated a “living scaffold”
that is implanted to enhance and redirect endogenous neuroblast migration from the
subventricular zone to neuron-deficient brain regions. This approach utilizes the first biomimetic
tissue-engineered RMS (TE-RMS), designed to leverage the brain’s natural mechanism for
sustained neuronal replacement by replicating the native RMS to direct neuroblasts to distal sites
of injury. Our previous work has characterized the structure of the TE-RMS fabricated from rat
cortical astrocytes (rat TE-RMS) and human gingiva mesenchymal stem cell astrocytes (human



TE-RMS). In addition to a promising strategy for endogenous neuronal replacement, the TE-
RMS is a powerful tool to unlock previously unanswered questions about adult neurogenesis.
Here, we report recent advancements in rat TE-RMS fabrication techniques that promote robust
TE-RMS health and structural stability up to 14 days in vitro. Additionally, we demonstrate that
we can harvest neuronal progenitor cells (NPCs) from the SVZ of adult female rats and culture
them as neurospheres. We have confirmed NPC phenotype with reliable positive expression of
stem cell markers Nestin, PAX6, SOX2, and GFAP, and negative expression of mature neuronal
marker MAP2 and mature oligodendrocyte marker MBP. Furthermore, following loading of
SVZ-derived neurospheres into the end of TE-RMS constructs, individual neuroblasts migrate
out of the neurosphere and throughout the length of 4 mm TE-RMS constructs. In contrast,
acellular constructs did not facilitate neuroblast migration, suggesting active cell-cell signaling
mechanisms that contribute to migration along engineered “living scaffolds”. Current
experiments are examining maturation and synaptic integration of SVZ-derived neuroblasts
following migration through the TE-RMS and into destination cultures in vitro. Additionally, we
are engineering this system with all human cell sources, thereby creating the first model system
to investigate the process of adult neurogenesis in the human brain. Overall, the TE-RMS
provides a unigue in vitro platform to examine SVZ neuroblast migration and maturation,
providing an avenue to investigate key chemical and molecular players in these processes.
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Title: Investigating the role of RNA localization in MAP1B’s function in neuronal migration
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Abstract: RNA localization and subsequent local translation is animportant mechanism in
maintaining polarized protein localization in matureneurons. However, the role of RNA
localization in migrating neurons is unknown.We seek to uncover this process by using candidate
RNA Map1lb, coding for a microtubule associated protein important inbrain development, and an
MRNA target of the RNA binding protein FMRP. Loss ofeither FMRP or MAP1B causes neuron
migration defects in both humans and mice,and FMRP-mediated localization of Map1bis
important in axon growth. Here we use Breasi-CRISPR and in utero electroporation (IUE) to
investigate FMRP and MAP1Blocalization and dynamics in the developing mouse cortex.
Breasi-CRISPRdemonstrates localization of FMRP and MAP1B to the leading process of
migratingneurons. MAP1B is also very prevalent in axons. Live imaging of FMRP-EGFP
showsthat in migrating neurons, FMRP is in the leading edge of migrating neurons,and is found
at branch points along neurons. Follow up studies will includelive imaging of tagged Map1b
MRNA inthe presence or absence of FMRP. Together, these data will improve ourunderstanding
of the basic mechanisms of neuronal migration, and how theirperturbation leads to neuronal
migration disorders.
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Title: Elucidation of migration profiles of claustral neurons during brain development
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Abstract: The claustrum is a cluster of neurons located between the insular cortex and the
striatum. Many studies have shown that the claustrum plays an important role in higher brain
function. Additionally, there is a growing body of evidence that claustral dysfunction is
associated with neuropsychological symptoms. However, how the claustrum is formed during
development is not fully understood. For instance, migration profiles of claustral neurons are
largely unknown. In the present study, we tried to analyze the development of the mouse
claustrum, especially focusing on the migration profiles of claustral neurons. First, we analyzed
migration profiles of the claustral neurons by taking advantage of the FlashTag technology, in
which fluorescent dyes were injected into the ventricle of the developing forebrains. Our
analyses showed that the claustral neurons were mainly generated between embryonic day (E)
10.5 and E12.5 and that some claustral neurons first migrated radially outward and then changed
their direction inward after reaching the surface. Next, we confirmed these unique migration
profiles by performing time-lapse imaging of GFP-labeled cells. We considered that these
migration behaviors of the claustral neurons showed a sharp contrast to those of neurons in the
insular cortex, which migrate just outward. Lastly, we will discuss molecular mechanisms that
underlie migration profiles of the claustral neurons.
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Abstract: Neuronal migration is a fundamental process during nervous system (NS)
development. The assembly of functional neuronal circuits highly relies on it; thus, several
neurodevelopmental disorders can be traced back to dysregulated migration. Although
substantial efforts have been placed in identifying molecular signals that stimulate migration,
little is known about potential mechanisms that restrict migration. Yet, restrictive mechanisms
are also essential for proper nervous system development for several reasons. 1) It helps
coordinate the timing for each neuronal population to arrive and establish proper connections. 2)



It contributes to maintaining a pool of progenitors by preventing migration away from a
proliferative niche. 3) It prevents immature progenitors to start migrating earlier. Therefore, there
is a need to study how the restrictive migratory mechanism works to complete our understanding
of how neuronal migration is regulated. The external granule layer (EGL) of the cerebellum is a
proliferative layer that gives rise to the cerebellar granule cells (CGNSs) during the first two
postnatal weeks in rodents. Upon cell cycle exit, the CGN migrates radially to establish the
internal granule cell layer (IGL) of the cerebellum. The CGNs outnumber any other cell type in
the brain. To achieve this massive number of neurons, a highly coordinated mechanism to
regulate the proliferation/migration transition must be in place. The p75 neurotrophin receptor
(p75NTR) is expressed in multiple neural populations, including the developing cerebellum.
Depending on the cellular context p75NTR has been implicated in different aspects of nervous
system development, including neuronal survival, proliferation, and apoptosis. In the present
study, using in vitro and in vivo mouse and rat models, we show that proliferating granule cell
precursors (GCPs) robustly express p75NTR in the EGL during postnatal development; however,
migrating GCPs, either from the rhombic lip during embryogenesis or from the EGL during
postnatal development, downregulate the expression of this receptor. The expression of p75NTR
was sufficient to prevent the migration of the granule cells even in the presence of BDNF, a well-
established chemotactic signal for this cell population. Additionally, we demonstrated that
p75NTR prevented GCP migration by maintaining elevated levels of active RhoA. Our findings
suggest that the expression of p75NTR might be a critical signal that stops and maintains the
GCPs in the proliferative niche of the EGL, promoting the clonal expansion of cerebellar granule
neurons.

Disclosures: J. Zanin: None. W.J. Friedman: None.
Poster

351. Cell Lineage, Fate, and Migration

Location: SDCC Halls B-H

Time: Monday, November 14, 2022, 1:00 PM - 5:00 PM
Program #/Poster #: 351.13

Topic: A.01. Neurogenesis and Gliogenesis

Support: NIH Grant NS089943

Title: PCDH12 regulates neuronal migration through ADAM10-mediated ectodomain shedding
and membrane recruitment of cytoskeleton regulators

Authors: *M. EPSTEIN, J. RAKOTOMAMONJY, G. YANG, L. RYLAARSDAM, A.
GUEMEZ-GAMBOA,
Neurosci., Northwestern Univ. Feinberg Sch. of Med., Chicago, IL

Abstract: The PCDH12 gene codes for the protocadherin-12 (PCDH12) transmembrane protein,
a cellular adhesion molecule that is part of the protocadherin (PCDH) family. Bi-allelic loss of
function variants in PCDH12 result in impaired neural development and are implicated in several



neurodevelopmental disorders, including microcephaly, epilepsy, and developmental disability.
Here, we investigated the effects of PCDH12 deletion in neural progenitor cells (NPCs) derived
from human stem cells. We showed that PCDH12 absence affects cell migration, as NPCs
lacking the cadherin failed to migrate as far as wildtype (WT) cells. Previous studies have shown
that ADAM10 (A Disintegrin and Metalloproteinase Domain 10) is involved in the cleavage of
PCDH12. Moreover, the cleaved extracellular domain of PCDH12 has been detected both in
vitro and in human samples including serum and urine. Because the cerebrospinal fluid (CSF) is
one of the few sources of proteins derived from the brain of living humans, we searched for
PCDH extracellular domains in a publicly available dataset. We found that human CSF is
enriched with adhesion, synapse, and neurodevelopmental disorder risk molecules. Particularly,
we found that the PCDH12 extracellular domain is highly abundant. Thus, we hypothesized that
cleavage of PCDH12 by ADAM10 serves as a signal for neuronal migration. We used our
neurosphere migration model to test the effect of pharmacological inhibition of ADAM10 with
Gl 254023X (GI) on neuronal migration. We found that PCDH12-WT neurospheres treated with
Gl exhibited decreased neuronal migration compared to controls. Finally, because migration
depends on proper regulation of the actin cytoskeleton to be successful and the PCDH12
intracellular domain contains a binding motif for the WAVE Regulatory Complex (WRC), we
tested whether PCDH12 promotes WRC membrane recruitment. We observed more WAVE in
the plasma membrane fraction in PCDH12-WT compared to knockout (KO) NPCs, while protein
levels were similar in cytosolic fractions and whole-cell lysates. This result confirms that
PCDH12 recruits the WRC at the plasma membrane, possibly mediating cytoskeleton dynamics.
Our data suggest that abnormal cell migration could be responsible for the disrupted cortical
development observed in patients carrying homozygous PCDH12 variants. These results provide
insight into the cellular mechanisms regulated by PCDH12 during brain development.
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Abstract: Ectodermal stem cells become neural progenitors, epidermal progenitors, and neural
plate border cells. Here, we provide evidence that some of the first neurons in dorsal
diencephalon and adjacent ectoderm emerge from the edge of the fusing neural folds. We used a
set of neuronal and proliferative markers to reveal the phenotypic characteristics and migratory
potential of the earliest neurons of the human forebrain and adjacent cephalic ectoderm. We used
a set of neuronal and proliferative markers to reveal the phenotypic characteristic and migratory
potential of these precocious neurons. We were able to reconstruct cells by high-resolution
volume rendering of multichannel 3D data sets from a Zeiss confocal microscope. Early
embryonic tissue was obtained from the Human Developmental Biology Resource UK. The
mode of neural tube closure in humans is different from that in other animal species, and
neurogenesis is more advanced at the level of fusion of the neural folds in diencephalon at E31.
Predecessor neurons, expressing neuron-specific beta 3 tubulin (TU-20 positive) which are born
in dorsal diencephalon extent processes towards fusion line, and neurons with similar bipolar
morphology are seen in adjacent cephalic ectoderm comprising premigratory neural crest cells.
Moreover, expression of the neuronal marker was detected in some progenitos prior to cell
delamination and migration from trigeminal and olfactory placodes and also from oral ectoderm.
These bipolar TU-20-positive, GAP-43-negative precocious cells either leave the ectodermal
layer through the basal lamina or migrate along cephalic ectoderm using somatic translocation.
By E33 some of these unusual neurons migrate into periocular mesenchyme before formation of
the trigeminal nerve. They extend non-axonal processes into the optic cup, through pigment
retina and along the ventricular surface of the neural retina, among the apical processes of neural
stem cells. Others invade the cerebral wall of the rostral telencephalon. These migratory cells are
distinct from TBR1-positive olfactory pioneer neurons which penetrate the cerebral wall at E 35.
Such a network of precocious neurons in the anterior human embryo has not been described in
any other mammalian species. Considering that the neural border includes progenitors for the
dorsal neural tube, the neural crest, placodes and ectoderm further work is needed to unravel the
developmental relationship between predecessor neurons, and migratory neurons originating in
the surface ectoderm and neurogenic placodes.
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Abstract: Neural stem and progenitor cells (NSPCs) reside in two primary neurogenic niches of
the adult rodent brain, the subventricular zone (SVZ) and dentate gyrus of the hippocampus
(DG), where they proliferate to produce new neurons throughout life. Recent research suggests
that, in addition to creating new neurons, NSPCs regulate their niche through the expression of
growth factors. We have previously found that, in the adult mouse DG, NSPCs express a
significant portion of vascular endothelial growth factor (VEGF) an important vascular mitogen
and chemoattractant. The vasculature is a key component of the neural stem cell niche.
Vasculature is exceptionally dense in the neural stem cell niche and NSPCs reside in close
contact with the endothelial cells that comprise blood vessels. Though this vascular niche is
hypothesized to support NSPCs, there is almost nothing known about how it is maintained in
adulthood. Given the well-established chemoattractive properties of VEGF for endothelia, we
hypothesized that adult hippocampal NSPCs actively maintain and regulate their vascular niche
through VEGF expression. Here, we used NestinCreER "%, VEGFlox/lox;ROSA-STOP-EYFP
mice (iKD) to induce NSPC-specific VEGF knockdown and compared their hallmark vascular
niche features to those of NestinCreER™?;VEGFwt/wt;ROSA-STOP-EYFP littermate controls.
After tamoxifen treatment to induce VEGF knockdown in NSPCs adulthood, we found that
radial glia like neural stem cells (RGLs) in iKD mice were significantly further from the DG
vasculature and their radial process contacted the vasculature significantly less frequently than in
WT mice. NSPC-derived VEGF knockdown also significantly increased the distance of
intermediate progenitor cells (IPCs) from the vasculature. NSPC-derived VEGF knockdown had
no effect on cell death, endothelial coverage or angiogenesis. Together these data show a
dissociation of the DG NSPC vascular niche following NSPC-VEGF knockdown. Our findings
imply that NSPCs actively maintain their own proximity to vasculature in adulthood via VEGF
secretion. Future studies will address the role of NSPC-derived VEGF in NSPC-endothelia
communication and vascular niche regulation. The results will provide a deeper understanding of
stem cell-niche interactions in the adult brain, which is an important step to designing
regenerative medicine strategies to support healthy brain function.
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Title: Milestones underlying the transition from developmental to adult neural stem cells in the
dentate gyrus
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Abstract: The dentate gyrus region of the hippocampus is one of only two regions in the adult
mammalian brain where substantial levels of neurogenesis occur throughout adulthood.
Quiescent adult neural stem cells in the subgranular zone of the dentate gyrus occasionally
become reactivated in adulthood to generate new neurons which integrate into the existing
network and contribute an added layer of plasticity to the hippocampus. Previously, our lab
showed that Hopx* embryonic neural stem cells which contribute to developmental cytogenesis
in the mouse dentate gyrus transition into quiescent adult neural stem cells, suggesting that a
common lineage of neural stem cells contributes to developmental and adult neurogenesis.
However, the molecular mechanisms regulating this developmental transition remain completely
unknown. Here we used single-cell RNA-sequencing of Hopx™ dentate gyrus progenitors across
multiple stages of early postnatal development in male and female mice to identify the molecular
cascade associated with the transformation of developmental precursors to quiescent adult neural
stem cells. We discover that early postnatal dentate gyrus neural stem cells exist in multiple
heterogeneous states, and we identify a trajectory of cycling neural stem cells as they transition
into a quiescent state. We also discover that dentate gyrus precursors gradually acquire an adult-
like state after they exit cell cycle. This suggests that the developmental transition consists of two
sequential steps: first precursors exit cell cycle to enter a quiescent state and then precursors
acquire an adult-like state throughout a quiescence maturation period. We further identify
transcription factor networks associated with each stage of the transition and biological processes
that change over the course of the transition. Collectively, our work identifies molecular and
cellular mechanisms associated with the transformation of developmental precursors to quiescent
adult neural stem cells and serves as a foundation for future studies investigating mechanisms
that regulate formation of the adult neural stem pool.
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Title: Caveolin-1 regulates neuronal differentiation in adult hippocampal neurogenesis
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Abstract: Adult hippocampal neurogenesis (AHN) arises from neural stem cells (NSCs) in the
dentate gyrus of the hippocampus. Deficits in AHN have been found to underly memory
impairments in several mouse models of Alzheimer’s disease (AD) and risk factor like Type II
diabetes (T2DM), yet the mechanisms regulating AHN are not fully understood. Our previous
studies show that Caveolin-1 (Cav-1), a 22 kDa cell scaffolding and signaling protein, is
associated with hippocampal memory deficits seen in T2DM. We hypothesize that Cav-1 plays a
key role in cellular processes involved in hippocampal memory and thus, a potential regulator of
AHN. To test this, we have generated a mouse model harboring conditional deletion of Cav-1 in
NSCs (NestinCreER2;Cav- 1'°1°), Isolation of NSCs from the hippocampus of these mice at 4-
6 weeks of age revealed that deletion of Cav-1 reduced NSC proliferation levels. In vivo analysis
revealed that Cav-1 deletion in NSCs reduced the number of proliferating NSCs without altering
the total population of NSCs in the hippocampus at 3 and 6 months of age. Interestingly, Cav-1
deletion in NSCs increased the total number of neuroblasts and immature neurons in the dentate
gyrus as well as improved AHN dependent memory performance at 6 months of age. Taken
together, these studies indicate that Cav-1 is crucial for neuronal differentiation in AHN and
AHN dependent memory function. Future studies will elucidate the contributions of Cav-1 in
regulating AHN in mouse models of AD as well as risk factors of AD like aging and T2DM.
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Abstract: Neural stem cells (NSCs) ensure lifelong neurogenesis, and reduced neurogenesis is
associated with cognitive decline in Alzheimer’s disease (AD). Therefore, elucidation of



molecular mechanisms that regulate NSCs, and therapeutic intervention to preserve the NSC
pool, may highlight novel strategies for AD. Using transgenic mice that express mutant human
amyloid precursor protein (APP mice), our lab previously reported that early seizure activities
that occur in AD affect gene regulation of mature granule cells and drive aberrant NSC division
and neurogenesis, accelerating the depletion of a finite pool of NSCs in the dentate gyrus.
However, the molecular mechanisms by which seizures disrupt NSCs and neurogenesis
dynamics are not clear. To gain some perspective about molecules that could affect NSC and
neurogenesis dynamics in AD, we examined a dentate gyrus RNA-seq dataset from our lab to
identify genes differentially expressed between APP mice and nontransgenic littermate controls.
We conducted literature research into the functions of about 200 of the most highly
up/downregulated genes. Through this investigation, we found 13 candidate genes that may
regulate NSCs and neurogenesis, and benchtop confirmed the expression changes identified in
the RNA-seq dataset. One interesting molecule among these candidates is Follistatin, a secreted
protein that antagonizes TGF- superfamily proteins. Previous reports found that Follistatin
inhibits NSC division and neurogenesis after acute excitotoxic neurodegeneration in the
hippocampus. In our study, we found that the expression of Follistatin is significantly altered in
APP mice. Furthermore, our data suggest that Follistatin may be under the regulation of seizure
activities in APP mice. Together, these data indicate that the regulation of Follistatin expression
may be one of the mechanisms by which seizure activities drive aberrant NSC and neurogenesis
dynamics in APP mice.
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Abstract: Adult neurogenesis in the granule cell layer of the dentate gyrus (DG) of the
hippocampus is important for the formation of new memories, and its loss is implicated in
various neurodegenerative diseases, such as Alzheimer’s and Parkinson’s, and affective
disorders, such as depression and bipolar disorders. Many factors affect adult neurogenesis



including aging, oxidative stress, and neuroinflammation. Previous literature has shown that
chronic stimulation by the pro-inflammatory cytokine Interleukin-1 (IL-1) decreases adult DG
neurogenesis. However, other studies showed an increase in neurogenesis following IL-1
stimulation. This discrepancy might be accounted for by the different levels of IL-1 acting on
different cell-type specific Interleukin 1 receptors (IL-1R1s). IL-1R1 is expressed by endothelial
cells, neurons, myeloid cells, microglia, astrocytes, as well as ventricular cells near the DG. Our
lab has developed a transgenic mouse model where IL-1R1 can be selectively expressed in
specific cell types, allowing for the identification of the cell type(s) that mediates IL-1’s effect.
We have assessed neurogenesis in 10-week old female wildtype (11-1r16%/CR), Tie2Cre-111r1"™"
(endothelial IL-1R1), and LysMCre-111r1"" (myeloid IL-1R1) mice. The mice were injected with
a 5 x1075 PFU/uL dose of adeno-IL-1 into the right DG, and with phosphate buffered saline
(PBS) into the left DG as a control. Six days later, they were injected intraperitoneally with 5-
Ethynyl-2'-deoxyuridine (EdU), a marker for proliferating cells, and perfusion-fixed four hours
later. Sections were generated and immunostained with doublecortin, an immature neuronal
marker. ClickIT Cell Proliferation Kit was used to stain EAU. Both dentate gyri were imaged. In
I11r1 GR/GR females, an increase of EJU labeling on the IL-1 injection side in the dentate gyrus
was detected. No difference in EdU labeling was detected in IL-1 stimulated DG from the
Tie2Cre-111r1 r/r and LysMCre-1I1r1 r/r Mice. Thus, this IL-1 stimulated proliferation of DG
stem cells is not mediated by myeloid or endothelial IL-1R1.

Disclosures: M.l. Smirnova: None. N. Kocak: None. H. van Praag: None. D.P. Nemeth:
None. N. Quan: None.

Poster

352. Postnatal Hippocampal Neurogenesis

Location: SDCC Halls B-H

Time: Monday, November 14, 2022, 1:00 PM - 5:00 PM
Program #/Poster #: 352.06

Topic: A.02. Postnatal Neurogenesis

Support: IZKF Advanced Medical Scientist Program (AMSP06)
DFG Wi830/12-2
ITN SmartAge 85989

Title: Conditional deletion of Cyclin D2 confirms critical functions in adult hippocampal
neurogenesis

Authors: J. MUCKE?, M. THIELEMANN?, O. AINHOA PULS?, V. GOYAL!?, J. MULLER?,
C. BAYER?, O. W. WITTE?, G. ZIMMER-BENSCH?, *A. URBACH?;

INeurol., Jena Univ. Hosp., Jena, Germany; >Neurobiologie und Biomed. Life Sci., RWTH
Aachen, Aachen, Germany

Abstract: Cyclin D2 (D2) is one out of three homologous D-cyclins involved in cell cycle
progression. Our previous studies suggest that D2 is a key regulator of adult hippocampal



neurogenesis (AHN) by controlling the proliferation of adult neural stem (aNSCs) and their
progeny. However, available evidence is mainly based on conventional D2 knockout mice,
which have several limitations including an impaired development of the aNSC pool. To bypass
these limitations, we engineered a mouse line in which exons | and 11 of ccnd?2 are flanked by
loxP sites (ccnd2flox). To validate the ccnd2flox line, we generated conditional null mutants
(cD2KO™M through cross-breeding with CreDeleter mice. In situ hybridization and Western
blotting confirmed the lack of D2 in cD2KO™!" mice, which displayed exactly the same
phenotype as conventional D2KO mice (microcephaly, BrdU incorporation in the subgranular
zone reduced by >90%). Next, we bred ccnd2flox mice to inducible Cre driver lines (Nestin-
CreER™, Rosa26-CreER™ or Glast-CreERT2), which enable a spatiotemporally controlled
deletion of D2 (iD2KO) during the postnatal period. The knockout was induced by
administration of tamoxifen at an age of about seven weeks and newly born cells were labelled
with bromodeoxyuridine (BrdU) thereafter. Acute and long-term effects of the iD2KO were
assessed using multiple immunofluorescence at 6, 32 and 154 days after the first tamoxifen
injection (1, 27, 149 days post BrdU). Depending on the Cre driver, we found a 50-90%
reduction of BrdU-positive cells accompanied by a similar reduction in neuroblasts and newborn
neurons, whereas neuronal differentiation was unaffected. Together, these data corroborate the
importance of D2 for constitutive AHN. Whether D2 exerts this role through controlling the
division of aNSCs or of their progeny is currently under investigation.
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Abstract: The dentate gyrus (DG), a subregion of the hippocampus, is one of two primary
niches in the adult mammalian brain where neural stem cells (NSCs) reside and proliferate
throughout life to generate new neurons, a process known as neurogenesis. Many studies focus
on how NSCs may aid hippocampal learning and memory function through the production of
new neurons, but little is known about how NSCs may impact their microenvironment through



the production of secreted factors. Previously, we found that adult DG NSCs express a
significant quantity of vascular endothelial growth factor (VEGF) as a part of their secretome.
During development, VEGF from radial glial NSCs promote the migration of vascular endothelia
into the brain. In the adult brain, DG NSCs reside close to endothelial-lined vasculature in a
vascular niche. However, vasculature in the adult brain is generally considered to be more static
than during development and the relationship of adult NSC expressed VEGF in regulating
endothelia in the adult mouse vascular niche remains unclear. Our recent data derived from an
adult NSC-specific VEGF knockdown mouse model show that NSC-expressed VEGF is
essential for maintaining proximity of vascular endothelial cells in vivo. Here, we investigated
whether this effect derives from VEGF-dependent changes in endothelial migration, NSC
motility or both. To study NSC-endothelial interactions in isolation, we used mouse brain
endothelial cells (bEnd.3s) and NSCs derived from adult mouse DG in a Boyden chamber assay.
Our data thus far confirm that bEnd3 endothelial cells migrate towards a VEGF source. Ongoing
work is assessing migration of bEnd.3 endothelial cells towards NSCs with or without a VEGF
neutralizing antibody present to demonstrate the role of adult NSC-derived VEGF in driving
endothelial migration. In future work, we will use the Boyden chamber assay to assess the
migration of NSCs towards bEnd.3s with or without VEGF expression by NSCs intact. These
data will show whether bEnd.3 secreted factors are able to attract NSCs and whether that
attraction relies on an interchange with NSC-derived VEGF. We hypothesize that bEnd.3s will
migrate towards NSCs due to their release of VEGF and that NSCs will be attracted to bEnd.3s
but that that attraction will be VEGF-independent. These findings would suggest that NSC-
endothelial affiliation is driven by attraction of endothelia to NSCs via VEGF. These studies will
demonstrate the intercellular signaling mechanisms by which adult NSCs use secreted VEGF to
modulate their vascular niche. The data will help advance understanding of the mechanisms
supporting the maintenance of the microenvironment of adult stem cells.
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Abstract: The birth of new neurons in the adult mammalian brain occurs in a small number of
discrete areas, most notably the subgranular zone (SGZ) of the hippocampus and the
subventricular zone. Generation of new neurons originates with neural stem cells (NSC), which
can activate from quiescence to proliferate and create progenitors that go on to give rise to new
neurons. In the SGZ, the neurotransmitter glutamate is well known to stimulate NSC
proliferation and therefore neurogenesis. Even though the stimulatory role of glutamate for NSCs
is well established, the mechanism of glutamate-induced NSC proliferation is unknown. Using
isolated adult SGZ NSCs, we found that glutamate transport through the excitatory amino acid
transporter 1 (EAATL) into NSCs, and not stimulation of glutamate receptors, drove NSC
proliferation. We therefore set out to test the hypothesis that EAAT1 is cell-autonomously
essential for proliferation of NSCs the highly glutamatergic environment of the adult SGZ. To
inhibit EAAT1 expression in adult SGZ NSCs, we infused a lentiviral vector expressing CRISPR
interference (CRISPRI) targeted to the EAATL1 gene (or a non-targeted (NT) control) into the DG
of adult mice. A T2A-linked GFP allowed us to differentiate CRISPRi knockdown NSCs from
in-tact neighboring cells within the same mouse. We injected mice with EdU to label
proliferating cells before euthanizing them 3 weeks after viral infusion. First, using
immunofluorescent labeling, we found that the CRISPRI knockdown of EAAT1 protein was
effective. We also found that total GFP+ NSCs and proliferating EdU+ GFP+ NSCs were
reduced compared to GFP+ NSCs in NT-treated mice. The GFP- NSCs, however, were not
reduced in EAAT1 knockdown vs NT mice. These findings imply that glutamate is not only
involved in NSC proliferation, but it is also essential for NSC maintenance. Furthermore, it is
EAAT1 that allows glutamate to preserve adult NSC. Ongoing data collection is focusing on
quantifying NSC number and proliferation 1 week and 2 months after viral infusion to determine
what cellular mechanism is causing the loss of GFP+ NSCs with EAAT1 knockdown and what
its effect is on neurogenesis.

Disclosures: 1. Rosado-Burgos: None. J. Rieskamp: None. E.D. Kirby: None.
Poster

352. Postnatal Hippocampal Neurogenesis

Location: SDCC Halls B-H

Time: Monday, November 14, 2022, 1:00 PM - 5:00 PM

Program #/Poster #: 352.09

Topic: A.02. Postnatal Neurogenesis

Support: NINDS IRP

Title: Psychosis-associated valine to leucine mutation in Neuregulinl disrupts expression of a
schizophrenia susceptibility gene network and alters neuronal fate commitment in the dentate

gyrus.

Authors: *P. RAJEBHOSALE?, L. JIANG?, L. W. ROLE?, D. A. TALMAGE*:
INIH/ NINDS, Bethesda, MD: 2NINDS, UC Irvine, Bethesda, MD: 3NINDS, “NINDS, Bethesda,
MD



Abstract: Neuregulin1l-ErbB4 signaling plays a crucial role in synaptogenesis and has been
implicated in schizophrenia. A psychosis-associated missense mutation in NRG1 (rs74942016) is
predicted to impair NRG1 nuclear back-signaling, thereby implicating this mode of signaling in
the underlying cellular pathology. We generated a transgenic mouse harboring the rs74942016
mutation in Nrgl (Vs21L in Type 111 Nrgl). We performed transcriptomic analysis of the mutant
dentate gyrus (DG) and identified ~1300 differentially expressed genes (DEGs) and
developmental processes predicted to be altered compared to wildtype DG. We found that
expression of typically DG-enriched genes was downregulated in the DG of mutant mice
compared to WT with a concurrent gain in expression of genes that are typically depleted from
the DG but enriched in pyramidal neuron-containing regions of the hippocampus. We confirmed
that Prox1 and Calb1 were downregulated at the protein level in the mutant DG indicating
potential alterations in committing to a DG granule cell (GC) specific transcriptome and
alterations to GC maturation. In line with this we found that GCs in mutant mice had multiple
dendrites sprouting at the soma, a feature not typically found in GCs but common to pyramidal
neurons. We also found abnormal axonal targeting of mutant GCs by examining anatomy of the
mossy fibers. DEGs in the mutant DG were enriched for regulatory sequences known to be
bound by TFs which show striking overlap with TFs revealed to bind eQTLs in schizophrenia
patient samples. Among these were members of the CTCF-cohesin complex involved in
chromatin looping. We found that a subset of upregulated genes in the mutant DG shared binding
sites for the CTCF-Cohesin complex and were located at boundaries of topologically associated
domains using a hippocampal Hi-C dataset indicating potential alterations to higher order
chromatin structure as a mechanism for altered fate specification. Ongoing experiments are
aimed at uncovering potential alterations to genome structure as well as electrophysiological
assessment of GCs.
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Title: Lack of the BMP antagonist Gremlin2 disrupts adult hippocampal neurogenesis and leads
to heightened anxiety in mice.
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3Vanderbilt Genet. Inst., “Div. of Cardiovasc. Med., Vanderbilt Univ. Med. Ctr., Nashville, TN:
°Clare Hall, Univ. of Cambridge, Cambridge, United Kingdom

Abstract: Post-natal neurogenesis is critical for the success of current anti-anxiety medications.
The Bone Morphogenic Protein (BMP) signaling pathway is vital in neural proliferation,
differentiation, and cell specification, and is a recent target of interest in mood disorders.
However, despite being the most potent natural inhibitor of BMP, the function of Gremlin2
(Grem2) in the brain is completely unknown. We created a strain of mice lacking Grem2 via
homologous recombination (Grem2™") and compared the hippocampi of these mice, aged 3-6
months, to wildtype (WT) counterparts using immunohistochemical and RNA markers of mature
neurons, proliferation, and neuroblasts. Male and female mice were used and no sex differences
were seen unless noted. We found that the CA3 within the dentate gyrus (DG) hilus is 15%
(+£3%) less dense in Grem2” mice, as marked by number and localization of neuronal nuclei
(sections: n=29/29, mice: N=6/6; Grem2”/WT). Grem2”- mice also exhibited fewer proliferating
cells in the DG as quantified by phosphohistone H3 staining (Grem2™: 16.2 +7.7, n=16, N=4;
WT: 53.7 £13.9, n=27, N=4). There was also a dramatic decrease in doublecortin (DCX)
expressing immature neurons (Grem2”: 11.8 +8.0, =69, N=3; WT: 24.3 + 11.7, n=58, N=3). In
addition, RNA analysis showed 2-fold decreases in markers of immature neuroblasts, DCX and
nestin, as well as a 5-fold decrease in the neural stem cell-specific transcription factor sox2
(N=10/10). Due to the role of hippocampal neurogenesis in learning and neurological disorders,
we tested mice on a battery of neurobehavioral tests. Grem2” mice (N=23) exhibited increased
anxiety on the elevated zero maze (EZM) - spending 63% (x£15%) of time in the closed arm,
compared to 55% (£20%) in WT mice (N=21). In addition, mice underwent acute (1hr) and
chronic (7 days, 1hr/day) restraint stress followed by EZM tests (N=14/15). With acute stress,
Grem2”’" mice spent significantly more time in the closed arms (79% +7%) than WT mice (69%
+12%). Chronic stress also increased closed arm time to 91% (+6%) in Grem2” mice and only
85% (£9%) in WT mice, suggesting Gremz2 is critical in mitigating anxiety following a stressor.
A 2-way ANOVA revealed significant interaction of sex and genotype (p = 0.04) in the chronic
stress condition, with male mice experiencing the greatest deficit without Grem2. These results
suggest Grem2 inhibition of BMP signaling is vital in maintaining homeostasis of adult
hippocampal neurogenesis, and changes in Grem2 contribute to the development and progression
of neurogenesis-related disorders such as anxiety. These findings open up exciting new avenues
for the development of treatments for such disorders.
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Title: Decreased Setd8 expression mediates early NSC aging in the adult hippocampus.
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Abstract: Neural stem cells (NSCs) in the adult mouse hippocampus generate new neurons,
which integrate into existing neural circuits and consequently support learning and memory.
Hippocampal NSCs maintain their populations by controlling their activity to proliferate or to
stay quiescent. During the aging process, NSCs gradually weaken proliferative capability and fall
into a deeper quiescent state, resulting in declining hippocampal neurogenesis and cognition.
Recent studies have reported that alteration of microenvironmental niche affects NSC property.
However, cell-intrinsic mechanisms underlying the age-related property change of NSCs remain
largely unknown. Here, we show that the reduction of Setd8, a sole enzyme that catalyzes mono-
methylation of histone H4 at lysine 20 (H4K20mel), underlies the age-related alteration of NSC
properties in the hippocampus. To identify the factors associated with NSC dysfunction with age,
we performed single-cell RNA-seq of EGFP-positive cells isolated from the hippocampal dentate
gyrus of Nestin-EGFP reporter mice at different time points (postnatal days 5, 12 weeks, and 24
weeks) and found that Setd8 was gradually downregulated in NSCs with age. Conditional
knockout of Setd8 in the adult NSCs decreased H4K20me1 levels, inducing deeper dormancy of
NSCs accompanied by impaired neurogenesis and lost NSC pool in the adult hippocampus.
Moreover, Setd8 conditional knockout mice showed impaired performance on the novel place
recognition task compared with control mice, suggesting disrupted hippocampal-dependent
memory function. We then performed RNA-seq analysis of control and Setd8-knocked down
NSCs in vitro. Up- or down-regulated genes by Setd8-knocked down displayed statistically
significant overlaps with age-dependently up- or down-regulated genes in hippocampal NSCs,
respectively. We also observed the argumentation of gene expression associated with NSC
quiescence in Setd8-downregulated cells. Taken together, it is conceivable that the reduction of
Setd8 expression accelerates age-dependent gene expression alteration associated with NSC
quiescence and consequently induces deeper dormancy of NSCs, impairing neurogenesis in the
hippocampus and spatial learning and memory during the aging process.

Disclosures: S. Matsubara: None. T. Matsuda: None. H. Sekiryu: None. H. Doi: None. T.
Nakagawa: None. H. Oda: None. K. Nakashima: None.

Poster

352. Postnatal Hippocampal Neurogenesis

Location: SDCC Halls B-H

Time: Monday, November 14, 2022, 1:00 PM - 5:00 PM
Program #/Poster #: 352.12



Topic: A.02. Postnatal Neurogenesis

Support: NIH/NIA R01AG061382
NIH/NIA RF1AG072300

Title: Timp2-mediated remodeling of the extracellular matrix regulates hippocampus-dependent
cognitive function and plasticity

Authors: *A. C. FERREIRA, B. M. HEMMER, S. M. PHILIPPI, H. LIU, J. ROSENSTADT,
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Abstract: Aging is the major risk factor for neurological disorders such as Alzheimer’s disease
(AD), and exposure to youthful-blood factors counteracts age-related decline. The blood-borne
youth-associated factor, tissue inhibitor of metalloproteinases-2 (TIMP2), was shown to
revitalize aged mouse hippocampus, while its depletion impairs long-term potentiation, yet its
mechanism of action and how its function relates to age-related disorders remains unclear. To
define how TIMP2 regulates hippocampus-dependent function, we first characterized its
expression pattern and putative cellular targets. We find high levels of TIMP2 in mouse brain
interstitial fluid by in vivo microdialysis, along with high expression in hippocampal neurons.
Differential gene expression following TIMP2 deletion revealed changes in genes related to
synapse organization, memory, and neurogenesis. Indeed, we find that TIMP2 knockout mice
exhibit impaired dendritic spine complexity and reduced adult hippocampal neurogenesis, with
concomitant deficits in hippocampus-dependent cognition. We further find that TIMP2-deficient
hippocampi exhibit altered levels of TIMP2’s target MMP2 with a corresponding accumulation
of extracellular matrix (ECM) proteins in contact with synapses, reflecting dysregulated ECM
turnover adjacent to synapses. We report that migration of immature neuroblasts is also impaired
in the absence of TIMP2, likely as a result of stiffness imparted by dysregulated ECM. We
further corroborated the major functional phenotypes using a conditional TIMP2 KO model in
which neuronal TIMP2 was targeted, which we generated using CRISPR technology. Finally,
peripheral and hippocampal TIMP2 levels are decreased in mouse models of AD pathology,
phenocopying deficits observed in aging and suggesting interactions with pathology. Using
several additional tools we developed, we further characterize changes in APP models following
perturbations in TIMP2 metabolism, which may help define mechanisms through which TIMP2
regulates hippocampus-dependent function to inform novel therapies for aging and AD.
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Title: Cyclin D2-dependent formation of the adult stem cell pool in the early postnatal dentate
gyrus - emergence of a discrete cellular entity

Authors: A. SYEDA ZAHRA?, O. PASTOR-ALONSO?, E. BOCKELMANN?, V.
KNOLKER?, B. KASKE?, F. TETZLAFF!, F. GARCIA-MORENQ?, *O. W. WITTE?, J. M.
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Abstract: The subgranular zone (SGZ) of the adult dentate gyrus harbors a pool of quiescent
neural stem cells (aNSCs) which produce new granule neurons throughout life. However, their
origin and the mechanisms leading to their establishment are still unclear. Here, we used mutant
mice that lack cyclin D2 (D2KO) and express a green fluorescent protein under control of the
nestin reporter, in vitro assays, confocal immunofluorescence and targeted in vivo retroviral
injections to investigate when, how and where the long-lived, quiescent aNSC pool is formed. In
D2 wildtype mice, we observed a transient D2-expressing NSC population that emerged in the
first postnatal week and disappeared from postnatal day 14 (P14) on. In parallel, but with a slight
delay, the number of D2-negative NSCs increased and expanded until the end of the second
postnatal week. The D2KO impaired the postnatal formation of the quiescent aNSC pool, leading
to a smaller SGZ devoid of radial glia-like NSCs with self-renewing potential in adults.
Retroviral fate mapping revealed that aNSCs are born from precursors dividing inside the
postnatal dentate gyrus. Hence, although aNSCs are a functionally heterogeneous population
(Petrik et al., 2022), the finding that they are formed on-site, in a discrete time window and in a
strictly D2-dependent manner suggests that these cells constitute an entity distinct from their
developmental precursors and that AHN is not a mere continuation of development.
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Title: Functional rejuvenation of aged neural stem cells by Plagl2 and anti-Dyrkla activity
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Abstract: In the hippocampus of the aged mouse brain, not only the number of neural stem cells
(NSCs) but also their activation rate and/or neurogenic potential significantly decline, leading to
cognitive dysfunctions. This decline involves up-regulation of senescence-associated genes, but
inactivation of such genes failed to reverse aging of hippocampal NSCs. Because many genes are
up-regulated or down-regulated during aging, manipulation of single genes would be insufficient
to reverse aging. Here we searched for a gene combination that can rejuvenate NSCs in the aged
mouse brain from nuclear factors differentially expressed between embryonic and adult NSCs
and their modulators. We found that a combination of inducing the zinc finger transcription
factor gene Plagl2 and inhibiting Dyrkla, a gene associated with Down syndrome (a genetic
disorder known to accelerate aging), rejuvenated aged hippocampal NSCs, which already lost
proliferative and neurogenic potential. Such rejuvenated NSCs proliferated and produced new
neurons continuously at the level observed in juvenile hippocampi, leading to improved
hippocampus-dependent learning and cognition. Live-imaging analysis showed that quiescent
NSCs start to express proneural gene Ascll in oscillatory manner, a hallmark feature of active
NSCs, by inducing Plagl2 and inhibiting Dyrkla. Epigenome and transcriptome analyses
indicated that this gene combination induces up-regulation of embryo-associated genes and
down-regulation of age-associated genes by changing their chromatin accessibility, thereby
rejuvenating aged dormant NSCs to function like juvenile active NSCs. Thus, aging of NSCs can
be reversed to induce functional neurogenesis continuously, offering a way to treat age-related
neurological disorders.
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Title: Synaptic development on dentate gyrus granule cell dendrites
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Neurobio., tUniv. of Chicago, Chicago, IL

Abstract: The hippocampal dentate gyrus (DG) is one of few places in the mammalian brain that
undergoes adult neurogenesis. While adult-born granule cells functionally integrate into the
existing circuit, the exact mechanism for how this integration occurs remains unknown. We used
large volume serial electron microscopy (EM) to address this gap. We reconstructed synapses
and circuits in DG at two time points: in younger adult mice (P56) undergoing higher rates of
neurogenesis, and compared these reconstructions to older adults (P115) where neurogenesis is
purportedly reduced. We first traced the dendritic arbors of granule cells from the hilus to the
outer molecular layer to capture dendritic morphology. Next, we collected higher resolution EM
of the previously traced dendrites to analyze their synaptic connectivity. Consistent with reduced
neurogenesis, we find that neuronal density decreases across these ages but surprisingly, despite
this reduced density, we find most measures of synapses are similar across these ages: both
datasets have comparable rates of postsynaptic densities and axon boutons. One current
hypothesis about formation of new synapses on adult-born neurons is that multi-synaptic boutons
(MSBs) are an intermediary step in this process. However, we find little difference in the rate of
MSBs in P56 vs. P115 suggesting a role for MSBs beyond adult-born granule cell integration in
this circuit. Secondly, when comparing individual cells to each other, we find that dendrites in
P56 have similar spine densities, while dendrites in P115 range from sparse to dense spines, with
some cells having 4x the average spine/micron as P56 cells. To investigate this further, we plan
to couple high-resolution EM analyses with a post-embedding BrdU label to accurately birth date
adult-born neurons in our datasets.
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Title: Effects of acute and chronic food restriction on adult hippocampal neurogenesis in male
and female rats

Authors: *N. FREEDGOOD, H. CAMERON;
Natl. Inst. of Hlth., Bethesda, MD

Abstract: Food restriction (FR) is commonly used in behavioral experiments to increase
motivation to work for food rewards. A variety of FR protocols have been examined but with
mixed results. Several studies have found beneficial effects of FR on adult neurogenesis using
protocols aimed to maintain healthy body weight in aging animals (Mattson et al., 2003; Park &
Lee, 2011; Murphy et al., 2014). However, other studies have shown negative effects (Cardoso et
al., 2016; Huggins & Curlik, 2019) and no study has examined the effects in both males and
females. We assessed the effects of one-week FR, commonly used before starting behavior
testing, and early-onset FR used in our laboratory for weight maintenance and behavior testing
on adult hippocampal neurogenesis in both male and female rats. The FR groups were given 50%
of the average ad libitum food consumption for their sex (10g/day for females and 15g/day for
males) with the one-week FR beginning at 11 weeks and the early-onset FR beginning at 4
weeks. All rats were injected with bromodeoxyuridine (BrdU) at 11 weeks of age and perfused
one week later. One-week FR in females resulted in a decrease in the survival of new neurons
measured by BrdU, but the early-onset FR females showed an increase in proliferation measured
by PCNA. Both early-onset and one-week FR in males resulted in a significant decrease in
proliferation. However, only the early-onset FR males had a significant decrease in the number
of immature doublecortin positive neurons. An additional cohort testing 30% restriction in males
(20g/day) was added to see if a less restrictive protocol might prevent the decreased neurogenesis
seen in the 50% FR males. Indeed, no significant changes in any markers were seen in the early
or late 30% FR males relative to their ad-lib controls. Overall, the findings suggest that 50% FR
in males has detrimental effects on adult hippocampal neurogenesis, with one-week of FR being
potentially less detrimental than the longer-term early-onset FR. A 30% FR protocol may be
better for behavioral testing in males because it does not decrease adult neurogenesis. In females,
the 50% FR had some beneficial effects on neurogenesis, and the decrease in survival with one-
week FR could have been caused by the stress of the change in diet. Behavioral testing will be
conducted in order to determine whether the 30% FR paradigm produces different effects on
motivation and anxiety-like behaviors compared to the 50% FR paradigm.
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Title: Influence of diet on maternal ethanol consumption, blood ethanol concentration and the
neurogenic response to enriched environment in a mouse model of prenatal alcohol exposure
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Abstract: Fetal Alcohol Spectrum Disorders (FASDs) are associated with impaired hippocampal
function. We previously demonstrated impaired adult hippocampal neurogenesis in response to
enriched environment (EE) in a mouse model of moderate prenatal alcohol exposure (PAE),
which was associated with impaired pattern discrimination, broadened behavioral activation of
the dentate gyrus, and impaired dendritic branching of adult-generated dentate granule cells
(aDGCs). Based on recent studies demonstrating significant effects of laboratory diet on
voluntary ethanol consumption, and a potential impact on adult neurogenesis, we compared two
commercially available diets on maternal drinking and the neurogenic response to EE in PAE
offspring. Experiments were performed using Nestin-CreER™?:tdTomato reporter mice to allow
for visualization of aDGCs. Dams were maintained on either Teklad 2920X (TL20; Envigo®;
extruded) or LabDiet 5001 (LDO01, LabDiet®; compressed) diet from weaning and throughout
mating and pregnancy. PAE offspring were generated using a limited access “drinking-in-the-
dark” (DID) gestational exposure paradigm in which dams were offered 10% EtOH/0.066%
saccharin or saccharin alone (SAC, control) for 4 hr per day using electronically monitored
volumetric sippers. PAE and SAC offspring were gender segregated at weaning and maintained
under standard (SH) or EE (toys and running wheels) for 10 weeks until sacrifice (maintained on
their respective diets). aDGCs were labeled by administration of tamoxifen for 5 consecutive
days at 1 wk post-weaning. We found no effect of diet on average daily EtOH consumed (3.19 +
0.13 vs. 3.63 + 0.27 gm EtOH consumed/kg/day, mean + SEM, TL20 vs. LDO01, n=12/group).
However, blood EtOH concentrations (BECs) were approximately 2-fold higher in the LDO1 vs.
TL20 diet group; (132 + 67 mg/dL vs. 70 + 52 mg/dL, respectively, p=0.02, n=12/group).
Interestingly, BECs were directly correlated with alcohol consumption for the TL20 group
(R?=0.4), but not for the LDO1 group (R?>=0.07). In male offspring (females TBD), there was no
effect of diet on baseline or EE-mediated neurogenesis in the SAC control group. Furthermore,
EE-mediated neurogenesis in TL20 PAE offspring was impaired despite lower average maternal
BECs, as previously demonstrated. Ongoing analysis will determine whether PAE similarly
impaired EE-mediated neurogenesis in LD01 offspring. In sum, our observations thus far
demonstrate a significant effect of diet on maternal BEC, but no effect on baseline or EE-
mediated adult hippocampal neurogenesis in offspring.
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Abstract: Within the mammalian brain, neurogenesis occurs throughout adulthood along the
subgranular zone of the dentate gyrus. Testosterone influences levels of hippocampal
neurogenesis in male rats, but its effects seem to depend on the timing of testosterone exposure
relative to the stage of neural development. Additionally, it remains unclear which of
testosterone’s major metabolites, estradiol or Sa-dihydrotestosterone (DHT), influences
neurogenesis in males. Therefore, we tested the effects of testosterone, estradiol, and DHT
administered during three different stages of neural development. Adult male rats (n = 5-8/group)
were bilaterally castrated and given a single injection of bromodeoxyuridine (BrdU; 200 mg/kg)
on the first day of the experiment to label actively dividing cells. Subjects were euthanized
sixteen days later to assess BrdU labeling. All subjects received five consecutive days of
injections during one of three stages of neural development: days 1-5 (cell proliferation and
migration), days 6-10 (neurite growth), or days 11-15 (neuron maturation). In three separate
experiments, subjects were injected during these time periods with either testosterone propionate
(0.250 or 0.500 mg/rat), DHT (0.250 or 0.500 mg/rat), or estradiol benzoate (1.0 or 10 pg/rat).
Each experiment also included a control group injected with sesame oil (0.1 ml/rat). Rats were
transcardially perfused, brains sectioned (40 pum), and peroxidase immunohistochemistry was
used to visualize BrdU-labeled cells. Light microscopy was used to count all labeled cells in
every 10th section throughout the dentate gyrus. Testosterone injections had a significant effect
on the number of BrdU-labeled cells (p = 0.022), with the 0.500 mg/rat dose causing a
significant increase in the number of BrdU-labeled cells compared to the 0.250 mg/rat dose and
the control group. Among the three time periods, only the later stage (11-15 days) showed a
significant effect of testosterone (p = 0.006). In contrast, neither DHT (p = 0.67) nor estradiol (p
= 0.62) injections had any significant effects on number of BrdU-labeled cells during any stage
of development. Fluorescent double-labeling of tissue (BrdU and NeuN) assessed by confocal
microscopy is currently in progress to determine if any of the treatments influenced the
probability that newly proliferated cells developed into neurons. Our results add to past evidence
that testosterone increases neurogenesis in adult males and that later stages of neural
development are most sensitive to these effects. Additionally, both metabolites of testosterone
(estradiol and DHT) may be necessary for testosterone to enhance adult neurogenesis.
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Title: A novel role for adult neurogenesis in a two-armed bandit reversal learning task
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Abstract: Although neurogenesis in the mammalian hippocampus persists throughout adulthood,
the function of newly-born hippocampal cells remains largely unknown. This study employs a
pharmacogenetic method of neurogenesis ablation to determine the influence of adult
neurogenesis on decision-making. Rats expressing herpes simplex virus thymidine kinase (HSV-
TK) under the control of the human glial fibrillary acidic protein (GFAP) promoter were given
an antiviral drug in adulthood to induce complete ablation of hippocampal neurogenesis. This
method is highly specific, inhibiting neurogenesis only upon drug administration and affecting
only neural progenitors.

Treated transgenic (TK) rats, despite lacking all newly-born neurons, do not exhibit deficits in
many standard learning tasks. However, our lab has previously found that TK rats respond
differently than wild-type (WT) controls when faced with conflicting or ambiguous threat cues.
To test whether adult neurogenesis also affects behavioral responses to ambiguity under non-
threatening conditions, we trained rats on an operant two-armed bandit reversal learning
paradigm.

In this task, rats learn that one lever produces a food reward 80 percent of the time, and the other,
20 percent. At several points during the session, the lever identities switch. This type of
probabilistic learning — and subsequent reversal learning when lever outcomes are swapped —
provide rats with many instances of ambiguous feedback. For example, a previously lucrative
lever failing to deliver a reward could represent either a reversal or the 20 percent chance that the
correct lever does not produce a reward. We found that male and female TK rats exhibit higher
win-stay ratios and earn more rewards than WT controls, suggesting that TK rats employ
different decision-making strategies than their WT counterparts. This genotype effect is apparent
after as little as one week of testing and persists for the duration of the experiment (28 days).
Notably, the performance effect becomes less pronounced with increasing task difficulty, but
persists when lever outcomes are deterministic. Using Bayesian reinforcement learning models,
we can further quantify the observed behavioral differences to dissect how exactly new neurons
influence reversal learning and, more broadly, responses to situational uncertainty in general.
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Abstract: The hippocampus is a brain region linked with the presentation of depression and
antidepressant therapeutic action. Hippocampal neurogenesis, the continuous addition of new
neurons throughout adulthood, is a unique plasticity process that is affected by depression and its
treatment. Non-invasive stimulation therapies such as electroconvulsive therapy (ECT) or
transcranial magnetic stimulation (TMS) are becoming increasingly mainstream for their high
efficacy on drug treatment-resistant depression. In our previous study, we directly compared
hippocampal neurogenesis as induced by acute electroconvulsive shock (ECS), the animal analog
of ECT, and different forms of TMS and found that ECT increased neurogenesis significantly
more than either forms of TMS (Zhang et al., 2021). A newer form of TMS called intermittent
theta-burst stimulation (iTBS) showed a greater neurogenic potential than the traditional
repetitive TMS (rTMS) in our acute study, therefore we conducted the first study examining
neurogenesis following chronic iTBS. As ECS is so potent in inducing adult neurogenesis, we
also wanted to examine whether new neurons compete for synaptic connections or even replace
older, developmentally-born neurons. Thus we also applied chronic ECS and examined
hippocampal neurons of different ages. We found that chronic iTBS did not significantly
increase the amount of neurogenesis or affect the gross dendritic morphology of new neurons.



However, iTBS did increase presynaptic mossy fiber terminal size on adult-born neurons in
males, but not females. iTBS also increased the number of terminal-associated filopodia, putative
synapses onto inhibitory interneurons in male mice. Our results suggest iTBS may invoke
distinct hippocampal mechanisms in males and females by accelerating the maturation of
efferent pathways emerging from newborn neurons in a sex-specific fashion. When we applied
chronic ECS, we found a robust increase in neurogenesis markers. We found that the generation
of new-born neurons was not accompanied by the death of developmentally-born neurons.
However, as adult-born and developmentally-born neurons may compete for synaptic
connections, we further looked at synaptic terminals of these neurons. Our preliminary findings
suggest that ECS increases adult-born neuron mushroom spine density, mossy fiber bouton area,
and filopodia, possibly indicating a bias in synaptic transmission towards adult-born neurons. In
summary, chronic ECS had a greater neurogenic effect than chronic iTBS and increases in mossy
fiber bouton size and number of efferent filopodia may be a converging response of stimulation
modalities.
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Abstract: In the dentate gyrus (DG) of the hippocampus, the generation of dentate granule
neurons (DGNS) starts during late embryogenesis, peaks around birth and continues at low levels
during adulthood. The DG is therefore a peculiar brain structure composed of DGNs of different
temporal origins constituting subpopulations of DGNs that might play different roles in
hippocampal physiology. Surprisingly, this hypothesis has received little attention and, although
the morpho-functional properties of adult-born DGNs (Adu-DGNs) have been extensively
studied, very little is known about the developmentally-generated ones. In this context, we have
undertaken to analyse the morphological characteristics of these different subpopulations of
DGNs, in a mouse model. For this purpose, we targeted DGNs generated at E14.5 and PO using
in vivo electroporation of a GFP expressing plasmid and Adu-DGNSs using stereotactic injection
of a GFP encoding retrovirus. Using these strategies, we have already shown that



developmentally-born DGNs (Dev-DGNSs), especially embryonically-born cells, and Adu-DGNs
display distinct dendritic arbors once mature (Kerloch et al., Cerebral Cortex 2019).
Interestingly, we have also found striking differences at the axonal level. In the hilus and CA3,
the size of the mossy fiber boutons and the number of filopodia emerging from these boutons are
different according to the birth date of DGNs. Indeed, the later the DGNs are generated, the
bigger their boutons are and the more filopodia they have. Furthermore, our data show that the
projection sites of their axons in CA3/CA2 as well as the length and position of their axonal
initial segment are also dependent on their ontogenetic origin. Altogether our data demonstrate
that the temporal origin of DGNs dictates their morphological properties and thus potentially
their functions in the hippocampal network.
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Abstract: The Wnt pathway plays many roles during adult neurogenesis. The expression of
Axin2 is induced by Wnt/B-catenin signaling, making this gene a sensitive indicator of canonical
Whnt activity. We have employed pulse-chase genetic lineage tracing with the Axin2-CreER
allele to follow the fate of Axin2-positive cells in the hippocampus. Simultaneously with
tamoxifen induction of Axin2 fate mapping, the dividing cells were marked with 5-ethynyl-2"-
deoxyuridine (EdU). Tamoxifen induction resulted in significant increase of dentate gyrus
granule cells three months later; however, none of these neurons contained EdU signal.
Conversely, six months after the tamoxifen/EdU pulse-chase labeling, EdU-positive granule
neurons were identified in each animal. Our data implies that Axin2 is expressed in several
different stages of adult granule neuron differentiation, including the dividing neural stem cells.
However, our data also indicates that the process of integration of the adult-born neurons from
certain cell lineages may take longer than previously thought.
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Schematic representation of Wnt-associated subgranular neurogenesis

A summary diagram of subgranular neurogenesis from quiescent neuronal stem cells (NSCs) to
mature granule cells. Quiescent NSCs are multipotent undifferentiated cells. Once induced.
quiescent NSCs differentiate into activated NSCs, which may replenish the pool of quiescent
NSCs, or commit to the astrocyte maturation pathway. Activated NSCs also develop into
multipolar intermediate progenitor cells and neuroblasts which continue to proliferate and
eventually migrate inside the granular layer and enter the granule cell maturation pathway. Axin2-
positive NSCs and progenitors represent a sub-lineage of the cell lines. contributing to subgranular
neurogenesis. In this study. we have uncquivocally detected Axin2 lincage markers in the
intermediate progenitors and neuroblasts, which are amenable to mitotic labeling, and post-mitotic
mature neurons. Our data suggest that the process of integration of progenitors into mature granule
cells can take as long as six months in this cell lincage.
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Abstract: Epilepsy is a neurological disorder most commonly characterized by sudden, recurrent
seizures. Disease pathology has revealed a correlation to the abnormal development of neural
networks. One region of particular interest is the hippocampus since hippocampal abnormalities
are seen in multiple types of epilepsy. The hippocampus is located in the mesial region of the
temporal lobe and plays a key role in the regulation, encoding, and consolidation of memory. We
focused on the gain of function mutation in the SCN8A gene since it is associated with a severe
childhood epilepsy known as developmental epileptic encephalopathy-13 (DEE-13). The study
of neural development has traditionally been performed using animal models, typically rodents,
however, these models fall short when it comes to encapsulating the complexity of the human
brain development. Cerebral organoids show promise in changing our understanding by better
recapitulating normal and abnormal early embryonic development to study pathogenesis. Here,
we generated hippocampus-like (Hc), cortex-like (Cx) and ganglionic eminence-like (GE)
organoids from a CRISPR/Cas9-corrected isogenic control and a patient derived human induced
pluripotent stem cell line containing a pathogenic SCN8A mutation. We fused Hc and GE and
Cx and GE organoids in order to resemble the proper mix of inhibitory and excitatory neurons
observed in vivo. Mutant and iso-control fusions were then compared between each other in
order to assess differences in cell expression and subjected to local field potential (LFPs) in order
to examine the electrophysiological activity. Our hypothesis is that immunohistochemistry (IHC)
experiments may reveal that the mutation causes significant changes to the expression of cells
affecting important structures of the Hc such as dentate gyrus and cornu ammonis, leading to the
effects observed in DEE13. Electrophysiological experiments may also reveal a difference
between the iso-control and mutant fusion organoids in the presence or absence of important
oscillatory features such as sharp wave ripples (SWRs).
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Abstract: Genetic variation in SCN3A, which encodes the voltage-gated sodium (Na*) channel a
subunit Nav1.3, is associated with SCN3A neurodevelopmental disorders (SCN3A-NDD), a
spectrum that includes epilepsy and malformation of cortical development (MCD). SCN3A is
expressed highly in the embryonic forebrain, yet it remains unclear how genetic variation in
SCNB3A leads to epilepsy and other pathology, in part due to lack of model systems available for
study.

To investigate the mechanisms of SCN3A-NDD, we generated an induced pluripotent stem cell
(iPSC) line from a human patient with the recurrent de novo heterozygous disease-causing
missense variant SCN3A-c.2624T>C (p.11e875Thr) as well as a CRISPR/Cas9-corrected isogenic
control line; we also modified a control iPSC line via CRISPR to generate a separate cell line
harboring the same variant. Using the Ngn2 rapid induction protocol, we generated glutamatergic
forebrain-like neurons (iNeurons) from all four lines and confirmed by RT-PCR that Na* channel
subunit transcript expression in iNeurons mirrors that seen in early human brain development.
We then performed whole-cell patch-clamp recordings to determine the effect of the SCN3A-
p.lle875Thr variant on endogenous Na* current and cellular excitability in iNeurons. We found
that iNeurons generated from both of the variant-expressing lines exhibited markedly increased
slowly-inactivating/persistent Na* current relative to corrected-patient and control lines, which
was partially but specifically blocked by the Nav1.3-selective antagonist ICA-121431 (ICA).
SCN3A-p.11e875Thr iNeurons displayed a more hyperpolarized voltage threshold for action
potential generation - consistent with increased persistent current - which was reversibly
increased by ICA at sub-micromolar concentrations. A prominent subset of SCN3A-p.11e875Thr
iNeurons displayed irregular firing patterns with paroxysmal bursting and plateau-like potentials
with action potential failure. Paradoxically, ICA blocked these plateau-like potentials and led to
an increase in maximal steady-state firing frequency in neurons exhibiting this feature. However,
more consistent with action as a Na* channel blocker, ICA decreased excitability of corrected-
patient and control iNeurons. Our study demonstrates that an iPSC-derived neuronal system
models the trajectory of Na* channel expression in the developing brain. SCN3A-p.11e875Thr
IPSC-derived neurons exhibit increased persistent current and electrophysiological properties
consistent with this abnormality, and selective blockade of Nav1.3 can normalize paroxysmal
activity observed in SCN3A-p.11e875Thr iNeurons.
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Abstract: CDKL5-deficiency disorder (CDD) is a rare genetic neurodevelopmental disorder that
causes seizures, developmental delay, and severe intellectual disability. CDKL5 is an X-linked
gene expressed highly in the brain that codes for a serine/threonine kinase with a limited number
of defined substrates localized in various subcellular compartments. Mutations in CDKLY5 that
cause loss of enzymatic function produce aberrant hyperexcitable neuronal function. Consistent
with the observed seizure activity in CDD patients, CDKL5-knockout animals display a
hyperexcitable and hypersynchronous neuronal phenotype. However, these models do not always
recapitulate the most prominent features of CDD, including epilepsy, and may not be the best
predictors for pre-clinical drug discovery. Here, we describe a patient-derived CDKL5-deficient
line of human induced pluripotent stem cells (hiPSCs) and their potential for high-throughput
pre-clinical screening. hiPSCs are differentiated into neural progenitor cells (NPCs) that are used
to create neuron and astrocyte co-cultures in both 2D monolayer and 3D cortical organoid
format. Characterization of the cultures in both 2D and 3D cortical organoid format show
hyperexcitability as measured by an increase in calcium peak frequency in the CDD line
compared to control cell lines. We establish the robust reproducibility of the disease phenotype
using calcium imaging via FLIPR and highlight their potential for high-throughput functional
screening. Consistent with the hyperexcitable phenotype, immunocytochemistry staining in 2D
monolayers shows an increase in synaptic puncta and single-nuclei RNA transcriptomic analyses
of the cortical organoids show an increased expression of genes related to glutamatergic
signaling in CDD organoids compared to control lines. Finally, we used this CDD organoid
model to screen a library of compounds, and identified promising molecules that rescued the
hyperexcitable FLIPR peak frequency. A “human first” high-throughput screening strategy using
patient-derived iPSC organoids may accelerate and de-risk the drug discovery process by
establishing human disease efficacy early in a program reducing the failure rate.
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Abstract: Cortico-striatal projections in the forebrain are critical components of cortico-basal
ganglia circuits that regulate motivated behaviors and movement. A major challenge in
understanding the developmental assembly of human cortico-basal ganglia circuit and how
dysfunction in this pathway leads to neuropsychiatric disease is the lack of access to functional
human brain tissue. Here, we generate three-dimensional regionalized neural organoids from
human pluripotent stem cells that transcriptionally resemble human developing striatum and
show how they can be assembled with cortical organoids to form cortico-striatal circuits in vitro.
To investigate and manipulate human cortico-striatal circuits, we implement Cre recombination
and G-deleted rabies viruses to identify what cortical neurons project and connect in cortico-
striatal assembloids and we apply optogenetic stimulation to analyze neuronal activity using
genetically encoded calcium indicators. These methods in combination with electrophysiology
demonstrate the assembly of functional human cortico-striatal circuits from pluripotent stem
cells. Moreover, we found disease-related synaptic defects in cortico-striatal assembloids derived
from patients with a neurodevelopmental disorder caused by a deletion on chromosome 22q13.3.



We anticipate that this approach can be used to study human cortico-basal ganglia circuits
development and disease modeling.
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Abstract: Dupl5q is a neurodevelopmental disorder caused by maternal duplications of the
11.2-13.1 region of the long arm of chromosome 15. Children with an isodicentric
supernumerary chromosome that carries two extra copies of the 15g911.2-q13.1 suffer from
profound autism and refractory epileptic seizures among other symptoms. Because paternal
duplications do not cause the syndrome, UBE3A, which encodes an E3 ubiquitin ligase, is likely
a major driver of Dup15q because it is the only imprinted gene in the region expressed solely
from the maternal allele. Nevertheless, the exact role of UBE3A has not been determined. To
establish whether UBE3A overexpression is required for Dup15q neuronal deficits, we used
CRISPR Cas9 technology to remove the extra isodicentric chromosome and generate an isogenic
control line for a Dup15q patient-derived induced pluripotent stem cell line. Patch-clamp
recordings of Dup15q neurons reveal hyperexcitability phenotypes characterized by increased
maximum action potential firing frequency and increased inward and outward current densities.
Calcium imaging experiments demonstrated increased spontaneous firing frequency in Dup15q
cells compared to the corrected controls. With the exception of a partial effect on miniature
excitatory postsynaptic currents (mEPSC), these phenotypes were generally prevented by
normalizing UBE3A levels using antisense oligonucleotides. Overexpression of UBE3A in a line
with paternal duplication in the same region resulted in a profile similar to that of Dup15q
neurons, except for the altered synaptic transmission. These results indicate that UBE3A



overexpression is necessary for most Dup15q cellular phenotypes, but also suggest it is
insufficient to cause the development of all cellular phenotypes, specifically, the synaptic
phenotypes. This supports the hypothesis that other non-imprinted genes play a role in the
disorder.
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Abstract: Maternal deletion or duplication of chromosomal region 15911-q13 causes Angelman
syndrome (AS) and Chromosome 15q11-q13 duplication syndrome (Dup15q), respectively.
These neurogenetic disorders are characterized by developmental delay, language impairment,
intellectual deficits, ataxia, and seizures. The primary driver gene for these syndromes is UBE3A,
which encodes an ubiquitin protein ligase. This gene is normally imprinted in the brain, and
expression in neurons is only from the maternal allele. Thus, a maternal deletion or mutation
results in complete loss of neuronal UBE3A expression, and maternal, but not paternal,
duplication results in UBE3A overexpression in neurons. Several lines of evidence suggest that
the altered expression of other genes in the region, including a cluster of GABA-A receptor
subunits, contributes to AS and Dup15q pathophysiology. In these studies, we used patient-
derived induced pluripotent stem cell (iPSC) lines along with isogenic corrected lines to examine
the contributions of UBE3A and the GABA-A receptor subunits to neuronal phenotypes. For AS,
we compared neurons derived from a patient with a UBE3A mutation to patients with a full AS
deletion as well as unaffected controls. Behavioral phenotypes of individuals with a UBE3A
mutation are typically less severe than individuals with a 15q11-q13 AS deletion. Resting
membrane potential and action potential maturation were affected in UBE3A mutation neurons to
a similar extent as AS deletion neurons, suggesting UBE3A loss is sufficient for these
phenotypes. UBE3A mutation neurons also had increased excitability, which was greater in AS
deletion neurons, and inhibitory synaptic activity was not altered in UBE3A mutation neurons, in



contrast to AS deletion neurons, suggesting roles of other genes in these phenotypes. Ongoing
experiments are exploring whether decreasing the expression of GABA-A receptor subunit genes
in UBE3A mutation neurons will mimic the cellular phenotypes in AS deletion neurons. We also
examined the role of GABA-A receptor subunit overexpression in Dup15q neuronal phenotypes.
Normalizing the expression of the GABRB3 subunit caused a significant depolarization of action
potential threshold, reversing the phenotype observed in Dup15q neurons. Knocking down
GABRB3 also caused a significant decrease in inhibitory synaptic activity. These results suggest
a contributory role for GABA-A receptor overexpression in Dup15q phenotypes. Defining the
roles of non-UBE3A genes in AS and Dup15q will help identify novel therapeutic targets and
will inform the development of mouse models for studying behavioral phenotypes.
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Abstract: RNA binding proteins such as the Fragile X Mental Retardation Protein (FMRP) are
crucial for the neuronal development, the synapse formation, maturation and maintenance.
FMRP is involved in processes that range from RNA processing to control of local protein
translation. Moreover, the lack of FMRP causes the Fragile X syndrome (FXS) which is the most
prevalent form of syndromic autisms. The absence of FMRP protein, responsible for the FXS,
results from the transcriptional repression of FMR1 gene caused by CGG expansion in the
5’UTR region.

Taking advantage of CRISPR-Cas9 genome editing, we have generated an FMR1 knock-out to
assess how the absence of the functional FMR1 gene affects the transcriptional and functional
activity within IPSC-derived cortical neuronal progenitors and neurons.

Long read RNA sequencing and MEA recordings have been performed on both knockout and
wild-type cells and work to date have helped to identify differential expression of transcriptional
splice variants that corroborate changes in neuronal differentiation and activity in FMR1 lacking



cells.
These findings will provide information on how altered RNA processing and the local regulation
of translation affects neuronal activity and differentiation in the context of Fragile X syndrome.
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Abstract: The Autism susceptibility candidate 2 (AUTS2) gene has been implicated in
neurodevelopment and as a candidate gene for numerous neurological disorders, including
autism spectrum disorders (ASD) and intellectual disability (ID). Individuals with mutations in
this gene commonly show microcephalic features, craniofacial abnormalities, and repetitive
behaviors. Additionally, the genomic structural variants and single nucleotide polymorphisms in
the AUTS2 locus are also associated with a wide range of other neurological disorders such as
epilepsy, schizophrenia, attention deficit hyperactivity disorder, dyslexia and depression as well
as addiction-related behaviors, implicating that AUTS2 is broadly involved in
neurodevelopment. While AUTS?2 is often disrupted in patients with neurodevelopmental
conditions abovementioned, the mechanisms underlying the neuronal pathogenesis in developing
human neurons are still unclear. To bridge this gap, we integrated pluripotent stem cells and
CRISPR/Cas9 gene editing technology to investigate the biological consequences of knocking
down AUTS2 gene on human stem cell lines. We studied the effect of decreased AUTS2
expression on transcriptomics and neuronal function. Our initial data analysis shows that axon
development and neurogenesis pathways are significantly affected on AUTS2 deficient human
neuronal progenitors. We will present data characterizing unique phenotypical properties of
AUTS2 knockdown in human neural progenitors and its consequences on pathways related to
neuronal differentiation. Understanding the cellular disfunction and molecular pathways



involved in AUTS2 deficiency could shed a light on the neuropathology of neurodevelopmental
conditions such as ASD, ID and others.
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Abstract: SYNGAPL1 is a gene that encodes the cytosolic protein SYNGAP1 (SYNaptic GTPase
Activating Protein 1), which is essential for synaptic development, structure, function, and
plasticity. De novo mutations in this gene result in loss of functions and cause
haploinsufficiency, leading to the MRD5 phenotype that comprises intellectual disability,
developmental delay, autism, and epilepsy. A concept of possible therapeutic relevance is
‘reversal of haploinsufficiency’, which is the increase of expression levels of the normal gene
copy by directly targeting the regulatory elements that control it. Therefore, the purpose of our
study is to use a genome modifying mechanism, CRISPR-mediated activation (CRISPRa), which
targets a transcriptional activator to the gene’s promoter as a viable approach that could
potentially restore SYNGAP1 expression to healthy levels and rescue the haploinsufficiency.
Due to the important role of SYNGAPL in neurodevelopment, elucidating more details and
filling the gaps in its neurobiology will help to gain a better understanding of normal and
abnormal development. Thus, we will develop and test a platform, establish a disease model by
characterizing a patient-derived iPSC neuronal model, and perform rescue experiments to better
understand SYNGAPL1 haploinsufficiency phenotype. In regards to developing and testing our
platform, preliminary data from our lab has identified a lead guide RNA in the SYNGAP1
promoter that resulted in increased expression of RNA in HEK293 and Neuronal Stem Cells
(NSCs) following RNA guide and effector domain screening. Our future directions are to
validate these RNA guides in healthy iPSC-derived NSCs and perform molecular and



morphological characterizations, as well as rescue experiments in the patient-derived iPSC
neurons.
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Abstract: Autism spectrum disorder (ASD) is a genetically heterogeneous disorder linked with
rare, inherited and de novo mutations occurring in two main functional gene categories: gene
expression regulation and synaptic function. Accumulating evidence points to dysregulation in
cortical neurogenesis as a convergent mechanism in ASD pathophysiology. While asynchronous
development has been identified as a shared feature among ASD-risk genes in the category of
gene expression regulation, it remains unknown whether this phenotype is also associated with
ASD-risk genes in the synaptic function category. Here we show for the first time the expression
of the synaptic Ras GTP-ase activating protein 1 (SYNGAPL1), one of the top ASD risk genes, in
human cortical progenitors (hCPs). Interestingly, we found that multiple components of the
postsynaptic density (PSD) of excitatory synapses, of which SYNGAP1 is one of the most
abundant components, are enriched in the proteome of hCPs. Specifically, we discover that
SYNGAP1 is expressed within the apical domain of human radial glia cells (nRGCs) where it
lines the wall of the developing cortical ventricular zone colocalizing with the tight junction-
associated protein and MAGUK family member TJP1. In a cortical organoid model of
SYNGAP1 haploinsufficiency, we show dysregulated cytoskeletal dynamics that impair the
scaffolding and division plane of hRGCs, resulting in disrupted lamination of the cortical plate



and accelerated maturation of cortical projection neurons. Overall, the dual function of
SYNGAPL1 in neuronal synapses and progenitor cells reframes our understanding of the
pathophysiology of SYNGAP1-related disorders and, more broadly, underscores the importance
of dissecting the role of synaptic genes associated with neurodevelopmental disorders in distinct
cell types across developmental stages.
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Abstract: As a complex and severe neuropsychiatric disorder, schizophrenia has a wide range of
debilitating symptoms. Including several multifactorial aspects of its complexity that are still
unknown, with some accepted to be an early developmental deficiency and a
neurodevelopmental origin. Disturbances during neural cell differentiation processes could be
understood by looking at the time and neural paths of differentiation, which could lead to insight
into the development of the disorder. In this context, human brain organoids and neural cells
differentiated from patient-derived induced pluripotent stem cells are of great interest as a model
to study the developmental origins of the disease. Here we evaluated the differential expression
of proteins of schizophrenia patient-derived in three moments: neural progenitors, early neurons,
and brain organoids, comparing those with postmortem brains. Using bottom-up shotgun
proteomics with a label-free approach for quantitative analysis, 535 proteins were found
differentially expressed in organoids, 364 in neural progenitor cells (NPCs), and 264 in immature
neurons. Multiple dysregulated proteins were found in pathways related to synapses, in line with
postmortem tissue studies of schizophrenia patients. However, organoids and immature neurons



exhibit impairments in pathways never found in patient-derived induced pluripotent stem cell
studies, such as spliceosomes and amino acid metabolism. In conclusion, here we provide
comprehensive, large-scale, protein-level data that may uncover underlying mechanisms of the
developmental origins of schizophrenia.
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Abstract: Rare loss-of-function (LoF) mutations in SETD1A are strongly associated with
schizophrenia (SZ), adebilitating mental disorder affecting 1% of the population, and other
severe neurodevelopmental disorders. SETD1A encodes a component of the histone
methyltransferase complex producing mono-, di,and trimethylated histone H3 at Lysine 4
(H3K4). H3K4 trimethylation (H3K4me3) and H3K4mel are epigenomic marks of active gene
transcriptional promoters and enhancers, respectively. Interestingly, histone methylation has also
been suggested as one of the most enriched gene pathways in common variant-based genome-
wide associations studies (GWAS) of major psychiatric disorders. However, the detailed
molecular mechanism by which it causes neuronal dysfunction is still unclear. Recent advances
in stem cell biology have allowed the efficient conversion of human stem cells into defined
neuron subtypes allows to address this question. Using CRISPR/Cas9 gene editing, we have
generated isogenic hiPSC lines carrying heterozygous LoF mutations on different genetic
backgrounds of SETD1A. Preliminary results showed that mutant lines were defective in
neuronal development with premature neuronal differentiation at early developmental stages.
Furthermore, morphological, electrophysiological and transcriptomic analyses of hiPSC-derived
induced neurons carrying SETD1A LoF mutation showed defective synaptic neurotransmission.
Ongoing experiments are evaluating SETD1A LoF with functional, morphological, biochemical



and genomic parameters to understand the cellular mechanisms that how SETD1A LoF
contributes to the pathogenesis of SZ. The study enables us to perform a well-controlled
assessment of the impact of SETD1A LoF mutations on the molecular and cellular mechanisms
underlying deficits in early neurodevelopment and synaptic properties.
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Abstract: Schizophrenia (SCZ) is a severe neuropsychiatric disorder of complex, poorly
understood etiology. Both genetic and environmental factors play a role in the development of
SCZ. De novo mutations (DNMs) represent a recently described new source of genetic variation
in the background of SCZ. While several mutations have been associated with SCZ, in most
cases their biological significance remains unclear. The aim of this study was to investigate the
biological mechanisms connected to DNMs in SCZ by combining induced pluripotent stem cell
(IPSC) based disease modeling and CRISPR based genome editing. To this end we selected a
SCZ case-parent trio, where the affected patient carries a potentially disease causing DNMs.
Based on exome sequencing studies we chose a patient harboring a zinc finger MYND domain-
containing protein 11 (ZMYND11) 1495C>T nonsense DNM resulting in a R399X stop codon.
ZMYND11 encodes a chromatin reader protein that specifically binds H3.3K36me3, co-localizes
with highly expressed genes and promotes intron retention.

We used RNA sequencing, morphological, and functional assays to test for transcriptomic and
functional differences between patient-derived and healthy control cell lines at the neuronal
progenitor cell (NPC) and mature neuron stages. In the CRISPR experiments we introduced
monoallelic or biallelic frameshift mutations into a control wild type IPSC line using CRISPR
non-homologous end joining (NHEJ). Next, IPSC lines were generated from each member of the



case-parent trio using Sendai virus based reprogramming. The investigated ZMYND11 mutation
was corrected using CRISPR homology-directed repair (HDR) in the affected IPSC line. These
isogenic IPSC lines were taken forward to neuronal differentiation experiments using the dentate
gyrus differentiation protocol.

Results showed distinct molecular alterations characteristic for schizophrenia-derived NPCs and
neurons. RNASeq analyses at the NPC and neuronal stage showed the massive upregulation of
neuronal differentiation genes in the mutant cell lines, and downregulation of cell adhesion
genes. Calcium-imaging and multi-electrode array experiments indicated impaired neuronal
function. These approaches can shed light on the molecular disease pathway underlying
schizophrenia.
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Abstract: Schizophrenia is a neurodevelopmental disorder caused by environmental and genetic
risk factors, and is characterized by symptoms that include delusions, disorganized speech, social
withdrawal, as well as cognitive and motor impairments. Risk genes that are associated with
schizophrenia are highly expressed during development, especially during the critical window of
neurogenesis and axonal pathfinding. One of the major brain regions that is implicated in the
pathophysiology of schizophrenia is the cerebellum, showing altered connectivity and activity.
Yet, these changes are observed in adult patients, and the initial changes that have occurred
during development remain unknown. Studies investigating human cerebellar development has
only been possible through neuroimaging or post-mortem studies and studying the molecular and
cellular changes during this critical timepoint, especially in disease context, has been
challenging. With the ability to reprogram somatic cells to induced pluripotent stem cells (iPSCs)
and further re-differentiate them into neurons has made it possible to model human brain



development in vitro. To investigate cerebellar development in schizophrenia, we generated
cerebellar neurons from iPSCs that were reprogrammed from fibroblasts, collected from healthy
controls and patients diagnosed with schizophrenia. We employed a cerebellar differentiation
protocol by inducing cerebellar fate with FGF2 and insulin that generates a 2D monolayer of
cells. At day 35 of differentiation, both healthy controls and schizophrenia cells express
cerebellar markers including ATOH1, PTF1a, PAX6, EN2, and KIRREL?2, indicating that
glutamatergic and GABAergic cerebellar neuronal precursors as well as Purkinje cell progenitors
are generated. Additionally, we confirmed the expression of axonal guidance molecules relevant
for cerebellar development and connectivity, such as semaphorin-4C, plexin-B2, and neuropilin-
1. Moreover, our data suggests that axonal guidance molecules are differentially expressed in
cells generated from patients diagnosed with schizophrenia. These findings may enhance our
understanding of the developmental aspect of schizophrenia and how disruption in axonal
guidance pathways in the cerebellum contribute to the miswiring of neuronal circuits.
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Abstract: The role of inflammation in psychosis has long been suspected, and antipsychotics are
known to suppress inflammation. To explore how, we used RNA-seq to assess the gene
expression in the postmortem hippocampal subfields, DG, CA3, and CA1 from healthy controls
and volunteers with psychosis both ON- and OFF-antipsychotics. We found that inflammatory
biomarkers were significantly activated in CA3, but not CA1 or DG, from psychosis OFF-
antipsychotics (N=6) relative to psychosis ON-antipsychotic (N=7), and that anti-apoptotic
biomarkers were robustly upregulated in CA3 from psychosis ON-antipsychotics compared to
either psychosis OFF-antipsychotics or healthy controls (N=13). These data are consistent with
the hypothesis that inflammation may precipitate psychosis via activating apoptosis, and that
antipsychotics improve psychosis by diminishing the inflammatory and apoptotic pathways. At
this point, we generated neural progenitor cells (NPCs) from induced pluripotent stem cells
(iPSCs) derived from both patients with psychosis (N=5) and controls (N=4). Even though the
inflammatory biomarkers were no different between psychosis- and control-derived lines at the
IPSC stage, the RNA-seq data revealed that inflammatory biomarkers were significantly higher
in psychosis-lines relative to control-lines at the NPC stage, suggesting that inflammation may
have a role in both early neurodevelopment and early psychosis in psychotic people. Together,



our data recommend that inflammatory biomarkers can possibly initiate and precipitate
psychosis, at least in some individuals mediated by some of these biomarkers, expanding our
idea of a potential molecular basis and understanding of the pathogenesis of psychosis.
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Abstract: Irrespective of species, elevated interleukin (IL-)6 is consistently associated with an
increased likelihood for neurodevelopmental disorders (NDDs), such as schizophrenia (SZ),
autism spectrum disorder (ASD) and depression. While we know much about IL-6 effects in
rodent models, our understanding of these IL-6 effects in human microglia and neurons is
incomplete. Human induced pluripotent stem cell (hiPSC)-derived microglia-like cell (MGL)
and cortical neural progenitor cell (NPC) co-culture models are ideal to study effect of IL-6 on
human neurodevelopment, given the neurodevelopmental differences between human and
rodents. Here we have characterised the response of these cells to IL-6. MGLs and NPCs were
generated from three healthy male donors, with three clone cultures per donor. We measured
expression of relevant receptor machinery for IL-6 signaling by gPCR and quantified their
responses to various doses of IL-6 by immunoblot and gPCR. The MGL transcriptomic response
to IL-6 was further quantified by RNAseq. Based on these data, we additionally characterized the
impact of IL-6 on cell motility and morphology by live imaging and assessed the secretome of
treated cells by ELISA and immunoblot. We observed that NPCs did not respond to IL-6 in
monoculture at both a protein and transcript level because they did not express the essential
receptor machinery IL-6Ra. MGLs, but not NPCs, secreted the soluble IL-6Ra (sIL-6Ra) and this
secretion was unaffected by IL-6 treatment. Only IL-6 exposed MGLs but not NPCs resulted in
STATS3 phosphorylation within 15min and increased IL-6, IMJD3, IRF8 and IL-10 expression
after 3h. This confirms classical activation of the IL-6 signalling pathway in MGLs only.
RNAseq identified 156 upregulated genes after MGL 3h IL-6 exposure, which significantly
overlapped with an upregulated gene set from post-mortem schizophrenia patient tissue, but not



with the genes downregulated in cases. IL-6 MGL 3h exposure significantly induced motility and
morphological changes suggesting a gain of surveillance function that corresponded with gene
ontology pathways identified in the RNAseq dataset. Given the inability of NPCs to respond to
IL-6 in monoculture, the increased likelihood for NDDs posed to developing NPCs by IL-6
requires an additional cell type to facilitate IL-6 trans-signaling to the NPCs. This additional cell
type could be microglia releasing sIL-6R and shifting towards an increased surveillance state.
These findings suggest IL-6 may increase likelihood for NDDs in a cell-specific manner and
highlight the requirement for both cell types to be present in co-culture when investigating the
human molecular basis for NDDs.
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Abstract: One in four people worldwide is affected by some form of psychiatric disorder. These
disorders negatively affect an individual in terms of thinking, feeling, and behaving, and are
commonly characterized by a combination of abnormal thoughts, perceptions, emotions,
behavior, and relationships. Current treatments for psychiatric disorders focus on alleviating
some of the symptoms, but there is no cure. Abnormalities in brain cells/neurons have been
extensively implicated in psychiatric disorders, and a growing field of research is tapping into
the potential of iPSC technology for human psychiatric disease modeling and treatment. Our
previous research identified a specialized embryonic forebrain endothelial cell population that
can directly contribute to psychiatric disorders, such as schizophrenia, anxiety, and depression,
and we have translated this discovery from mouse to human. We have developed a protocol to
generate human embryonic forebrain-like endothelial cells from control and patient-specific
human induced pluripotent stem (iPS) cells. These embryonic forebrain-like endothelial cells can
be used not only for cell-based therapies, but also for understanding the basic biology of the
disease. Our protocol involves the use of two crucial molecules - GABA and WNT7A, that
stimulate specific aspects of angiogenesis, and the cell surface receptor - GABRB3, that serves



as a distinct marker for endothelial cells that are forebrain-like. Following the use of these
molecules, the CD31" and GABRB3" cells were isolated to generate pure populations of human
embryonic forebrain-like endothelial cells. Differences in morphology and marker expression
(GABA, GABRB3, PAX6, WNT7A, CLAUDINS, and ZO1) were observed between the control
and the patient-specific embryonic forebrain-like endothelial cells. Additionally, there were
distinct phenotypic differences seen in the functionality of the patient-specific endothelial cells.
Endothelial cells generated from patient iPS cells demonstrated abnormal tube formation, along
with a decreased rate of proliferation, and migration. Based on these results, we wish to delineate
novel fundamental neurovascular mechanisms that are altered in psychiatric disorders.
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Abstract: Tuberous sclerosis complex (TSC) is an inherited multi-system disorder caused by
mutations in the TSC1 or TSC2 gene. TSC patients are often diagnosed with a range of
neurodevelopmental (ND) manifestations termed TSC-associated neuropsychiatric disorders
(TAND) including autism spectrum disorder (ASD), intellectual disability (ID), anxiety and
mood disorders. Hamartin (TSC1) and tuberin (TSC2) proteins form a complex inhibiting
mechanistic target of rapamycin complex 1 (mTORC1) kinase signaling. Loss of TSC1 or TSC2
activates mTORCL that, among several targets, controls protein synthesis by inhibiting
translational repressor elF4E-binding proteins. Using neural progenitor cells (NPCs) from
patient-derived induced pluripotent stem cells (iPSCs), we recently reported early ND
phenotypic changes, including increased cell proliferation and altered neurite outgrowth in
CRISPR-modified TSC1-null NPCs, which were unaffected by mTORCL inhibition by
rapamycin, the only approved therapy for TSC. Here, to assess TSC1-dependent gene expression
programs in NPCs, we used polysome-profiling, which quantifies changes in mRNA abundance



and translational efficiencies at a transcriptome-wide level. In addition to changes in mMRNA
abundance, this revealed numerous genotype-dependent alterations in translational efficiencies
depending on expression of TSC1. TSC1-sensitive translation associated with 5’UTR features
including length and GC content, known to underlie mTOR-sensitive translation. To assess the
relevance of these gene expression alterations we performed polysome-profiling in post-mortem
brains originating from ASD donors and matched controls. Strikingly, TSC1-dependent
alterations in mRNA translation observed in NPCs were largely recapitulated in human brains.
Furthermore, although polysome-profiling revealed a partial reversal of TSC1-associated gene
expression alterations following rapamycin treatment, most genes related to neural
activity/synaptic regulation or ASD that showed TSC1-dependent translation were rapamycin-
insensitive. Therefore, we also examined whether early ND rapamycin-insensitive phenotypes in
TSC1-null NPCs could be rescued by a third-generation bi-steric, mMTORC1-selective inhibitor
RMC-6272 (Revolution Medicines, Inc.). Unlike rapamycin, RMC-6272 strongly inhibited
translation and reversed TSC1-associated proliferation and neurite outgrowth phenotypes. In
summary, we reveal ample translational alterations in TSC1 patient-derived NPCs recapitulating
human brain expression profiles and potential implications for treatment of TAND.

The first 4 authors contributed equally.

Disclosures: 1.S. Aksoylu: None. P. Martin: None. F. Robert: None. K.J. Szkop: None. N.E.
Redmond: None. S. Chen: None. R.L. Beauchamp: None. I. Nobeli: None. O. Larsson:
None. J. Pelletier: None. V. Ramesh: None.

Poster

354. Autism: Synaptic Mechanisms

Location: SDCC Halls B-H

Time: Monday, November 14, 2022, 1:00 PM - 5:00 PM
Program #/Poster #: 354.01

Topic: A.07. Developmental Disorders

Support: R37 NS-071785-013

Title: Hippocampal network dysfunction in null Cntnap2 mouse model of autism spectrum
disorder

Authors: *R. PATERNO, J. R. MARAFIGA, S. C. BARABAN;
Epilepsy Res. Lab. and Weill Inst., San Francisco, CA

Abstract: Mutation of the CNTNAP2 gene is a risk factor for development of autism spectrum
disorder (ASD). Our recent work showed that Cntnap2 KO animals exhibit a loss of parvalbumin
(PV)+ interneurons, a decreased perisomatic inhibition in hippocampal area CA1l as well as
impaired spatial object recognition task performance (Paterno et al. Cell Rep. 2021). We also
reported a complex disruption of theta-gamma oscillations along CA1 and reduced sharp wave
ripple power. To investigate how a deficit in PV+ INs alter CA1 pyramidal cells (PC) sub-
circuits and hippocampal-dependent behaviors, here we use customized 32-channel silicon



probes, comprised of two shanks with 20-pum vertical spacing between electrodes, to
simultaneously record in vivo local field potentials (LFPs) and single units from CAL superficial
and deep pyramidal cells. Recordings were performed while the mice were navigating an open
field, a linear track (100 cm long), a delayed spatial alternation task, as well as during sleep
states in the home cage before and after task performance. We tested place cell features and
place field stability as well as hippocampal place cells ability to remap in a new environment.
Furthermore, we identified CA1 putative interneurons classified into PV-like and SOM-like
interneurons based upon burst index and refractory period, we analyzed their firing properties
and their correlation with theta phase in both WT and Cntnap2 null mice. Firing patterns of
pyramidal cells and PV+ interneurons correlated with pathological information processing in
CAL. These data suggest altered hippocampal circuit dynamics play a role in the autism
phenotype.Support: NIH/NINDS grant #R37 NS-071785-013 (to S.C.B.)
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Abstract: An imbalance in the ratio of excitation to inhibition (E/I) is a potential
pathophysiological circuit mechanism of autism spectrum disorder (ASD). However, excitatory
and inhibitory neuronal subtypes are diverse, and their relative contributions to abnormal circuit
development are largely unknown. Arid1b is a top 25 ASD risk gene expressed during early
development in both excitatory and inhibitory neurons. Here, we used Emx1-IRES-Cre and
Nkx2.1-Cre mice to conditionally knockout one copy of Arid1b from either excitatory projection
neurons or inhibitory interneurons, respectively, starting from embryonic day 10.5. We then
performed paired whole-cell patch clamp experiments in slices of primary visual cortex from
mature mice to investigate synaptic connectivity and physiology. We parsed excitatory cells
based on their projection class as intratelencephalic (IT) or pyramidal tract (PT), and inhibitory
neurons based on their firing properties as fast spiking (FS) perisomatic-targeting or non-FS
dendrite-targeting cells. Among excitatory neurons, Arid1b haploinsufficiency resulted in



increased synaptic connectivity rate among IT-type cells, with no homeostatic compensation in
synaptic input from FS interneurons. Furthermore, we observed hyperpolarized spike threshold
in a subset of cells. This suggests pathology in excitatory neurons contributes to E/I imbalance.
However, we found weak behavioral and seizure phenotypes; thus, these cellular and synaptic
changes are insufficient to account for autistic behavioral abnormalities. Alternatively, inhibitory
interneuron dysfunction may be a primary cause. Indeed, previous work found that conditional
Arid1b haploinsufficiency in interneurons reproduces ASD behaviors observed in germline
mutants. We found that interneuron Arid1b haploinsufficiency resulted in fewer FS interneurons
in mature mice, with a concomitant reduction in the rate of their synaptic connectivity to PT-type
excitatory projection neurons in paired recordings. Furthermore, we observed evidence for
disrupted feedback inhibition from non-FS dendrite targeting cells to IT-type excitatory neurons.
Our data support an emerging hypothesis that developmental disorders such as ASD may be
“interneuronopathies”.
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Abstract: Parvalbumin (PV) neuron hypofunction in sensory cortex is thought to contribute to
abnormal sensory processing in Autism Spectrum Disorders (ASDs), but the functional origins
and molecular mechanisms of PV hypofunction remain unclear. We hypothesize that PV
hypofunction is associated with impaired homeostatic plasticity within PV circuits, which
normally acts to maintain cortical excitability during periods of shifting sensory input. In L2/3 of
whisker somatosensory cortex (S1), PV circuit homeostasis occurs in response to brief (1 day)
whisker deprivation and involves rapid reduction of intrinsic excitability of PV neurons,
decreasing feedforward inhibition. We assayed PV circuit homeostasis in Fmrl-/y and Tsc2+/-
mouse models of ASD by testing for deprivation-induced reduction in L4-evoked feedforward
IPSCs in L2/3 pyramidal (PYR) cells. Fmrl-/y and Tsc2+/- models share PV hypofunction but
differ in other molecular and synaptic phenotypes, making them a powerful test for common
impairment of PV homeostasis in ASD. Deprivation reduced feedforward IPSCs in WT mice,




but not in Fmr1-/y or Tsc2+/- mice, indicating an impairment in PV circuit homeostasis. To
probe the mechanisms of PV homeostasis, we identified molecular players that could mediate
deprivation-induced weakening of PV intrinsic excitability, which is known to involve increased
expression of Kv1 potassium currents. In PV cells, activity regulates Kv1.1 expression via the
transcription factor ER81, whose synthesis is activity-dependent. Using immunohistochemistry,
we found that 1 day of deprivation upregulated ER81 and Kv1.1 in L2/3 PV cells in WT mice,
but this upregulation failed to occur after deprivation in Fmrl-/y or Tsc2+/- mice. Thus, PV
homeostasis involves activity-dependent regulation of ER81 and Kv1.1 proteins, and these
molecular signatures of homeostasis are absent in ASD model mice. This homeostatic deficit
may be related to the general dysregulation of activity-dependent protein synthesis in both Fmr1-
ly and Tsc2+/- mice. The common impairment in adaptive homeostatic plasticity in PV cells in 2
mouse models of autism suggests that rescue of PV homeostasis could be a useful therapeutic
target for ASD.
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Abstract: Autistic spectrum disorder (ASD) has been associated to genetic alterations of
proteins involved in synaptic function such as the point mutation R451C in neuroligin 3 (NLG3),
a postsynaptic adhesion molecule which binds its presynaptic partner neurexin at both excitatory
and inhibitory synapses. In the present study, by exploiting the transgenic NLG3-R451C knock-
in (K1) mice as an ASD animal model, we aimed at investigating the role of this mutation in the
coordination of both excitatory and inhibitory synaptic plasticity. We found that, with respect to
WT condition, the NLG3R*€ protein was less expressed at the neuronal surface and showed
increased lateral diffusion at GABAergic synapses. However, we observed comparable
molecular and functional properties of excitatory and inhibitory synapses in WT and KI neurons,
as documented by electrophysiological recordings and immunocytochemistry experiments



whereby key molecular synaptic components were probed. Next, we tested WT and KI neurons
for the expression of synaptic plasticity. In WT animals, we observed that, in response to a
chemical protocol for the induction of plasticity (NMDA treatment), excitatory synaptic currents
were depressed (LTD) whereas the inhibitory ones were potentiated (iLTP). Interestingly, such
opposed synaptic plasticity was abolished in KI neurons. These effects were paralleled by
changes in synaptic receptors and scaffold proteins at both excitatory and inhibitory synapses in
WT and Kl neurons. Indeed, after the NMDA stimulation, WT mice showed increased
immunoreactivity for GABAAR and the scaffold protein gephyrin at synapses. In contrast, no
significant changes were observed in KI mice. Along the same line, NMDA treatment induced
the decrease of the GIuA1 and GIuA2 subunits of AMPA receptors in WT mice, whereas the
same protocol left AMPARSs unchanged in KI mice. In addition, the quantification of NLG3
clusters fluorescence intensity revealed that, after the NMDA treatment, surface NLG3 decreased
in WT neurons while it was unaffected in KI neurons. Moreover, in KI conditions, we found
changes in the expression of the NR2B subunit of NMDA receptor that may determine the
altered coordination of excitatory and inhibitory plasticity through the perturbation of
intracellular spatio-temporal calcium dynamics. Collectively, our results reveal that the perturbed
synaptic molecular composition of both glutamatergic and GABAergic synapses induced by the
NLG3-R451C mutation disrupts the coordination of excitatory and inhibitory synaptic plasticity
thus potentially contributing to the pathophysiology of ASD.
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Abstract: SynGAP (Synaptic Ras-GTPase-activating protein) is a synaptic protein causally
linked to neurodevelopmental disorders including autism, with common symptoms of cognitive
impairments and sensory processing deficits. Although SYNGAPL1 is predominantly expressed in
excitatory neurons of forebrain structures including the cerebral cortex and hippocampus, its
expression is also detected in cortical inhibitory interneurons. Whether and to what extent
SynGAP functions in the cortical inhibitory circuit has remained relatively unexplored. In this



study, we created mice with inhibitory neuron-specific SynGAP haploinsufficiency (SynGAP
het) and tested its impact on neocortical circuit function using the whisker somatosensory
system. We recorded the activity of layer 2/3 neurons in whisker somatosensory cortex (wS1)
with two-photon calcium imaging during a whisker-guided tactile detection task. Each trial of the
task begins with a simple auditory tone, followed by whisker deflection on 60% of trials. Licking
in response to whisker deflection results in water reward delivery whereas premature licking
before the whisker stimulus onset results in trial abortion. SynGAP het mice displayed impaired
behavioral performance accompanied by abnormal neuronal responses, compared to wild-type
mice. First, SynGAP het mice displayed a lower fraction of correct trials and less efficient
licking during the response window. After analyzing the real-time neural activities, we found
pairwise noise correlation between individual neurons was higher and more widely distributed in
SynGAP het mice. Analytically removing those noise correlations by shuffling improved
population decoding of stimulus more in SynGAP het mice than in wild-type mice, which
indicates that groups of neurons in SynGAP het mice with abnormally elevated correlations may
contribute to the impaired behavioral performance. Second, trial abortion rate was significantly
elevated in SynGAP het mice due to increased number of premature licks in response to the
auditory tone rather than the whisker stimulus. An increased fraction of tone-responding neurons
and a greater magnitude of tone-evoked responses were observed in SynGAP het mice, which
may be highly associated with the increased number of premature licks and aborted trials.
Collectively, our results reveal that SynGAP expression in inhibitory neurons is important for
encoding of task-relevant sensory input and cortical filtering of irrelevant sensory cue.
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Abstract: Impairment of the communication between cortical areas, including feedback
interaction, have been attributed to a wide range of neurodevelopmental disorders (NDDs).
Previously, we reported that functional connectivity of diverse long-range inputs from different
brain areas preferentially recruit specific types of GABAergic interneurons (INs) in the primary



somatosensory cortex (S1). This input-area-dependent recruitment of specific GABAergic INs
plays an important role in active sensory processing. Abnormal sensory perception is common in
NDDs, and the mechanisms that underlie impaired sensory processing associated with NDDs are
not well studied. Haploinsufficiency of the SYNGAP1 (Synaptic Ras GTPase Activating
Proteinl) gene, one of the key postsynaptic density proteins, has been shown to impair sensory
processing and cognition in both humans and mice. Reduction of SYNGAP1 in mice causes
cognitive deficits by enhancing glutamatergic transmission and increasing excitatory
connectivity. While the importance of SYNGAP1 in the excitatory neurons has been reported, the
role of SYNGAPL1 in cortical GABAergic neurons is largely unknown. Here, we asked whether
and how the disruptions of SYNGAP1, one of NDD risk genes, in different GABAergic IN
subtypes lead to the impairment of input-area-dependent corticocortical communication. We first
confirmed that cortical GABAergic neurons do express SYNGAP1 gene. Using optogenetics and
ex vivo whole-cell patch-clamp recordings with specific deletion of SYNGAPL1 in different types
of GABAergic neurons, we found that the long-range cortical inputs to different types of
GABAergic INs in S1 are altered. In PVCre:Syngap1™ (PVCre:Syngapl cKO) mice, PV
neurons in S1 receive abnormally strong excitatory inputs from the whisker-related primary
motor cortex (WM1). This result contrasts with our earlier report where PV INs in S1 do not
receive strong excitatory inputs from wM1. Since it is known that SYNGAP1 regulates the level
of AMPA receptors at the postsynaptic membrane of excitatory neurons, we asked whether the
NMDA and AMPA conductance are altered for wM1 inputs to S1 in PVCre:Syngap1™ mice.
We found that the NMDA/AMPA ratio from PV INs was significantly higher in
PVCre:Syngap1™ mice compared to that of control. Together, our study suggests that
SYNGAP1 plays a critical role in regulating the excitatory synaptic strength from long-range
inputs to cortical GABAergic neurons.
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Abstract: Intellectual disability (ID) and autism spectrum disorder (ASD) are among the most
common neurodevelopmental disorders observed in childhood. In addition to cognitive and
behavioural impairments, neurodevelopmental disorders often result in sensory processing
deficits. Nevertheless, the biological mechanisms that underlie impaired sensory processing
associated with neurodevelopmental disorders are poorly understood. SYNGAP1
haploinsufficiency-related intellectual disability (SYNGAP1-ID) is characterized by moderate to
severe 1D, generalized epilepsy, ASD and other behavioral abnormalities. To date hundreds of
individuals with SYNGAP1-ID have been reported worldwide through genetic sequencing and
this number is rising rapidly due to more widespread genetic testing. We have recently found that
auditory sensory processing and associated neuronal oscillations in the gamma band are altered
in SYNGAP1-ID patients and Syngap1 haploinsufficient mice, however the underling cellular
mechanisms are currently unknown. To investigate the role of Syngapl deletion in parvalbumin-
positive (PV+) cell circuits in vitro, we generated mice that were heterozygous for the
Syngap1"®allele and hemizygous for the Tg(Nkx2.1-Cre) transgene. In mouse, Nkx2.1-
expressing medial ganglionic eminence (MGE) precursors produce most of PV+ and
Somatostatin cortical interneurons. Here, using Tg(Nkx2.1Cre; Syngap1'®/*) conditional mice,
we examined the cell-specific effects of conditional deletion of Syngapl on AMPA and
GABAergic-mediated synaptic transmission onto PV+, fast spiking GABAergic interneurons
from layer 1V of mouse auditory cortex, using whole-cell voltage clamp recording in
combination with electrical stimulation of thalamic fibers. We found that the amplitude of
AMPA-mediated spontaneous excitatory postsynaptic currents (EPSCs) was decreased in PV
cells from Tg(Nkx2.1Cre; Syngap1'®/*) conditional mice compared to control littermates. On the
other hand, no change was found in the spontaneous inhibitory postsynaptic currents (IPSCs).
Furthermore, we found that the AMPA component of thalamocortical evoked-EPSC was
decreased in PV cells from mutant mice. Taken together, these data suggest that, in
Tg(Nkx2.1Cre; Syngap1'®*) conditional mice, unaltered inhibition and a decrease in the
spontaneous and thalamocortical AMPA component could lead to a reduced recruitment of PV
cells. The latest could contribute to the increased baseline cortical gamma rhythm, a phenotype
observed in both mutant mice and SYNGAP1-ID patients.
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Abstract: SYNGAP1 haploinsufficiency in humans causes a neurodevelopmental disorder
defined by cognitive impairment and behavioral maladaptations. However, it remains unclear
how expression of this gene during development promotes the functioning of neural systems
controlling behavior and cognition. We demonstrate in mice that a consequence of Syngapl
expression in development is to control cortical neuron intrinsic membrane excitability (IME).
Syngapl promotes IME in upper-lamina sensory cortex neurons by suppressing potassium
conductances. It is also required for homeostatic plasticity of IME. Targeting alternatively
spliced Syngapl isoforms revealed that regulation of IME was dissociable from synaptic scaling,
indicating that it regulates these processes through distinct mechanisms. Syngapl regulation of
IME was required for the in vivo assembly of excitatory cortical circuit motifs implicated in
perceptual decision making. Restoring IME in embryonic Syngapl mutant mice unleashed
activity-dependent dendritic morphogenesis and prevented excitatory circuit assembly
impairments. Thus, Syngapl expression naturally shapes the assembly of cortical circuit motifs
through control of IME. Highlights 1. Novel Syngap1l function; regulation of pyramidal neuron
intrinsic membrane excitability. 2. It sets resting membrane potential and enables homeostatic
plasticity. 3. Achieved through regulation of neuronal potassium currents. 4. Unleashes dendritic
morphogenesis required for excitatory circuit assembly.

Model of how Syngap1 promotes assembly of feed-forward
motifs in sensory cortex
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Abstract: Social impairment is a core symptom in several mental disorders, including autism
spectrum disorder (ASD), depression, and schizophrenia. However, the physiological, cellular,
and molecular factors underlying social behavior are poorly understood. In humans, mutations in
the d-catenin gene are linked to severe ASD. 3-catenin is a post synaptic scaffolding protein and
is important for AMPA receptor (AMPAR) GluA2 subunit localization and functions. 3-catenin
KO mice exhibit social dysfunction with decreased synaptic GIUAZ2 levels in the cortex. This
suggests that 6-catenin deficiency induces social deficits by impairing AMPAR-mediated
synaptic functions. Yet, the link between 6-catenin function and social behavior is largely
unknown. A glycine to serine mutation at residue 34 (G34S) in the amino-terminal region of 6-
catenin is identified in humans as one of several ASD-associated missense mutations. The G34S
mutation significantly reduces excitatory synapse density in cultured neurons, indicating a loss of
d-catenin function. Glycogen synthase kinase 3 beta (GSK3f) phosphorylates d-catenin, causing
ubiquitination and degradation by proteasome. The Group-based Prediction System predicts that
the G34S mutation in the amino-terminus of d-catenin may provide an extra site for GSK3[3-
mediated phosphorylation of d-catenin. We indeed find that the G34S mutation promotes -
catenin degradation via GSK3-mediated phosphorylation. A 3-catenin G34S knock-in (KI)
mouse model was further used to determine if the G34S d-catenin mutation reduced synaptic
AMPAR levels and induced social dysfunction. We found a significant reduction in synaptic 6-
catenin and GIuA2 expression in the cortex of G34S animals, suggesting potential alteration of
AMPAR activity. Finally, we used the three-chamber sociability test in male and female 6-
catenin KI mice and WT littermates and found disruptions in sociability and social novelty in the
mutant mice. Taken together, we reveal that G34S d-catenin significantly reduces synaptic d-
catenin levels by GSK3B-mediated phosphorylation, which likely changes AMPAR activity in



the cortex, leading to impaired sociability and social novelty. Therefore, GSK3p inhibition is
likely neuroprotective in ASD-associated d-catenin G34S mutants.
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Abstract: Normal social behavior is vital to many species for survival. Therefore, its underlying
mechanisms have long been a focus for research. However, our comprehension of the
physiological, cellular, and molecular mechanisms of social behavior is still limited. Moreover,
there are several neurological/psychiatric disorders such as autism spectrum disorder (ASD) that
have social dysfunction as a common characteristic. With this, expanded knowledge of the
mechanisms mediating social behavior will improve our understanding of such diseases.
Importantly, genetic alterations in the 3-catenin gene in humans are associated with severely
affected ASD patients from multiple families. d-catenin is a postsynaptic scaffolding protein and
is important for AMPA receptor (AMPAR) GIuA2 subunit localization and functions in several
regions of the brain. Some ASD-associated 6-catenin mutations significantly reduce excitatory
synapse density in cultured neurons, indicating a loss of 3-catenin function. Moreover, our
preliminary findings demonstrate that 3-catenin knockout (KO) mice exhibit social dysfunction.
We also show that synaptic AMPAR subunit GIuUA2 levels in cortical areas are significantly
lower in &-catenin KO mice than in their wild-type (WT) littermates. This indicates that a loss of
d-catenin functions induces social deficits via impairing AMPAR-mediated synaptic functions.
Additional new data show that &-catenin KO increases glutamatergic excitation in cultured
cortical excitatory cells, whereas it is decreased in inhibitory cells. This suggests that 5-catenin
deficiency likely disrupts the cellular E/I balance, which will in turn disturb the neural activity in
the brain, particularly in the medial prefrontal cortex (mPFC) that is known to regulate social
behavior. These joint findings lead us to hypothesize that normal social behavior relies on 8-
catenin-mediated prefrontal activity at the cellular and network levels.
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Title: Adult re-expresssion of BBB-penetrant IRSp53 rescues NMDA receptor function and
social behavior in IRSp53-mutant mice
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Abstract: IRSp53 (or BAIAP2) is an abundant excitatory postsynaptic scaffolding/adaptor
protein that is involved in actin regulation and has been implicated in autism spectrum disorders,
schizophrenia, and attention-deficit/hyperactivity disorder. IRSp53 deletion in mice leads to
enhanced NMDA receptor (NMDAR) function and social deficits that are responsive to
NMDAR inhibition. However, it remains unclear whether IRSp53 re-expression in the adult
IRSp53-mutant mouse brain after the completion of brain development could reverse these
synaptic and behavioral dysfunctions. Here we employed a brain-blood barrier (BBB)-penetrant
adeno-associated virus (AAV) known as PHP.eB to drive adult IRSp53 re-expression in IRSp53-
mutant mice. The adult IRSp53 re-expression normalized social deficits without affecting
hyperactivity or anxiety-like behavior. In addition, adult IRSp53 re-expression normalized
NMDAR-mediated excitatory synaptic transmission in the medial prefrontal cortex. Our results
suggest that adult IRSp53 re-expression can normalize synaptic and behavioral deficits in
IRSp53-mutant mice and that BBB-penetrant adult gene re-expression has therapeutic potential.
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Abstract: Disruption of normal brain development is implicated in numerous psychiatric
disorders with neurodevelopmental origins, including autism spectrum disorder (ASD).
Widespread abnormalities in brain structure and functions caused by dysregulations of
neurodevelopmental processes has been recently shown to exert adverse effects across
generations. An imbalance between excitatory/inhibitory (E/I) transmission is the putative
hypothesis of ASD pathogenesis, supporting by the specific implications of inhibitory gamma-
aminobutyric acid (GABA)ergic system in autistic individuals and animal models of ASD.
However, the contribution of GABAergic system in the neuropathophysiology across
generations of ASD is still unknown. Here, we uncover profound alterations in the expression
and function of GABAA receptors (GABAARS) in the amygdala across generations of the VPA-
induced animal model of ASD. The F2 generation was produced by mating an F1 VPA-induced
male offspring with naive females after a single injection of VPA on embryonic day (E12.5) in
FO. Autism-like behaviors were demonstrated across two generations of the VPA-induced
offspring. Decreased synaptic GABAAR and gephyrin levels, and inhibitory transmission were
found in the amygdala from two generations of the VPA-induced offspring with greater
reductions in the F2 generation. Weaker association of gephyrin with GABAAR was shown in
the F2 generation than the F1 generation. Moreover, dysregulated NMDA-induced
accumulations of gephyrin and GABAAR at the synapse in the VPA-induced offspring was
worsened in the F2 generation than the F1 generation. Taken together, these findings revealed
the inhibitory synaptic abnormalities in the amygdala from two generations of the VPA-induced
offspring with GABAergic deteriorations in the F2 generation, suggesting a potential therapeutic
role of the GABAergic system to generational pathophysiology of ASD.
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Abstract: Autism Spectrum Disorder (ASD) is a prevalent and debilitating neurodevelopmental
disorder, characterized by social communication deficits and restricted repetitive behaviors.
Intellectual disability (ID) and epilepsy are common comorbidities. While a variety of
pathological changes have been identified in the human ASD brain, it remains largely unclear
how specific neuropathological changes correspond with ASD symptomology. Here, in an
exploratory retrospective study, we assessed the relationship between GABAergic interneuron
pathology and ASD symptom severity and comorbidity. Clinical records were collected from
Autism (n=20) and control (n=19) brain donors, from whom we previously identified a reduction
in parvalbumin+ Chandelier Cells (ChCs), a specific type of GABAergic interneuron, in the
ASD prefrontal cortex (BA9, 46, and 47). The relationship between ASD core symptom severity,
as indicated by ADI-R scores, and ChC pathology was assessed using Pearson Correlation. The
relationship between ASD comorbidities and GABAergic interneuron cell counts (including
parvalbumin+ [PV], calbindin+ [CB], and calretinin+ [CR] interneurons) were assessed using
repeated measures ANOVA. We found a significant correlation between the severity of ChC loss
in the Orbitofrontal Cortex (BA47) with the severity of stereotypic motor behaviors in ASD
subjects. This finding was replicated in two sets of subjects measured with two separate
indicators of ChC loss - reductions in PV+ interneurons in one cohort (r=-0.722, p=.043), and
reduced GAT1+ cartridges in a second cohort (r= -0.710, p=.049), both corresponding to
increased severity of stereotypic motor behavior. Patterns of interneuron loss in the prefrontal
cortex differed between ASD subjects with Intellectual Disability (ID, 1Q<70) and ASD subjects
without ID. While all ASD subjects showed a significant reduction in PV+ interneurons (p<.05),
ASD with ID exclusively showed a reduction in total interneuron number (PV+, CB+, CR+)
relative to non-1D ASD (-38.7%, p<.05), and also relative to controls (-36.6%, p<.01). We
identified that distinct patterns of GABAergic interneuron pathology in the ASD prefrontal
cortex are associated with specific types of ASD symptomology and comorbidity. These findings
highlight the importance of accounting for clinical subtypes when investigating
neuropathological changes in the ASD brain, emphasize the importance of GABAergic
dysfunction to the neurobiology of ASD, and thus provide strong rationale for further
investigation.
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Abstract: Knockout of the FMR1 protein in mice serves as an important model system for
human fragile-X syndrome (FXS) and other autism-spectrum disorders (ASD). There is
increasing evidence that hyperexcitability of neural circuits caused by decreased inhibition is a
common deficit in both FXS and ASD. Studies of inhibition have primarily focused on synaptic
inhibition, however, there is also significant tonic inhibition caused by ambient GABA acting at
extra-synaptic receptors. Tonic inhibition is thought to play important roles in regulating overall
inhibitory tone and may increase when synaptic inhibition is decreased. We have recent evidence
that suggests that GABA release from astrocytes may be upregulated in FMR1 KO; we will use
standard whole-cell recordings from global and astrocyte-specific FMR1 KO mice to assess the
physiological relevance of this observation. Tonic GABA currents will be investigated using
whole-cell recordings from Hippocampus CA1 pyramidal neurons from mice aged p21-p28.
Bath-application of 100uM bicuculline methiodide (BMI) is used to block GABAA receptors,
thus revealing the tonic GABA currents as a change in the baseline holding current when the cell
is voltage-clamped to OmV (to suppress excitatory currents). GABA currents will be examined in
both a global FMR1 knockout (KO) and an astrocyte-specific one. Both male and female mice
will be used, resulting in a full KO condition (males) and a partial KO condition (females), for
both a global FMR1 KO and a Hippocampus-astrocytic FMR1 KO, compared to male and
female wildtypes. The data will be collected in a double-blind study, with identification made
post-hoc through genotyping. The data presented will showcase a comparison of Hippocampus
astrocytic-specific FMR1 deletion, partial astrocytic deletion, general deletion, and gender
effects. Based on prior research, it is predicted that the complete astrocytic-specific FMR1 KO
condition will have the greatest increase in tonic GABA currents resulting in higher baseline
excitation of the pyramidal neurons. The partial astrocytic FMR1 KO will have enhanced tonic
GABA currents but not as much as the complete astrocytic FMR1 KO, yet significantly more so
than the wild type. The general FMR1 KO should be similar to the complete astrocytic FMR1
KO.
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Title: Early postnatal synaptic correction leads to long-lasting correction of synaptic and
behavioral phenotypes in Aridlb-haploinsufficient mice
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Abstract: ARID1B, also known as BAF250B, is a subunit of the SWI/SNF chromatin
remodeling complex and has been implicated in intellectual disability, autism spectrum disorders
(ASD), and Coffin-Siris syndrome. We characterized Arid1b-haploinsufficient mice and found
that these mice display autistic-like behaviors, including social impairments and repetitive
behaviors. Electrophysiological analyses indicate that mutant cortical neurons display synaptic
deficits at juvenile and adult stages, which accompanies transcriptional changes in synapse-
associated genes. Pharmacological corrections of these synaptic deficits at early postnatal stages
prevent both synaptic and behavioral deficits in adult mice, highlighting the importance of early
postnatal corrections of mechanistic deviations for long-lasting effects.
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Abstract: The genetic bases of autism spectrum disorder (ASD) are heterogeneous and
polygenic, and many ASD risk genes have been identified over the years. While their molecular
and biochemical functions have been examined, it remains unclear how mutations in these genes
influence neural circuit dynamics. To understand how these mutations lead to neural circuit
deficits, we performed in vivo calcium imaging in a transgenic mouse model with the total
knockout of the neurite extension and migration factor (NEXMIF) gene. NEXMIF is an X-linked
ASD risk gene identified through genomic screening of human patients with autistic phenotypes.
Patients carrying NEXMIF mutations exhibit intellectual deficiency, language impairments,
repetitive behavior, and seizures. NEXMIF mRNA is strongly expressed in the mouse
hippocampus, and NEXMIF-knockout mice exhibit a variety of behavioral deficits, including
profound learning and memory deficits.

We performed large-scale calcium imaging from hundreds of individual CA1 neurons
simultaneously in NEXMIF KO mice and their wildtype littermates during voluntary
locomotion. We found that individual calcium events in neurons from NEXMIF KO mice are
narrower compared to WT, suggesting that NEXMIF is important in regulating cellular calcium
dynamics. Interestingly, both during rest and running, neurons from KO mice showed
significantly higher calcium event rates than WT mice. Further, a larger fraction of neurons in
KO mice responded to movement compared to WT mice. The elevated response during both rest
and running supports increased neuronal excitability in KO mice during behavioral conditions,
consistent with the synaptic level observation of increased E/I balance. To understand how
changes in individual neurons relate to population circuit dynamics, we examined the Pearson
correlation between neuron pairs. In WT mice, the correlation coefficients between significantly
correlated neuron pairs were significantly higher during rest than running, suggesting a
desynchronization of the CA1 network during running. But in KO mice, the correlations were
significantly higher during running than in rest, suggesting a lack of circuit desynchronization
that naturally occurs in the CA1 network. Furthermore, a significantly larger fraction of
movement-responsive cells in KO mice are significantly correlated, suggesting that increased
network synchronization is related to pathological behavior. These results provide in vivo
evidence that NEXMIF gene mutations that increase synaptic E/I balance can lead to over-
excitability at the individual neuron level, which leads to pathological network synchronization
during behavior.
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Abstract: The medial prefrontal cortex (mPFC) plays important roles in social behaviors.
However, it is not clear how the mPFC contributes to the distinct aspects of social behaviors. We
took an advantage of a social isolation-regrouping protocol which induces selective deficit in
social recognition without affecting social interaction to investigate the neurobiological
mechanism underlying social recognition in mice. We found that mice which had experienced 8
weeks of single housing (SH) show impaired social recognition, which symptom being sustained
after 4 weeks of re-socialization. In SH mice, prefrontal infralimbic (IL) neurons projecting to
the shell region of nucleus accumbens (NAcSh) show decreased excitability compared to those
of group housed (GH) mice. These neurons are activated when GH mice encounter a familiar
conspecific, suggesting that the activity of this neuron is critical for social recognition.
Chemogenetic inhibition of NAcSh-projecting IL neurons in mice which never experienced
social isolation impaired social recognition without affecting social preference. Consistently,
activation of these neurons reverses the social recognition deficit in SH mice. Our findings
demonstrate that early social experience critically affects the mPFC IL-NAcSh projection, the
activation of which is required for the social recognition.
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of Autism Spectrum Disorder
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Abstract: Autism Spectrum Disorders (ASDs) are phenotypically and genetically heterogeneous
behavioral disorders of neural development. Despite numerous studies focusing on ASD-related
pathophysiological circuit mechanisms in mature mice, little is known regarding ASD onset and
its evolution through development. Using the Shank3 complete knockout (Shank3") ASD mouse
model our team aims to fill this knowledge gap. The medial prefrontal cortex (mPFC) circuit
plays an important role in social and cognitive behavior. We studied mPFC circuitry in mice at
two developmental stages: adults and 14 days old, the latter at a developmental period in which
Shanka3 protein expression is transiently reduced. We used linear silicon arrays to characterize
mPFC function in acute brain slices of adult wild-type (WT) and Shank3” mice. This allowed
recording of local field potential (LFP) across the entire cortical column. Intracortical electrical
stimulation resulted in a distinct LFP laminar profile, which was deconstructed via current source
density (CSD) analysis. Pharmacological dissection isolated distinct presynaptic and
postsynaptic sources/sinks. We identified a global mPFC hyperfunction in adults, with the
greatest deficits seen in deeper neocortex (by ~2x at maximum stimulus). Furthermore,
pyramidal cells intracellular recordings revealed a significant difference in resting membrane
potential (RMP: -65 +/- 1.5 mV vs -69 +/- 1.8 mV) and action potential properties of layer 5
pyramidal cells. Intrinsic excitability differences were limited to mPFC L5 while superficial L2/3
pyramidal neurons were unaffected. Strikingly at P14, our LFP results show reduction of CSD
signal in Shank3™ in both pre- and post-synaptic upper mPFC layers signals without any
differences affecting the deeper layers. Of note, Shank3” L5 pyramidal cells at this
developmental stage exhibit a depolarized RMP. In contrast, preliminary intracellular data in
L2/3 suggest hypoexcitable pyramidal cells at P14. To summarize our study shows a novel
developmental transient change in mPFC excitability. This suggests that early circuit
hypofunction may lead to the later observed mPFC hyperexcitability network and ASD
development. Interestingly, the adult’s hyperexcitability seems to be linked to a LS specific
alteration of pyramidal cells intrinsic excitability, which is in line with other studies. Building on
these findings we hypothesize that the output synapses from the prefrontal cortex are affected in
SHANKS3” mouse. Therefore, we plan to examine mPFC-subcortical targets synapses in order to
better understand the downstream effects of mPFC alteration during postnatal development.
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Title: Arid1b haploinsufficiency in interneurons alters hippocampal early network activity
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Abstract: Autism spectrum disorder (ASD) is hypothesized to be caused by pathological
development of excitatory and inhibitory neural circuits. However, the developmental stage
during which these circuit deficits occur is unknown. Here, we studied early postnatal circuit
development in a mouse model of ASD, Aridlb haploinsufficiency. In mice, cortical circuits
spontaneously generate synchronized network activity known as giant depolarizing potentials
(GDPs) at the end of the first postnatal week. GDPs promote synapse development and are
crucial to ensure proper circuit formation in the adult brain. GDPs are generated through the
synergistic depolarizing action of both glutamatergic and GABAergic currents due to high
intracellular chloride during early development. Arid1b haploinsufficiency results in reduced
density of interneurons due to disruptions in neuronal proliferation, thus we hypothesized this
will alter GDPs during early development. We used a transgenic mouse model which leads to
Arid1b haploinsufficiency in a population of interneurons known to be essential for GDP
initiation and propagation. To assay early network activity, we performed dual whole-cell patch
clamp recordings of an interneuron and neighboring pyramidal cell to monitor GDPs in slices of
mouse hippocampus. We assessed GDP frequency, synaptic charge transfer (CT), and temporal
synchrony of GDPs observed in paired recordings. Our preliminary data show that GDPs occur
with high temporal synchrony in interneurons and pyramidal cells in both control and mutant
mice. However, in mutant mice GDPs occur at a lower frequency comparted to controls.
Furthermore, there is a delay in the development of synapses onto interneurons in mutant mice:
at younger ages, the CT observed in interneurons is smaller relative to controls. Our data show
that Arid1b haploinsufficiency in interneurons is sufficient to alter early patterned network
activity necessary for proper hippocampal circuit development. Thus, the pathophysiological
mechanisms of ASD likely occur long before the formation of mature circuits.
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Title: Cell-type specific transcriptomic signatures of neocortical circuit organization and their
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Abstract: A prevailing challenge in neuroscience is understanding how diverse neuronal cell
types select their synaptic partners to form circuits. In the neocortex, major subclasses of
excitatory projection neurons and inhibitory interneurons are conserved across functionally
distinct regions. There is evidence these subclasses form circuits that depend primarily on their
identity; however, regional cues likely also influence their choice of synaptic partners. We mined
the Allen Brain Institute’s single-cell RNA-sequencing database of mouse cortical neurons to
study the expression of cellular adhesion molecules (CAMs) necessary for synapse formation in
two regions: the anterior lateral motor cortex (ALM) and the primary visual cortex (VISp). We
used the Allen’s metadata to parse cells by clusters representing major excitatory and inhibitory
subclasses that are common to both ALM and VISp. We then performed two types of pairwise
differential gene expression analysis: 1) between different neuronal subclasses within the same
brain region (ALM or VISp), and 2) between the same neuronal subclass in ALM and VISp. We
filtered our results for differentially expressed genes encoding CAMs and developed a novel
bioinformatic approach to determine the sets uniquely enriched in each neuronal subclass in
ALM, VISp, or both. This analysis provides an organized set of genes that may regulate circuit
formation in a cell-type specific manner. Furthermore, it identifies candidate mechanisms for the
formation of circuits that are conserved across functionally distinct cortical regions or that are
region dependent. Finally, we used the SFARI Human Gene Module to identify CAMs from our
analysis that are related to risk for autism spectrum disorder (ASD). From over 3,000
differentially expressed genes, we found 40 ASD-associated CAMs that are enriched in specific
neuronal subclasses in both ALM and VISp. Our analysis provides clear molecular targets for
future studies to understand neocortical circuit organization and abnormalities that underly
autistic phenotypes.
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Abstract: Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by
impaired social interaction and communication, repetitive, and rigid behaviors with higher
incidence, and few effective treatments. Neuronal excitatory and inhibitory synaptic imbalance
has been implicated in ASD. We herein identified a lead candidate, AST-001 as a novel
treatment of ASD and just completed the phase 2 clinical trials advancing to the next round for
the first time in Korea. Our studies uncovered acting mechanisms of AST-001 on the firing
activity change of midbrain neurons, which was facilitated and recovered to the basal firing level
during the proposed washout period. In alignment with spontaneous action potentials (APs),
AST-001 reduced afterhyperpolarization (AHP) to help those neurons fire faster. In addition,
AST-001 increased NMDA receptor excitatory postsynaptic currents (EPSC) evoked by
electrical synaptic stimulation. In line with previous studies, decreased firing rate and small
conductance of hyperpolarization-activated current (Ih) were also observed in the midbrain of
valproic acid (VPA)-induced mouse model of ASD. Those alterations in neuronal activity were
recovered to normal levels after 2 weeks of 500 mg/kg (per os) AST-001. Using ultra-
performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS), the
pharmacokinetics and blood-brain barrier (BBB) permeability of AST-001 were validated in the
present study. AST-001 levels reached significantly higher concentration than the basal level 30
minutes after oral administration and were sustained for a quite long time. The integrity of the in
vitro BBB system was validated by the trans-endothelial electrical resistance (TEER) and Evans
blue dye permeability test. In vivo microdialysis, AST-001 was orally administered or
intraveously injected into mice, and their interstitial fluid (ISF) was collected for analysis
through a microdialysis probe implanted into the brain region of interest. It was confirmed in
both in vitro and in vivo BBB validation systems that AST-001 can be efficiently transported
into the brain through the BBB and the drug can act on the brain changing neural activity.
Finally, its therapeutic effects were evaluated in the VPA-induced ASD mouse model, AST-001
improved social behavior and anxiety-like behavior model using the three-chamber test and



elevated plus maze test, respectively. Taken together, the present preclinical studies have
considerably supported our clinical studies that AST-001 may be a putative treatment for ASD.
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Abstract: A key symptom of autism spectrum disorders (ASDs) is the occurrence of repetitive
behaviours, which is thought to originate from a dysregulated basal ganglia network. A
prevailing hypothesis is that symptoms of ASD arise from disrupted synaptic function and
structural plasticity caused by increased protein synthesis. Our previous work has shown that
overexpressing eukaryotic initiation factor 4E (elF4E) in mice results in increased rate of
repetitive behaviours, cognitive inflexibility and social deficits, supporting the view that
increased protein synthesis via elF4E causes ASD-associated phenotypes. The aim of this project
is to determine if the basal ganglia plays a role in the pathophysiology of ASD, by assessing
striatal synaptic function in the elF4E mouse model. We performed whole-cell electrophysiology
to determine the synaptic strength, input strength and plasticity profile of D1- and D2-MSNs
using recordings of miniature excitatory post-synaptic currents (MEPSCs), NMDA to AMPA
ratio, paired pulse ratio and plasticity via high-frequency stimulation. elF4E mice display
increased mEPSC frequency in both D1- and D2-MSNs and a reduction in mEPSC amplitude in
D2-MSNs. In addition, we found altered corticostriatal long-term potentiation in D2-MSNs. In
conclusion, our preliminary data suggest increased global synaptic inputs in the elF4E mice to
both MSN types, as well as dysregulated corticostriatal synaptic plasticity particularly to D2-
MSNSs.
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Abstract: Autism Spectrum Disorders (ASDs) are a heterogeneous group of polygenic disorders
characterized by various degrees of behavioral alterations, including repetitive behaviors, social
impairment, and cognitive inflexibility. It has been suggested that these behaviors may result
from disrupted basal ganglia network activity. Accordingly, studies in ASD mouse models and
patients have shown altered basal ganglia connectivity and function. Our previous study showed
that mice overexpressing the eukaryotic initiation factor 4E (elF4E) display ASD-like behaviors
accompanied by striatal synaptic impairments and increased brain protein synthesis. Given the
importance of dopamine (DA) in basal ganglia function, this study aims to investigate whether
striatal DA neurotransmission is dysregulated in the elF4E Tg mice. To this end, we performed
Fast-Scan Cyclic Voltammetry (FSCV) recordings in the acute striatal slices. We found a
decreased DA release probability with no changes in firing activity or morphology of DA
neurons of the elFAE Tg mice. Since neuromodulation is critical for axonal DA release, we are
currently investigating the effect of striatal glutamate, achetylcholine and GABA on altered DA
neurotransmission of the elF4E Tg mice. In summary, our results suggest impaired dopaminergic
transmission of the elF4E Tg mice, resulting from altered striatal neuromodulation.
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Abstract: Previous research has demonstrated neural circuit abnormalities and dendritic
arborization changes in neurodevelopmental disorders, including autism, ADHD, and OCD.
However, genetic and epigenetic factors underpinnings of these neurological changes remain
elusive. To address a role for genetic factors in these disorders, we evaluated members of the
EphA receptor/ephrin-A family of membrane bound intercellular signaling proteins, which are
essential for neuronal migration, compartment formation, and axon guidance. Several studies
have linked ephrin-A subclass deletions with phenotypic variations observed in mouse models of
neurodevelopmental disorders, such as Autism and ADHD, which exhibit learning and memory
disruptions. Yet, little is known regarding how these molecules regulate selective synapse
formation on dendritic subzones of individual neurons. To address this question, we utilized the
dentate gyrus of the hippocampus as a model system, as it has a well-characterized tri-laminar
organization of afferent axonal projects to dentate granule cell apical dendrites. These well-
defined laminae consist of an outer layer of input from the lateral entorhinal cortex (LECL) on
distal dendrites, a middle afferent layer from the medial entorhinal cortex (MECL), and an inner
lamina from CA3 neurons forming the associational/commissural layer (A/CL). This unique tri-
laminar afferent organization was initially identified using TIMM silver stain, so this procedure
was used to identify broad changes in laminar size and the interface integrity between lamina.
Histological staining and data analysis were performed on mice with single or multi-gene
deletions for ephrin-A2, -A3, and -Ab. Statistical analysis was performed on morphometric
measurements of afferent lamina obtained using Olympus CellSans imaging software.
Microscopic evaluation of stained specimens revealed a consistent blurring of the boundaries
between the three afferent input layers, which exhibited differences in the extent of interface
disruptions between the mutant genotypes. Mice with multiple ephrin-A gene mutations
exhibited the greatest boundary disruption with consistent invasion of axons from both the LECL
and A/CL into the MECL. Our findings highlight the importance of Eph/ephrins in forming an
intricate dendritic “molecular zip code” essential for the precise alignment of axonal terminals at
specific dendritic subzones. We hypothesize that synaptic zone disruptions, like those observed
in our study, could contribute to defining anatomical substrates underlying many functional
abnormalities observed in human developmental behavioral spectrum disorders.
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Abstract: Heterozygous pathogenic variants in syntaxin-binding protein 1 (STXBPL1, also
known as MUNC18-1) cause STXBP1 encephalopathy and are among the most frequent causes
of developmental and epileptic encephalopathies and intellectual disabilities. STXBP1 is an
essential protein for presynaptic neurotransmitter release, and its haploinsufficiency impairs
glutamatergic and GABAergic neurotransmission. However, the cellular origin of the broad
spectrum of neurological phenotypes is poorly understood. Here we show that glutamatergic and
GABAergic neurons-specific Stxbpl haploinsufficient mice exhibit different subsets of the
cognitive and seizure phenotypes observed in the constitutive Stxbpl haploinsufficient mice.
Developmental delay and most of the motor and psychiatric phenotypes are only recapitulated by
GABAergic Stxbpl haploinsufficiency. Thus, glutamatergic and GABAergic neurons mediate
distinct disease features with few overlaps. The contrasting roles of excitatory and inhibitory
signaling in STXBP1 encephalopathy identify GABAergic dysfunction as a main disease
mechanism and reveal the possibility to selectively modulate disease phenotypes by targeting
specific neurotransmitter systems.
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Abstract: UBE3A encodes ubiquitin protein ligase E3A and is paternally imprinted in neurons
because the UBE3A antisense transcript (UBE3A-ATS) represses paternal UBE3A. Maternal
UBE3A deficiency causes Angelman syndrome, a severe neurodevelopmental disorder. A
promising therapeutic approach to treating Angelman syndrome is to reactivate the intact
paternal UBE3A by suppressing UBE3A-ATS. Prior studies show that many neurological
phenotypes of maternal Ube3a knockout mice can only be rescued by reinstating Ube3a
expression in early development, indicating a restricted therapeutic window for Angelman
syndrome. Here we report that reducing Ube3a-ATS by antisense oligonucleotides in juvenile or
adult maternal Ube3a knockout mice alleviates the abnormal electroencephalogram rhythms and
sleep disturbance, two prominent clinical features of Angelman syndrome. The degree of
phenotypic improvement correlates with the increase of Ube3a protein levels. These results
indicate that the therapeutic window of genetic therapies for Angelman syndrome is broader than
previously thought, and electroencephalogram power spectrum and sleep architecture should be
used to evaluate the clinical efficacies of therapies.
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Abstract: Developmental and epileptic encephalopathies (DEES) are a group of devastating
pediatric neurological disorders, manifesting with aggressive seizures and significant
neurological comorbidities. De novo heterozygous pathogenic variants in STXBP1 encoding
syntaxin-binding protein 1 are one of the most frequent genetic causes of DEEs. The abnormal
brain activity during early development is believed to contribute to the pathogenesis of STXBP1
encephalopathy, presenting a great challenge for developing clinical treatments that can remain
effective later in life. We previously demonstrated that restoring Stxbpl protein level to the
wildtype level in adult Stxbpl haploinsufficient mice was able to rescue most of the phenotypes
including epileptic seizures, motor, cognitive, and psychiatric impairments. To develop a
therapeutic approach with translational potential, we tested intravenous delivery of AAV
expressing Stxbp1l in rescuing adult Stxbpl haploinsufficient mice. The vector biodistribution
and mRNA/protein levels were quantified and correlated with the outcomes examined by health
monitoring, video-electroencephalogram (EEG) recording and neurobehavioral tests. We found
that gene replacement therapy in Stxbpl haploinsufficient mice could rescue different
phenotypes in a dose-dependent manner. Thus, our results indicated that gene replacement is a
promising gene therapy for STXBP1-related developmental and epileptic encephalopathy.

Disclosures: W. Chen: E. Ownership Interest (stock, stock options, royalty, receipt of
intellectual property rights/patent holder, excluding diversified mutual funds); Patent holder. J.
Kim: None. A. Michaels: None. A. Rivera: None. C. Longley: None. Z. Cai: None. R.
Ressler: A. Employment/Salary (full or part-time):; Capsida Biotherapeutics, Inc. E. Ownership
Interest (stock, stock options, royalty, receipt of intellectual property rights/patent holder,
excluding diversified mutual funds); Stock options. B. Bonet: A. Employment/Salary (full or
part-time):; Capsida Biotherapeutics, Inc. E. Ownership Interest (stock, stock options, royalty,
receipt of intellectual property rights/patent holder, excluding diversified mutual funds); Stock
options. R. Elteriefi: A. Employment/Salary (full or part-time):; Capsida Biotherapeutics, Inc. E.
Ownership Interest (stock, stock options, royalty, receipt of intellectual property rights/patent
holder, excluding diversified mutual funds); Stock options. J. Octeau: A. Employment/Salary



(full or part-time):; Capsida Biotherapeutics, Inc. E. Ownership Interest (stock, stock options,
royalty, receipt of intellectual property rights/patent holder, excluding diversified mutual funds);
Stock options. S. Nguyen: None. Z. Moin: None. S. Zou: None. K. Jin: None. A. Wang:
None. N. Dhar: None. P. Park: None. J. Vega: None. A. Chen: None. H. Chen: None. A.
Knoll: A. Employment/Salary (full or part-time):; Capsida Biotherapeutics, Inc. E. Ownership
Interest (stock, stock options, royalty, receipt of intellectual property rights/patent holder,
excluding diversified mutual funds); Stock options. N. Goeden: A. Employment/Salary (full or
part-time):; Capsida Biotherapeutics, Inc. E. Ownership Interest (stock, stock options, royalty,
receipt of intellectual property rights/patent holder, excluding diversified mutual funds); Patent
holder, Stock option. N. Flytzanis: A. Employment/Salary (full or part-time):; Capsida
Biotherapeutics, Inc. E. Ownership Interest (stock, stock options, royalty, receipt of intellectual
property rights/patent holder, excluding diversified mutual funds); Patent holder, Stock option.
M. Xue: B. Contracted Research/Research Grant (principal investigator for a drug study,
collaborator or consultant and pending and current grants). If you are a Pl for a drug study, report
that research relationship even if those funds come to an institution.; Principal investigator for a
drug study. E. Ownership Interest (stock, stock options, royalty, receipt of intellectual property
rights/patent holder, excluding diversified mutual funds); Patent holder, Stock option. F.
Consulting Fees (e.g., advisory boards); Consultant, Advisory board.

Poster

355. Developmental Disorders: Genetic Models 11
Location: SDCC Halls B-H

Time: Monday, November 14, 2022, 1:00 PM - 5:00 PM
Program #/Poster #: 355.05

Topic: A.07. Developmental Disorders

Support: Cain Foundation for Epilepsy
McNair Medical Institute at The Robert and Janice, McNair Foundation
NIH U0O1HGO007709 (UDN)
Annie and Bob Graham
Burroughs Wellcome Fund
The Elkins Foundation
Wallace Endowment Award

Title: Rare PPFIA3 variants cause a syndromic neurodevelopmental disorder characterized by
delayed development, intellectual disability, autism, and epilepsy

Authors: *M. S. PAUL!, J. PFLIGER?, V. LERMA!, S. MICHENER?, J. A. ROSENFELD?, A.
TRAN?, L. MASSINGHAM?, H. MEFFORD?, R. BEKHEIRNIA!, G. L. CARVILL*, M.
ZECH®, M. WAGNER?®, H. ENGELS®, K. CREMERS®, E. MANGOLDS®, R. A. LEWIS?, C. A.
BACINO!, B. H. LEE!, H.-T. CHAO?;

!Baylor Col. of Med., Houston, TX; 2Rhode Island Hosp. and Hasbro Children's Hosp.,
Providence, RI; 3St. Jude Children's Res. Hosp., Memphis, TN; “Northwestern Univ. Feinberg



Sch. of Med., Chicago, IL; °Inst. of Human Genetics, Tech. Univ. Munich, Sch. of Med.,
Munich, Germany; ®Inst. of Human Genetics, Univ. of Bonn, Univ. Hosp. Bonn, Bonn, Germany

Abstract: Protein Tyrosine Phosphatase Receptor Type F Polypeptide Interacting Protein Alpha-
3 (PPFIA3) is a member of the LAR protein-tyrosine phosphatase-interacting protein (liprin)
family involved in synaptic vesicle transport and presynaptic active zone assembly. The protein
structure and function are well-conserved in invertebrates and vertebrates, but human diseases
related to PPFIA3 dysfunction are not yet known. The gene PPFIA3 has a pLI score of 1.0,
indicating it does not tolerate haploinsufficiency and suggesting that PPFIA3 loss-of-function
variants may contribute to the pathogenesis of autosomal dominant disorders. Here, we report
eight individuals with de novo variants in PPFIA3 presenting with global developmental delay
(6/8), intellectual disability (6/8), autism (3/8), epilepsy (3/8), and mortality at <1 year of age
(2/8). These variants are not present in gnomAD. The CADD scores >24 and GERP scores >2
suggest that these variants are potentially deleterious. To determine the pathogenicity of PPFIA3
variants in vivo, we generated transgenic fruit flies expressing human PPFIA3 wild-type (WT)
and missense variants with a C-terminal HA tag. Overexpression of human cDNA containing
PPFIA3 WT and variants in fruit flies was achieved using GAL4-UAS targeted gene expression.
Expression of human PPFIA3 was confirmed by immunostaining and Western blotting in larval
brain and adult flies, respectively. Act-GAL4 mediated ubiquitous expression of PPFIA3
variants showed variable penetrance of pupal lethality, eclosion defects, and anatomical leg
defects. Elav-GAL4 mediated neuronal expression of PPFIA3 variants resulted in seizure-like
phenotypes, motor defects, and bouton loss at the 3™ instar larval neuromuscular junction.
Altogether, the variants located at the N-terminal coiled-coiled domain exhibited stronger
phenotypes compared to those in the C-terminal region in the fly overexpression assays. In the
loss-of-function fly assay, we show that the homozygous loss of fly Liprin-o leads to embryonic
lethality. This lethality is partially rescued by the expression of human PPFIA3 WT, suggesting
human PPFIAS3 function is partially conserved in the fly. However, the rare PPFIA3 variants did
not rescue lethality. Altogether, the findings observed with overexpression and lethality rescue
assay of PPFIA3 variants reveal the variants are dominant loss-of-function alleles leading to an
autosomal dominant syndromic neurodevelopmental disorder.
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Abstract: Neurofibromatosis is an autosomal dominant disorder caused by haploinsufficiency of
the NF1 gene, whose protein product neurofibromin attenuates Ras-mitogen activated protein
kinase (MAPK) signaling. Neurodevelopmental symptoms of NF1 include executive
dysfunction, attentional deficits, speech and language delays, and visuospatial and
visuoperceptual processing abnormalities. Previous work indicates that mesolimbic dopamine
circuits may be involved in the pathophysiology of attentional and cognitive deficits in NF1.
This mesolimbic dopamine system is an evolutionarily conserved set of brain circuits that plays a
role in attention, appetitive behavior, and reward processing. In this circuitry, ascending
dopaminergic projections from the ventral midbrain innervate targets throughout the limbic
forebrain, such as the ventral striatum/nucleus accumbens (NAc). Dopaminergic signaling in the
NAC has been widely studied for its role in behavioral reinforcement, reward prediction error
encoding, motivational salience, and — to a lesser extent - responses to surprising or alerting
sensory events. Previously, we used fiber photometry and the genetically encoded dopamine
sensor dLightl to explore dopamine responses to salient stimuli in NF1 model mice (Robinson et
al., 2019). We found that mice modeling NF1 are hypersensitive to visual stimuli, which
correlates with enhanced visually evoked dopamine release in the lateral NAc. In order to better
understand the nature of this phenotype, we tested the ability of striatal dopamine release to
encode the properties of salient sensory stimuli in wildtype mice. Here, we report that ventral
striatum dopamine release encodes the physical properties of visual and auditory stimuli, rather
than their emotional valence. In the case of visual stimuli, this encoding does not habituate with
repeated exposure when the interstimulus interval is sufficiently long, is independent of circadian
state or motor behavior, and likely involves multiple visual transduction pathways. Thus, we
have described a novel ability of the mesolimbic dopamine system to encode sensory
information in mice, which may play a role in their need to avoid detection by visual predators.
Currently, we are examining how Nf1 haploinsufficiency affects visual stimulus encoding by
LNAc dopamine, as well as identifying neural circuits that mediate visual hypersensitivity
phenotypes in NF1 model mice.
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Abstract: Rasopathies are a family of genetic conditions characterized by aberrant amplification
of the Ras/mitogen activated protein kinase (MAPK) signaling cascade. Neurofibromatosis type
1 (NF1) is an autosomal dominant Rasopathy caused by haploinsufiency of the NF1 gene, which
codes for neurofibromin - a negative regulator of activated Ras. Symptoms of NF1 include
increased risk for benign or malignant tumorigenesis, musculoskeletal abnormalities, hyper-
pigmented macules, and cognitive deficits. Often, patients also present pain hypersensitivity.
Cognitive symptoms of NF1 include impaired executive functioning, autistic features, speech
and language delays, attention deficits, hyperactivity, and impulsivity. Based on work in rodent
and fly models, the pathophysiology of behavioral and cognitive symptomatology may involve
Ras-evoked excitation/inhibition (E/I) imbalance, as well as perturbations in neural circuits that
release dopamine. Targeted gene therapies are a promising approach to treating these sequelae,
as the expression of therapeutic proteins may be restricted to neural or glial populations of
interest using unique gene regulatory elements or cell type-specific promoters/enhancer
elements. Our lab has focused on identifying behavioral abnormalities in a mouse model of NF1
(Nf1+/- C57BI/6J:129sv/J mouse) with the ultimate goal of designing viral vectors that can be
administered systemically to reverse these effects. Using new adeno-associated viral vectors
(AAVs) that can target populations of interest in the central and peripheral nervous system after
intravenous injection, we screened AAV-encodable transgenes capable of therapeutically
modulating Ras-MAPK signaling in NF1 haploinsufficient cells in vitro and in vivo, to correct
behavioral and cellular phenotypes in NF1 model mice. These phenotype include alterations in
cellular morphology in primary culture of embryonic hippocampal neurons and behavioral
alterations such as fragmented grooming behavior, reduced psychomotor activity under bright
light, and increased pain sensitivity assessed in the mechanical conflict-avoidance test. This work
will provide important initial preclinical evidence for the utility of AAV-based gene therapies in
the treatment of NF1 in non-oncological related symptoms.
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Abstract: MAPK1 (ERK?2) is a key downstream signaling molecule in the Ras-mitogen
activated protein kinase (MAPK) pathway. Recent work has identified gain-of-function (GOF)
variants of MAPK1 as a cause of neurodevelopmental disorder within the Rasopathy clinical
spectrum that is similar to Noonan syndrome (Motta et al., 2020). To understand the impact of
MAPK1 GOF mutations in the developing and postnatal brain, we generated an A172V knock-in
mice (Mapk1#72"*) to mimic the human A174V Rasopathy mutation. Mapk12"+ and
Mapk1A172V/AL72V \were viable to postnatal stages and showed increased expression of the MAPK
target gene Etv5 and evidence of abnormal glial cells in the postnatal brain, which was similar to
mouse models of neurofibromatosis type 1 (NF1) and PTPN11/Noonan syndrome. Cognitive and
motor function was assessed using a battery of behavioral tests, and performance was compared
to a widely used mouse model of NF1 (Nf1* mice on a C57BL/6J genetic background). In a
novel object discrimination task, Mapk1A172/A72Y mjce had impaired novel object discrimination
compared to wild-type and Mapk1”*"2¥"* mice. In contrast, C57BL/6J NF1 mice did not show
impairments in novel object recognition. In an open field test, while there was no difference in
overall locomotor activity, Mapk1"2¥/A172Y mjce exhibited marked thigmotaxis, consistent with
increased anxiety-like behavior compared to Mapk1#"2¥"* and wild-type mice. Using the sucrose
splash test to measure stereotyped behavior via grooming, Mapk1172V/A72V mice engaged in long
bouts (longer than 15 seconds) of grooming more rapidly than Mapk1"2"* or wild-type mice,
despite no significant differences in overall grooming time or the number of long grooming
bouts. NF1 model mice exhibited no difference in behavior in the sucrose splash test, and there
was no significant difference between MAPK1 genotypes in the marble burying task. These data
suggest that enhanced downstream MAPK signaling is sufficient to produce behavioral
phenotypes in mice, which may mimic cognitive deficits seen in Noonan syndrome and/or other



Rasopathies. Future directions will seek to identify the neurobiological etiology of these
phenotype, as well as explore candidate therapies targeting Ras-MAPK signaling.
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sublayers in the cerebral cortex
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Abstract: It is well-recognized that primary cilia regulate embryonic neurodevelopment, but
little is known about their roles during postnatal neurodevelopment. The hippocampal striatum
pyramidal (SP) is subdivided into deep and superficial sublayers and gradually condensed into a
compact lamina in the first postnatal two weeks, whereas simultaneously cortex volume greatly
expands. It is elusive how pyramidal neurons position to two sublayers postnatally. Here, we
show that the axonemes of primary cilia in the deep and superficial sublayers of hippocampal SP
point in the opposite directions, while neuronal cilia in cortical sublayers display the same
orientation. Neuronal primary cilia in the CA1 SP undergo marked changes in morphology and
orientation from postnatal day 5 (P5) to P14, concurrent with cell positioning to two sublayers
and with neural maturation. Surprisingly, the centrioles of late-born neurons migrate excessively
to cluster at SP bottom before cilia protrusion and a reverse movement back to the main plate.
Similarly, this “pull-back” movement of centriole/cilia is also identified on late-born cortical
pyramidal neurons. Transgenic overexpression of Arl13b, a protein regulating ciliogenesis, not
only elongates primary cilia and promotes earlier cilia protrusion, but also affects postnatal cilia
orientation in hippocampal CA1 SP. We further reveal that ablation of neuronal cilia selectively
in the mouse forebrain leads to megalencephaly and delayed condensation of SP lamina in the
early postnatal stage. Together, this study provides the first evidence that primary cilia regulate



pyramidal neuronal positioning in the cerebral cortex and late-born pyramidal neurons undergo a
reverse movement for final cell positioning.
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Abstract: Joubert syndrome (JS) is hereditary cerebellar ataxia in which cerebellar vermis
hypoplasia is the main characteristic of all affected individuals. CEP120, a JS-associated protein,
participates in centriole biogenesis and ciliogenesis. It was reported that knockout of Cep120 in
murine led to hydrocephalus and cerebellar hypoplasia. Here, using in vivo cerebellar
electroporation, we identified a new role of CEP120 in regulating timely neuronal differentiation
and the germinal zone exit of granule neuron progenitors (GNPs) during cerebellar development.
Our in vivo assays showed that depletion of Cep120 perturbs GNP cell-cycle progression,
resulting in a delay of cell-cycle exit. To dissect the potential molecular mechanism, we
investigated the association between the CEP120 interactomes and the JS database and
discovered another JS-associated protein, Moonraker (also known as KIAAO0753/OFIP), as a
CEP120-interacting protein. Surprisingly, we found that CEP120 recruits Protein Moonraker to
centrioles and that loss of this interaction induces accumulation of GNPs in the germinal zone
and impairs neuronal differentiation. Importantly, the replenishment of wild-type CEP120
rescues the above defects, whereas expression of JS-associated CEP120 mutants, which hinder
Protein Moonraker recruitment, still result in ectopic cells in the germinal zone. Together, our
data reveal a close interplay between CEP120 and Protein Moonraker for the germinal zone exit
and timely neuronal differentiation of GNPs during cerebellar development, and mutations in
CEP120 and Protein Moonraker may participate in the heterotopia and cerebellar hypoplasia
observed in JS patients.
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Abstract: Down syndrome is caused by the triplication of human chromosome 21 (Hsa21) and
includes hypocellular brain structures due to restricted cellular proliferation and precocious cell
differentiation. The triplication of DYRK1A, found on Hsa21, has been implicated in the
dysfunction of several associated molecular pathways. Historically, DS research has operated
using a linear correlation between gene copy number and protein expression, assuming if two
copies of a gene produce a normal amount of protein, three copies will produce a 1.5-fold
overexpression. Inhibition of overexpressed DYRKZ1A is an attractive target for realigning
neurodevelopmental trajectories in DS, and several preclinical studies are ongoing in humans
and animal models. The Ts65Dn mouse model of DS contains a freely segregating segmental
chromosome with ~104 genes homologous to those found on Hsa21, including Dyrkla. Most
experiments using the Ts65Dn model have been performed in adult males, preserving females
for colony maintenance, creating a scarcity of data regarding other factors contributing to DS
phenotypes during development. Quantification of DYRK1A at postnatal day (P) 15 found
overexpression in the hippocampus, cerebral cortex, and cerebellum of male, but not female,
Ts65Dn mice when compared to wild-type littermates. Preliminary investigation in our lab
uncovered significant overexpression in both sexes at P6, suggesting DYRKZ1A is dynamically
expressed during neurodevelopment and dependent on multiple factors including sex and age.
We hypothesized reducing Dyrkla copy number in Ts65Dn mice would significantly alter
protein and mMRNA expression compared to controls, and that expression profiles would be
different between male and female mice. To test these hypotheses, Ts65Dn mice were bred to
Dyrkla +/- mice, functionally reducing Dyrkla gene copy number while preserving the
molecular environment created by the triplication of other genes on Hsa21. We quantified
DYRKZ1A in the hippocampus, cerebral cortex, and cerebellum of male and female animals at
multiple ages and quantified mMRNA transcripts at P6 in matched animals. Our data support
previous findings that Dyrkla expression in the brain is influenced by mechanisms of
developmental regulation beyond gene copy number, including genetic background, brain
region, age, and sex. These results provide crucial temporal and spatial information for the
design of DYRKZ1A inhibition therapies during development and support the further
investigation of expression mechanisms in the brain that contribute to intellectual disability
phenotypes present in individuals with DS.
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Abstract: Methyl CpG-Binding Protein 2 (MeCP2) functions in a dose-dependent manner in the
brain. MeCP2 is an important epigenetic factor that binds to different forms of methylated DNA
to control a wide range of cellular function. Although MeCP2 is detected in different brain cell
types, its expression level is the highest in neurons. Both MeCP2 gain- and loss-of-function lead
to abnormal structural properties of neurons in the murine and/or human brain. Accordingly,
altered MeCP2 expression or MECP2 genetic mutations are associated with impaired
neurodevelopment, mental disability, altered function of neurons, and compromised neuronal
differentiation.

My lab has studied the regulation and function of MeCP2E1 and MeCP2E2 isoforms for over a
decade. Accordingly, studies from us and others have indicated that MeCP2 homeostasis
regulation in the brain involves a feedback regulatory loop, including MeCP2E1 and MeCP2E2
isoforms, the Brain-Derived Neurotrophic Factor (BDNF), and miR132 that is a neuronal-
specific microRNA. Our studies have included the analysis of newly synthesized transcript
expression, steady-state RNA levels, increased MeCP2E1 and MeCP2E2 levels by lentiviral
induction, as well as side-by-side analysis in post-mortem human brain of Rett Syndrome
patients with that of animal models of Rett Syndrome with Mecp2-deficinecy [1, 2]. Recent data
from my lab further suggest that the feedback regulatory loop of MeCP2E1/E2-BDNF-miR132
could be differently regulated in human brain cells, versus what has been previously reported by
others in the murine brain.

Our recent studies suggest that the functional regulatory role of MeCP2 isoforms on cell
signaling pathways such as the mammalian target of rapamycin (mTOR), and protein translation
initiation might be a dose-dependent regulatory role of MeCP2 isoforms [3]. Furthermore, our
data suggests that MeCP2 isoforms themselves, may regulate the overall level of MeCP2
expression within the brain cells at different regulatory levels. Our recent research data would
provide important insight towards the dose-dependent regulatory role of MeCP2 in the brain.

1. Olson CO, et al. MECP2 Mutation Interrupts Nucleolin-mTOR-P70S6K Signaling in Rett
Syndrome Patients. Front Genet. 2018;9:635.



2. Pejhan S, et al. The MeCP2E1/E2-BDNF-miR132 Homeostasis Regulatory Network Is
Region-Dependent in the Human Brain and Is Impaired in Rett Syndrome Patients. Front Cell
Dev Biol. 2020;8:763.

3. Buist M, et al. Differential Sensitivity of the Protein Translation Initiation Machinery and
mMTOR Signaling to MECP2 Gain- and Loss-of-Function Involves MeCP2 Isoform-Specific
Homeostasis in the Brain. Cells. 2022;11(9).
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Abstract: Autism spectrum disorders (ASD) are complex neurodevelopmental disorders
hallmarked by many behavioral and social deficits. While ASDs are genetically heterogeneous,
defective synaptogenesis has emerged as a common pathological feature. Monogenic mutations
in SHANKS, a critical scaffolding protein in post-synaptic neurons, account for a substantial
amount (1-2%) of all ASD cases. While ASD has been extensively studied in vivo using animal
models, the impact of SHANK3 mutations on human synaptogenesis is largely understudied.
Cerebral organoids (COs) are a novel stem-cell based model that recapitulate features of early
human corticogenesis. We have previously demonstrated COs functional activities can be
assessed by a multi-electrode array (MEA) platform. To investigate synaptic properties of a
truncated SHANKS3 isoform, we generated COs from control iPSCs and iPSCs containing a
SHANKS3 nonsense mutation (Glu809X). To test for synaptic activity within both lines of COs,
we prepared live organoid slices and performed immunohistochemistry for SYNAPSIN, a
marker of excitatory synaptic contacts. We further assessed functional activities by measuring
electrophysiological properties in both control and SHANK3 COs. Our SHANKS3-deficient CO
slice cultures showed a significant reduction in SYNAPSIN expression compared to controls.
Treatment of the SHANK3 COs with Ataluren, a nonsense suppressor agent, significantly
restored SYNAPSIN levels. Electrophysiological analyses using MEA showed reduced spiking



activity, increased inter-burst intervals, and a decline in burst rates in SHANK3 mutant COs
compared to control organoids, all of which reflect a defect in synaptic transmission. Our results
show for the first time that a loss of SHANKS function leads to defective excitatory synaptic
properties in COs. This study highlights both the important role for SHANKS during human
synaptogenesis in brain development and for the ability of COs to investigate clinically relevant
mechanisms and therapeutic options for ASD.
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Abstract: The X-linked THOC2 gene encodes a subunit of the highly conserved TREX
(Transcription-Export) complex that is involved in fundamental cellular processes like
transcriptional regulation, stem cell maintenance, 3 mMRNA processing, mitotic progression,
genome stability, and mRNA export in all eukaryotic cells. We have implicated >40 partial loss
of function (pLOF) THOC2 variants in neurodevelopmental disorders (NDD), with intellectual
disability (ID) as the core phenotype. While many studies have investigated the effect of THOC2
knockdown in various cell models, mostly cancer, the cellular and molecular basis of how the
patient THOC?2 variants cause NDD/ID are elusive. We have approached answering these
questions by generating a mouse model of THOC2. After multiple failed attempts with different
missense variants (noting that IMPC also failed to generate conditional or knockoutThoc2 mice),
we successfully generated the first Thoc2 Exon37-38 deleted mouse model by CRISPR-Cas9
gene editing, inspired by this variant we identified in a patient with ID, speech delay, hypotonia,
and microcephaly. We confirmed the absence of gene editing-associated off-target effects by
whole genome sequencing. Like the patient, the Thoc2 Ex37-38 del male mice are smaller in size
and weight (~15%) compared to their wild-type (WT) littermates. We confirmed deletion of



Thoc2 Ex37-38 sequence in the Ex37-38 del male mice mRNAs by RT-PCR and Sanger
sequencing and that the Thoc2 protein in Ex37-38 del male mice brain, eye, and lungs is
truncated and accumulates compared to the WT protein. Our behavioural testing using Morris
water maze and Y-maze protocols (n=14 mice/genotype) revealed a significant deficit in spatial
learning and working memory in the Ex37-38 del compared to the WT male mice. Further, the
histological features of the E18.5 embryonic as well as adult mouse brains show significantly
compressed cortical (ventricular and marginal zones of E18.5 mice brain) and corpus callosum
architecture in Ex37-38 del male mice compared to the WT (n=7/genotype). Our investigations
of in vitro primary cortical neuron and neural stem cell (NSC) cultures from E18.5 embryonic
brains showed that the Ex37-38 del male mouse neurons have shorter primary axons and sub-
optimal neural migration. Finally, the NSCs from Ex37-38 del male mice undergo premature
differentiation and have significantly increased cell death. Together, our data show that Thoc2
Ex37-38 del male mice recapitulate the patient phenotypes, providing a unique in vivo tool for
undertaking in-depth cellular/molecular studies on THOC2 variant-mediated brain pathology.
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Title: Tissue and cell-type specific molecular and functional signatures of 16p11.2 reciprocal
genomic disorder across mouse brain and human neuronal models
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Abstract: Recurrent copy number variants (CNVs) of 743 kilobases of chromosome 16p11.2
represent a well-defined reciprocal genomic disorder (RGD). The CNV segment is highly gene
dense (31 protein-coding genes) and associated with autism spectrum disorder (ASD) as well as
a range of variability in neuropsychiatric and anthropometric traits that may suggest differential
tissue- and context-specific impact of multiple genes. We performed transcriptome profiling of
350 libraries from six tissues (cortex, cerebellum, striatum, liver, brown fat, white fat) in mouse
models harboring CNV of the syntenic 7qF3 region, as well as cellular, transcriptional, and
single-cell analyses in 54 isogenic neural stem cell, induced neurons, and cerebral organoid
models of CRISPR-engineered 16p11.2 CNVs. Across tissues, differentially expressed genes
(DEGs; FDR < 0.1) within the 16p11.2 segment were mostly uniform relative to their
constitutive expression. Transcriptome-wide DEGs were largely tissue, cell-type, and dosage
specific, though more effects were shared between deletion and duplication than expected by
chance. The broadest effects were observed in the cerebellum (2163 DEGS), and the greatest
enrichments were associated with synaptic pathways in mouse cerebellum tissues and human
induced neuron cell lines. Energy and RNA metabolism were recurrently observed as shared
processes disrupted by the 16p11.2 CNV, and co-expressed genes were enriched for highly
constrained and ASD-associated gene sets. Intriguingly, despite the dosage-specific CNV effects
on transcription, reciprocal 16p11.2 dosage changes resulted in consistent decrements in neurite
function and electrophysiological features, while single-cell profiling of cerebral organoids
showed reciprocal alterations to the proportions of excitatory and inhibitory GABAergic
neurons. Both neuronal ratios and gene expression changes in our organoid analyses point most
directly to calretinin GABAergic inhibitory neurons and the excitatory/inhibitory balance as a
target of disruption in 16p11.2 carriers that may contribute to changes in neurodevelopmental
and cognitive function. Collectively, our data indicate the genomic disorder involves disruption
of multiple contributing biological processes, with relative impacts that are context-specific.
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Abstract: PCDH19-related epilepsy, also known as PCDH19-CE, is one of the most common
forms of early-onset epilepsy in females, affecting about 30,000 people in the U.S. alone.
PCDH19-CE is an epileptic encephalopathy characterized by short and repeated seizure clusters.
Patients present with predominantly focal seizures, which are often followed by developmental
decline and intellectual disability. This disorder is caused by pathogenic variants in the PCDH19
gene, which codes for a protein known as protocadherin-19. PCDH19 is a member of the
protocadherin (PCDH) subfamily, a group of cell-adhesion proteins which are important for the
formation of neural circuits. PCDH19 consists of an extracellular domain that mediates calcium-
dependent cell adhesion interactions and an intracellular domain that regulates intracellular
signaling and trafficking. The PCDH19 gene is predominantly expressed in the central nervous
system, particularly the limbic areas and cortex, and it has higher levels of expression during
early development. This gene is located in the X chromosome; thus, PCDH19-CE is an X-linked
disorder. However, hemizygous males are unaffected by PCDH19-CE, while heterozygous
females experience severe symptoms. This unusual expression pattern is thought to be caused by
a mechanism of cellular interference in which affected individuals have two different cell
populations, caused by X-inactivation. This hypothesis is supported by symptomatic males
presenting with mosaic pathogenic variants in PCDH19. Here, we established a mouse model to
visualize the presence of two cell populations: WT (GFP-expressing) and PCDH19 KO by
breeding wild-type PCDH19 males carrying XeGFP with heterozygous PCDH19 females.
Previous studies investigating PCDH19 function in PCDH19 mouse models revealed that
heterozygous females, homozygous null females, and hemizygous null males did not exhibit
gross brain abnormalities or spontaneous seizures. Thus, we tested susceptibility to
hyperthermia-induced seizures in our model, as patients with this disorder often experience
uncontrollable seizures, initially triggered by fever. Then we aimed to determine if the presence
of these two populations impacted the severity of febrile seizures. Results from this project
provide insight into the pathophysiology of PCDH19-CE and contribute to the growing efforts to
find novel therapeutic approaches for this devastating disorder.
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Abstract: KCNQ2, a gene that encodes a voltage-gated potassium channel subunit, has been the
focus of studies related to neurodevelopmental disorders for decades. It is well known that
KCNQ2 pathogenic variants could lead to disorders ranging in severity from Self-Limited
(Familial) Neonatal Epilepsy to Developmental and Epileptic encephalopathy (DEE). Although
many DEE variants have been identified in the voltage-sensor, pore-region, or C-terminus of the
KCNQ?2 channels, few have also been identified in the S4-S5 linker, a region critical for KCNQ?2
electrocoupling. Here, we studied one such variant, KCNQ2?28R that has been identified in
patients suffering from severe, early onset epilepsy. The KCNQ2H228R variant acts as a loss-of-
function and dominant negative when expressed in heterologous cells. Using a Kcng2™228R
knockin mouse model developed by the Rare and Orphan Disease Center at the Jackson Lab
(MMRRC stock #69623), we investigated the effects of the KCNQ2"228R variant on cellular
physiology of neonatal and juvenile mice. We used Kcng2228%*+ mice as the homozygous mice
die perinatally, consistent with KCNQ?2 loss of function in neurons. We compared the protein
expression patterns between heterozygous mice and their wildtype littermates using
immunohistochemistry (IHC) and Western blotting. IHC revealed that the variant appears to
cause a dramatic shift in KCNQ2 localization in both the hippocampus and neocortex from fibers
to the soma. This was an unexpected shift, as the S4-S5 linker has not been associated with
KCNQ?2 localization signals. This mis-localization was consistent across several developmental
time points as well as different regions of the brain. Given this change, we also investigated the
electrophysiological traits of neurons by recording in acute slices taken from Kcng2"22R* mice.
Although mesoscale calcium imaging ex vivo revealed an increase in neuronal excitability in
neonatal mice, there were no differences in the firing properties of hippocampal CA1 and L2/3
neocortical neurons between juvenile heterozygous mice and their wildtype littermates. Taken
together, our data suggest that KCNQ2 loss of function variants could alter KCNQ2 protein
localization independent of their location on KCNQ?2 protein in neurons, suggesting that KCNQ?2
subcellular mis-localization might be a KCNQ2 DEE endophenotype.
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Abstract: DDX3X syndrome is a rare neurodevelopmental disorder that primarily affects
females. It is caused by mutations in the X-linked gene DDX3X, yet its neurobiological
mechanisms remain elusive. Ddx3x heterozygous female mice (Ddx3x*") exhibit developmental
and behavioral deficits closely resembling the clinical phenotypes of DDX3X syndrome. Further,
Ddx3x*" pups (postnatal day 3; P3) have an excess number of a glutamatergic cortical
subpopulation that co-express molecular markers that lead to opposite cellular identities: CTIP2
for subcortical neurons and BRN1 for intracortical neurons (CTIP2+BRN1+). Given that little is
known about this subpopulation and why it is altered by Ddx3x loss-of-function, we are
investigating the development and circuitry of these neurons in Ddx3x* and control (Ddx3x**)
mice. We used immunohistochemical markers in P3 to 4-month-old mice to follow the co-
expression timeline of CTIP2+BRN1+ neurons in the motor and primary somatosensory cortex
of Ddx3x*" and Ddx3x*"* mice. A window of neurogenesis for these neurons was identified by
injecting bromodeoxyuridine (BrdU) into pregnant dams across different embryonic time points
to mark proliferating cells in the developing embryo. The projection targets of these neurons
were mapped by injecting a retrograde viral tracer that expresses GFP into cortical and
subcortical areas. Our results show that CTIP2+BRN1+ neurons are present from P3 and are
maintained at 4 months of age in Ddx3x* and Ddx3x** mouse cortices. At 4 months of age,
there continues to be a surplus of these neurons in the primary motor cortex of Ddx3x*" mice, in
line with our previous observations at P3. CTIP2+BRN1+ neurons are decreased in premotor and
primary somatosensory cortical areas of Ddx3x*~ mice. Our results also show that some
CTIP2+BRN1+ neurons are generated at embryonic day 13.5 (E13.5), but the peak of their
neurogenesis remains unknown. We also found that CTIP2+BRN1+ neurons reside within layer
5 of the neocortex and do not display corticothalamic or callosal projection identity. We expect
the projections of these neurons to be altered in Ddx3x*- mice. We propose that alterations in this
subpopulation may underlie the developmental and behavioral impairments caused by DDX3X
syndrome.
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Abstract: CDKLS5 deficiency disorder (CDD) is a rare X-linked neurodevelopmental disorder
marked by epileptic encephalopathy and severe neurodevelopmental delay that is the result of
loss-of-function mutations in the CDKL5 gene. CDD predominately affects females and the
resulting mutations lead to a mosaic expression of Cdkl5 in the brain. Two mouse models of the
disease, B6.129 FVB CDKLS5 (exon 6 constitutive knockout) and CDKLS5 R59X (patient
mutation model) are commonly used in the field to study mechanisms underlying the disease
progression, examine neuropathology and to evaluate novel therapeutic interventions. Our group
has evaluated robust translational behavioral assays in both male and female wildtype and
transgenic mice from both CDD models. An extensive motor, learning and memory, and
neurophysiological battery was performed on both models describing functional endpoints in
female mice. Hyperactivity and motor deficit phenotypes were validated in both lines. Following
our tailored learning and memory and neurophysiology battery we were able to detect significant
deficits in transgenic mice as compared to their wildtype littermates. To further replicate
published protein levels, Cdkl5 substrates and gene expression Western blot and RT-gPCR was
performed from discrete brain regions of both models. An immunohistochemical evaluation of
the impact of the disease on perineuronal network formation (WFA), developmental memory
processes (c-Fos) and vesicle facilitation of neurotransmission (SV2A) was performed in order to
identify neuropathological endpoints of the disorder. Taken together these data will provide a
series of reproducible quantitative and qualitative criteria to evaluate the efficacy of outcome of
translational therapeutic intervention applied to the available animal models for CDKL5
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Abstract: Williams-Beuren syndrome (WBS) is a rare hereditary neurodevelopmental disorder
(NDD), characterized by several neurobehavioral and cardiovascular alterations. Despite the
recent advances in engineering a pre-clinical animal model recapitulating the complete human
chromosomic deletion (i.e., the CD transgenic mouse), the etiopathological processes of this
complex syndrome are poorly understood and effective pharmacological treatments are still
lacking. Because potassium (BK) channels play a crucial role in synaptic function and neuronal
excitability, and are known to be altered in several NDDs, we tested the hypothesis that a
reduction in BK channel expression and functionality underlies alterations in CD mice and that
stimulating BK channels may therefore alleviate the pathological WBS-like phenotypes of CD
mutants. We chose the FDA-approved BK channel agonist chlorzoxazone (CHLOR) typically
prescribed for non-developmental muscular pathologies, but which has been recently proposed
for treating neurodegenerative disorders in animal models. Adult (4-5 months-old) male and
female CD mice and their WT littermates were used. BK expression and functionality were
assessed at both neuronal and cardiovascular levels. For pharmacological studies, animals
received either acute or chronic (for 10 days) intraperitoneal injections of CHLOR and were then
screened for behavioral abnormalities resembling those observed in WBS patients. These
included assessment of cognitive, social, sensory, motor and emotional abilities that are known
to be altered in WBS. Furthermore, the effects of acute CHLOR on cerebral and cardiovascular
alterations of CD mice were evaluated. We found that BK currents and the expression of their



constitutive and regulatory subunits were reduced in CD mice, both in neurons and lung vascular
smooth muscle cells. Both acute and chronic CHLOR treatments were efficacious in rescuing the
major neurobehavioral and cardiovascular abnormalities of CD mice. Our findings support the
therapeutic value of CHLOR for the treatment of WBS and provide preclinical evidence for
future clinical applications of CHLOR in WBS research. They also suggest that BK
channelopathies may be a common ethiopathological mechanism involved in multiple
neurodevelopmental rare syndromes.
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Abstract: Intellectual disabilities arise from disruption of normal brain function. ARX is a
transcription factor known to regulate brain development and patterning, which when mutated
causes an X-linked form of intellectual disability and other syndromes associated with
neurological deficits. Moreover, several mutations have been identified in this gene, and there is
a correlation between the class of mutation and the resulting neurological syndrome. This gene is
conserved throughout evolution, and mutations in the Caenorhabditis elegans ortholog, alr-1,
result in defects in neuronal development. We discovered that these defects can be rescued by



human ARX, creating an ideal model system to test the mechanistic underpinnings of ARX
disease-causing mutations. Genetic analyses of alr-1/ARX mutant phenotypes support its role in
regulating distinct gene regulatory networks cell/cell-group specifically, including axon
termination, synaptogenesis, GABAergic neuronal differentiation, and male-specific neuronal
differentiation. However, how this cell/cell group-specific regulation is achieved is still not
known. Identifying how ARX achieves this specificity is crucial in order to understand the
mechanism underlying the genotype/phenotype correlation observed in different ARX mutations.
Current work aims at (1) identifying the regulatory sequences responsible for cell/cell group-
specific expression of alr-1, (2) identifying its target genes, and (3) characterizing the effect of
ARX disease-causing mutations in neurodevelopment.
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Abstract: FOXG1 syndrome is a neuro-developmental disorder that affects the early
development of the telencephalon, leading to severe cortical impairments. The disease is
associated with mutations in the FOXG1 gene, which encodes a transcription factor of the
forkhead family. There is no cure or treatment for FOXG1 syndrome. Here, we report a novel
mutation of the FOXG1 gene, a single nucleotide deletion c.946del (p.Leu316Cysfs*10)
resulting in the premature truncation of the FOXG1 protein. We generated and characterized the
clinically-relevant Foxgl c946del mouse model that recapitulates hallmarks of the human
counterpart. Thorough genetic, molecular, cellular, physiological and behavioural analysis
revealed that heterozygous mice display poorer grip strength and motor coordination. EEG
recordings and chemically-induced seizures indicated an aberrant neuronal network underlying
an increased seizure susceptibility. Gene expression profiling identified upregulation of
oligodendrocyte and myelin related genes. Specifically, we showed that FOXG1 dysregulation is
correlated with overexpression of proteolipid protein 1 (Plp1), a gene linked to white matter
disorders. Postnatal administration of Plpl-targeting antisense oligonucleotides in Foxgl c946del



mice improved motor-related deficits. These results positioned Plpl as an important new target
for therapeutic strategies that benefit FOXG1 syndrome patients.

Disclosures: D.C.S. Tan: None. S. Jung: None. Y. Deng: None. N. Morey: None. G. Chan:
None. A. Bongers: None. Y. Ke: None. L.M. Ittner: None. F. Delerue: None.

Poster

355. Developmental Disorders: Genetic Models 11
Location: SDCC Halls B-H

Time: Monday, November 14, 2022, 1:00 PM - 5:00 PM
Program #/Poster #: 355.23

Topic: A.07. Developmental Disorders

Support: DOD W81XWH-17-1-0238
CPRIT RP 140655
RO1 NS115546
3R01MH116882-02S1

Title: Gatorl contributes to seizures: mechanisms and therapeutic rescue in Nprl2 models

Authors: *L. ANGELES-PEREZ?!, B. DENTEL?, C. REN?, V. JAKKAMSETTI}, A.
HOLLEYZ, D. CABALLERO3, E. OH2, J. GIBSONZ, J. M. PASCUALl, K. HUBERZ, B. TU3, P.
TSAIL:

INeurol., ?Neurosci., ®Biochem., Univ. of Texas Southwestern Med. Ctr., Dallas, TX

Abstract: One emerging cause of focal epilepsy is mutations in the gene nitrogen permease
regulator-like 2 (NPRL2). NPRL2 is a part of the GAP activity towards the rags 1 (GATOR1)
complex, which negatively regulates the mechanistic target of rapamycin complex 1 (nTORC1).
To delineate the mechanisms underlying these epilepsies and further understand the role of
NPRL2, we generated two conditional Nprl2 mutant mouse models. Given that constitutive loss
of Nprl2 leads to embryonic lethality, we conditionally deleted Nprl2 using a pan-neuronal and
glial model (Nestin®®) and an excitatory neuronal conditional model with deletion in the
forebrain and hippocampus (Emx1°®). Homozygous mutant Nprl2 mice with

the Nestin®® promoter showed early mortality around P8-12, weighed less than heterozygote and
control littermates and demonstrated spontaneous seizures. The Emx1°"¢ homozygous mutant
mice for Nprl2 showed mortality by P21 and weighed less than their littermates. In addition to
spontaneous seizures, Emx1°® mutant mice displayed abnormal synaptic function characterized
by increased excitatory and decreased inhibitory synaptic changes. To determine the specific
contribution of excitatory neurons in the forebrain to seizure development and given their
increased survival, we focused the rest of our studies on the Emx1°® mutants. Using neocortical
tissue, we performed metabolomic studies, which revealed mutants had increased levels of the
neurotransmitter, glycine. We next explored whether glycine contributed to the
electrophysiological and survival phenotypes in these mice. Our studies show that blocking the
co-agonist glycineg site at the NMDAR ameliorated the increased excitatory synaptic changes



present in the mutant mice. Additionally, probenecid treatments to inhibit glycine’s actions at the
NMDAR increased survival in Emx1°® mutant mice. Altogether, we demonstrate Nprl2 deletion
in the brain results in spontaneous seizures, early mortality, synaptic dysfunction and metabolic
disruptions in mice. Further, we show evidence of glycine actions at the NMDAR as a
contributing mechanism underlying these phenotypes. These findings provide potential
therapeutic targets for mTORC1-related epilepsies.
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Abstract: DDX3X syndrome accounts for 1-3% of unexplained intellectual disability (ID) in
females, presenting also behavioral problems and motor impairments. Even though the genetic
cause of the syndrome is known — mutations in the DDX3X gene —, the cellular and molecular
mechanisms underlying it are still to be elucidated. DDX3X is an X-linked gene that regulates
MRNA translation and has emerging functions in corticogenesis and synaptogenesis. We
previously generated the first mouse model (Ddx3x*") with construct and face validity for
DDX3X loss-of-function mutations, which showed developmental and behavioral alterations
accompanied by defective cortical lamination. Here, we aim to elucidate the cellular and
molecular mechanisms driving DDX3X syndrome during development, particularly during
corticogenesis. To this aim, we used our Ddx3x*~ mice to study the impact of Ddx3x
haploinsufficiency on corticogenesis by assessing the presence of cortical progenitors using cell-
specific markers at different time points of embryogenesis. We also evaluated the birthdate and
migration of glutamatergic neurons using BrdU injections and in utero electroporation of a GFP
plasmid. We found that Ddx3x*"- mice present with an increase in cortical progenitor cells during
embryogenesis at the expense of postmitotic neurons compared to their Ddx3x** littermates.
Overall, our data shed new light on the cellular mechanisms driving DDX3X syndrome.
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Abstract: DNA damage response proteins play a crucial role in maintaining genomic integrity
during genesis of the nervous system, when a pool of highly dividing cells generates a variety of
neuronal and non-neuronal cell lineages. ATM (ataxia telangiectasia mutated) and MSH2 (MutS
homologue 2) are two of the crucial DNA repair proteins, acting in two different pathways.
Mutation of these genes are often associated with aberrant cell cycle and tumorigenesis. In the
nervous system, ATM deficiency causes Ataxia telangiectasia (AT) in humans, which is
characterized by progressive neurodegeneration manifested mainly as cerebellar ataxia,
oculomotor dysfunction and oculocutaneous telangiectasias. Surprisingly, the ATM-deficient
mouse models fail to recapitulate these neurological phenotypes. Loss of ATM and MSH2
causes a late embryonic lethality, suggesting an uncharacterized developmental defect in Atm™
Msh2/- embryos.

Gross anatomical analysis of the head of Atm”"Msh2”- mouse embryos showed severe defects in
eye development, such as anophthalmia, microphthalmia, or coloboma. We generated similar
double mutants in the developing chick brain, by combining CRISPR/Cas9 gene editing and in
vivo electroporation. The chick ATM and MSH2 double mutants showed a similar phenotype as
the Atm”-Msh2”- mouse embryo, suggesting a conserved mechanism of action of these genes
during visual system development. To investigate the development of eye structures, we
examined the retinal pigment epithelium (RPE), neuronal retina as well as components of the
neuro-vascular unit. Both the mouse and the chick ATM and MSH2 double mutants showed
defects in eye structure patterning, such as enlarged optic stalk, incomplete formation of the RPE
and different degrees of delay in the generation of the neuronal retina. Importantly, the ATM and
MSH2 double mutants show vasculature leakage around the developing eye, as well as in other
regions of the embryonic brain, which is reminiscent of telangiectasia, a hallmark of AT patients.
We hypothesize that the combined absence of ATM and MSH2 triggers the accumulation of
genomic DNA damage in vulnerable cell populations. In parallel, we will investigate the role of



reactive oxygen species (ROS), known to be accumulated during mitosis and to activate ATM
and MSH2. The mechanisms by which ATM and MSH2 regulate vascularization and visual
system development in mice and chicken remain to be determined. Upon completion, this work
will advance our understanding of the molecular mechanisms that determine AT features such as
visual telangiectasia as well as the vulnerability of the visual system in these cases of faulty
DNA repair.
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Abstract: The neuronal chloride (Cl-) exporter, KCC2, is an important regulator of neuron
excitability and development. KCC2 expression undergoes a stereotypical pattern of delayed
upregulation as neurons are born and mature. KCC2 upregulation favors neural inhibition by
establishing a negative Cl- gradient, ensuring GABA-induced CI- currents are inward and
inhibitory. We developed a zebrafish fluorescent reporter line, KCC2b:mCitrine, to track KCC2
expression in vivo during early brain development. KCC2b:mCitrine expression was first
detected at 16 hours post fertilization in the earliest differentiating neurons, and labeled most
central and peripheral neurons and axonal and dendritic processes as they developed across 6
days. At 20 hours expression was greatest in the soma-dense basal neuroepithelium but largely
absent in apical and mantle zones where differentiation and migration primarily occurs, and time
lapse imaging at this stage supports a post-migration upregulation of KCC2. Central dopamine
neurons have been shown to have low KCC2 expression in other species and we found
preliminary evidence for this in larval zebrafish. KCC2b:mCitrine fluorescence was stable over
minutes in most neurons, but brightness transients observed in single cells fit our expectation for
real-time tracking of KCC2 gene upregulation in new neurons. To further assess whether
fluorescence brightness tracks KCC2 expression, zebrafish embryos were exposed to BPA,
which is known to suppress KCC2 expression. BPA decreased whole-brain mCitrine
fluorescence after 6 days of exposure but not after 2 or 4 days of exposure, suggesting
fluorescence may be an accurate but delayed indicator of gene regulation. KCC2b:mCitrine



zebrafish present a new way to visualize KCC2b’s complex dynamics during brain development,
and potentially to screen compounds aimed at modulating KCC2 expression.
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Abstract: NIBP (NIK-and-1KK2-binding protein; also known as TRAPPC9) is an important
mediator of both NF«B signaling and protein transport particle (TRAPP) trafficking. Increasing
clinical evidence shows that NIBP/TRAPPC9 mutations have been linked to a novel autosomal
recessive intellectual disability syndrome, NIBP Syndrome, characterized by various symptoms
including intellectual disability, developmental delays, postnatal microcephaly, dysmorphic
facial features, and obesity. Clinical evidence has confirmed that patients with this disorder have
significantly decreased NIBP mRNA and protein expression, suggesting that NIBP deficiency is
directly responsible for its pathogenesis, although the pathways involved remain unclear. To
better understand the cellular/molecular mechanisms underlying NIBP Syndrome, we developed
two separate animal models to phenotype NIBP deficiency. Zebrafish models were generated
using morpholino knockdown and CRISPR/Cas gene editing and mouse models were generated



using traditional gene targeting of floxed exon 2-5. NIBP-deficient zebrafish and mice presented
with microcephaly marked by decreased volume of white and grey matter. Additionally, NIBP
knockout mice displayed deficits in learning and memory. Immunofluorescent analysis showed
defective neuritogenesis in NIBP-deficient mice and zebrafish, characterized by impaired
elongation and branching of dendrites and axons during neuronal maturation. Proteomics
highlighted decreased expression of several other TRAPPII related proteins, suggesting impaired
stability of TRAPPII complexes. We confirmed that NIBP deficiency impaired TRAPPII
trafficking in actin filaments and microtubules of neurites and growth cones. Altogether, these
findings suggest that NIBP deficiency may lead to impaired TRAPPII trafficking resulting in
defective axon and dendrite elongation/branching. This provides novel genetic/molecular
evidence to help characterize the mechanisms underlying a novel intellectual disability. These
findings highlight the importance of protein trafficking during neuronal maturation and offers a
potential therapeutic target for neurodevelopmental disorders.
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Abstract: Fibroblast growth factor homologous factor 13 (FGF13) is a non-canonical member of
the fibroblast growth factor (FGF) superfamily that is not a secreted growth factor but instead
functions intracellularly as a voltage-gated sodium channel auxiliary protein. Clinical studies
revealed that patients with disruptions or mutations in the X-linked FGF13 gene have early
onset cognitive impairment and febrile seizures. The X-linked Fgfl3 produces two major
alternatively-spliced isoforms in the cerebral cortex, one which is predominantly expressed
in excitatory and the other in inhibitory neurons. Proteomic screens and transcript
sequencing studies predict different roles for the two splice variants. To study cell-type
specific FGF13 functions in the cerebral cortex, | generated mice lacking FGF13 throughout
Emx1-expressing excitatory neurons or Gad2-expressing GABAergic interneurons. Gad2-mutant



mice suffer epileptic seizures, consistent with the human clinical condition, and hemizygous
knockout mice die perinatally. Mice with Fgf13 deficiency in glutamatergic cells survive through
adulthood. To further define the functional roles of FGF13, we recorded sodium currents in
Emx1-expressing or Gad2-expressing knockout neurons. My findings reveal cell type-specific
roles of Fgf13 in cortical development, likely driven by distinct splice variants. These data show
that differential expression of Fgfl13 via alternative splicing generates distinct proteins with
different neuronal functions.
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Abstract: The coordinated regulation of the dynamic cytoskeletal network is essential for proper
brain development. This plays an integral role in cellular movement and orientation during
proliferation, as well as growth cone protrusion during axonal guidance. Primary cilia, which are
made up of actin and microtubules, serve as a hub for various key developmental signaling
cascades. Dysfunction in actin and ciliary proteins lead to rare genetic disorders affecting many
organs, including the brain. Congenital ataxias generally result from dysfunction and
malformation of the cerebellum, particularly the vermis. These disorders may be caused by the
lack of proper developmental signaling cascades that dictate the proliferation and migration of
neurons.

Our lab identified the nmf418 mutation in a chemical mutagenesis screen for neurological
phenotypes in mice. Nmf418” mice are ataxic, and most die at postnatal day 0. They have vermis
malformation abnormal foliation, and elongated shape along the anterior-posterior axis of the
cerebellum. These mice also have reduced axonal tract fibers in the corpus callosum and anterior
commissure, as well as a lack of superior cerebellar peduncle axonal tract decussation.
Strikingly, many of these phenotypes are reminiscent of symptoms seen in humans with
dysfunctional cilium. By positional cloning, we identified a mutation in Fmnl2, a member of the
formin protein family which leads to a dramatic reduction in FMNL2 protein.

FMNL2 is an autoinhibited cytoskeletal effector that has been previously shown to drive actin
polymerization at filopodia and lamellipodia tips of cultured cells. Although other formins have



been shown to bind and regulate microtubules and actin, as well as influence cilia formation, the
function of FMNLZ2 in these processes during brain development is unknown. Our next step is to
determine the function of FMINLZ2 in cerebellar granule cell actin polymerization, particularly
during growth cone formation. We will also investigate the loss of FMNLZ2 and its impact on
ciliary function and developmental cascades. These studies will also shed light on the
mechanisms underlying the role of cilia and actin in human cerebellar malformations.
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Abstract: Our study investigated the differences in speech performance and neurophysiological
response in groups of school-aged children with unilateral hearing loss (UHL) or typically
developed (TD) characteristics. Total 16 primary school-aged children were recruited in our
study (UHL=9/TD=7, diagnosed in Shin Kong Wu-Ho-Su Memorial Hospital). Word
comprehension is tested by the Peabody Picture Vocabulary Test-Revised (PPVT-R), and the
PPVT-R PR value is proportional to the auditory memory score (by The Children’s Oral
Comprehension Test) in both groups. Later we assessed the latency and amplitude of auditory
and visual ERPs and found that the latency of auditory ERP N200 in the UHL group is
prolonged compared with which in the TD group. The amplitudes of auditory and visual ERP
P300 were both lower in the UHL group showing the implication of attenuated auditory and
visual processing. Although UHL pupils have one-side normal hearing, based on our results,
long-term one-side hearing deprivation might be the origin of aberrant reorganization of brain
areas for auditory or even visual perceptions attributed to speech delay and learning difficulties.
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Abstract: Attention deficit hyperactivity disorder (ADHD) is one of the most common
neurodevelopmental disorders worldwide. Evidence has shown that aerobic exercise might have
positive impact on relieving symptoms in subjects with ADHD. However, the underlying
mechanism is still missing. The study aims to explore the effects of acute aerobic exercise on
brain physiology in subjects with ADHD. The study was conducted in a cross-over design. Six
ADHD subjects and 6 matched healthy controls were assessed by transcranial magnetic
stimulation (TMS) before and after exercise and control (rest) intervention. The results found
that acute aerobic exercise significantly decreased cortical excitability (enhanced intracortical
inhibition, and decreased intracortical facilitation) in subjects with ADHD. In contrast, cortical
excitability enhancement was found in healthy controls after acute aerobic exercise. The study
gave preliminary evidence that acute exercise can modulate cortical excitability in subjects with
ADHD which might explain the treatment effects of exercise intervention.
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Title: Preliminary Findings for Early Child Development on Cognitive, Social, and Emotional
Functions among the COVID generationPreliminary Findings for Early Child Development on
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Abstract: Since early child development is affected by environmental factors, the impact of the
COVID-19 pandemic on children's development should be examined in a timely manner.
Decreased physical activities and social interactions, due to closures of childcare sites and social
distancing policies, may have caused deficits in cognitive and social stimulation that children
would have normally acquired from their environment, resulting in delayed development. As a
preliminary study for planning adequate interventions for children going through the pandemic,
the present study aimed to delineate the developmental profiles of the COVID generation. The
present study identified 147 infants without known developmental disabilities born between late
2018 and early 2021 in South Korea. Their developmental profiles in Cognitive, Physical, Social
functions, behavioral problems, as well as their caregivers' depression, were assessed. The results
showed that the rates of children at high risk of developmental delays in Communication and
Physical functions were higher than standardized base rates by 11.15% and 13.7%, respectively.
The high-risk rates for Social function (22.2%) were notably higher than base rates, suggesting a
significant delay in social development. 10% of the children exhibited more behavioral problems
compared to children in the normal range, showing 8% more Internalization and Externalization
each. When the extent of COVID-related regulations is accounted for, children residing in areas
with more strict regulations showed higher rates of Hyperactivity (p<.001) and more delays in
daily living skills (p<.05). Lastly, 22% of the caregivers reported significantly higher rates of
depression than average. There was also a trend for a positive correlation between time passed
during the pandemic and children's developmental delays, behavioral problems, and caregivers’
depression. It is noteworthy that these preliminary findings revealed the negative effects of the
pandemic on child development even with no nationwide lock-down. Further examination of
developmental state for more children during-pandemic and its long-term effects is needed. Also,
the application of early developmental and psychological interventions for children and
parenting education programs should be considered.
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Abstract: The observed variety of symptoms of attention-deficit/hyperactivity disorder (ADHD)
suggests a multiplicity of sources for the disorder, though environmental factors can affect the
degree of gene expression. Using a cohort of monozygotic twins (n=28) with discordant ADHD
diagnoses, we quantified the topography of neural networks using a template matching procedure
with resting-state functional connectivity MRI and demonstrated that, despite different
diagnoses, corresponding twins had a similar topography (measured using normalized mutual
information) to each other compared to mismatched twins pairs (t(13.4)= -11.4, p= 3.00x10®).
We also found the size of the frontoparietal (FP) and the visual networks surface area to be
significantly decreased in the ADHD twin (t(12), FP: p= 0.023; visual: p=0.007). This provides
evidence of a strong genetic component to topography, but also indicates epigenetic
modifications contribute to symptoms. We then used network topographies from typically-
developing children from two matched cohorts (n=2625; n=2663) from the Adolescent Brain
Cognitive Development (ABCD) study to examine the relationship between attentional scores
from the Child Behavior Checklist and network surface area. Linear models using demographic
covariates showed a reliable correlation between the FP network surface area and attention
scores (ABCD groupl r(2582)= 0.252, p= 0.021, Benjamini-Hochberg (BH) correction; ABCD
group?2 r(2620)= 0.2296, p=0.001, BH correction). However we found no correlation between
the difference in FP network surface area and in the ADHD rating scale for our discordant twins
(hyperactivity r(13)=-0.1803, p= 0.537; inattentiveness r(13)= 0.1467, p= 0.617). To investigate
how differential DNA methylation in those with ADHD contributes to symptoms and possibly
network topography, we examined DNA methylation in the blood and saliva of the discordant
twins. Only the sensorimotor network significantly correlated with DNA methylation at
€g06218533 within SETBP1 (r(13)=-0.789, p= 0.014, BH correction), a gene previously shown
to be associated with intellectual disability. These findings show gene expression can modify
network cortical surface area, however how network topography differences relate to behavioral
symptoms merits further exploration.
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Abstract: Introduction: Neurocranium growth occurs fastest in the first year after birth. Cranial
molding helmet therapy is a non-invasive treatment for positional brachycephaly. There have
been efforts to find when to start the therapy. However, previous studies compared the
parameters before and after the treatment, and studies dealing with longitudinal change during
helmet therapy are scarce. We aimed to investigate whether the monthly improvement of early
helmet therapy is better than late therapy.

Methods: We divided patients into two groups, the early helmet therapy group(EG) in which
patients started therapy before 5 months old, and the late helmet therapy group(LG) in which
patients started therapy after 5 months old. All patients received custom-made helmet therapy.
The cephalic index(CI) was calculated by dividing the cephalic width by the cephalic length
obtained by the scanner. Scan data were collected before the treatment and every month after
starting the treatment for 6 months. We compared the slopes of changes in CI between two
groups to investigate longitudinal change.

Results: The baseline characteristics of the study population are shown in Table 1. The decline
rate of Cl was -1.18 per month in EG and -0.78 per month in LG (p=0.01), showing that the
monthly decline rate of CI was steeper in EG than in LG (Figure 1).

Conclusions: The earlier the patient receives helmet therapy, the faster monthly improvement of
head shape will be achieved in brachycephaly.



Table 1. Baseline characteristics of subjects

LG (N=26) EG (N=10) total (N=36)  p-value
Male/Female 16/10 6/4 22/14 0.95
GA (weeks) 355 + 34 384 + 26 363 + 34 0.1
Therapy starting age 6.1 + 1.0 46 + 03 57 + 1.1 0.004
(months)
Preterm/Full term 14/12 2/8 16/20 0.2
NSVD/C-SEC 2/24 4/6 6/30 0.17
Twin 8 (31%) 0 (0%) 8 (22%) 0.16
Torticollis 4 (15%) 6 (60%) 10 (28%) 0.058
(@] 923 £ 44 96.0 £ 74 934 + 54 0.2

LG: Late helmet therapy group

EG: Early helmet therapy group

GA: Gestational age
NSVD: Normal Spontaneous Vaginal Delivery
C-SEC: Cesarean section

Cl: Cephalic index at starting helmet therapy
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Figure 1. Longitudinal change of cephalic index
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Abstract: Acetaminophen use induces hyperactivity in male mice Justine Lee, Olivier
Civelli, Amal AlachkarDepartments of Pharmacology and Pharmaceutical SciencesSchool of
Pharmacy369 Med Surge IlUniversity of California, Irvinelrvine, CA 92697-4625A growing
body of evidence in recent years has linked prenatal acetaminophen APAP use with adverse
neurodevelopmental outcomes in children. Correlations between early life APAP exposure and
attention-deficit hyperactivity disorder (ADHD) have been particularly compelling. Human
epidemiological findings, as well as results from animal studies, suggest there is a causative link
between prenatal APAP use and ADHD in children though the underlying mechanisms relating
prenatal APAP exposure and ADHD phenotypes in offspring have yet to be identified. Results
from our recent study show that long-term exposure to high doses of APAP in adult male mice
was correlated with increases in locomotor activity and exhibited an escalating trend over time.
Specifically, total distance traveled, ambulatory time, and ambulatory counts were consistently
higher in APAP-treated mice. Moreover, differences between the two groups grew increasingly
larger over time and APAP-treated animals often exhibited greater than twice the level of activity
of their vehicle-treated counterparts. Our results show that not only are animals treated with
APAP more hyperactive, they become even more active following chronic APAP exposure. Our
findings suggest a causal agent of hyperactive phenotypes may be present following APAP
administration which may shed light on potential pathophysiological mechanisms linking APAP
use during pregnancy and ADHD-like behaviors in offspring.
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Title: Does feedback of a happy face improve response inhibition in adults with attention-
deficit/hyperactivity disorder?
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Abstract: Individuals with attention-deficit/hyperactivity disorder (ADHD) show a deficit in
response inhibition. Previous studies have demonstrated that feedback using a happy face
improves response inhibition in children with ADHD; however, the findings were limited to
children. This study investigated whether feedback using a happy face improved the response
inhibition in adults with ADHD. The feedback effects were determined with and without low-
probabilistic uncertainty, considering difficulties in eliminating uncertainty in social feedback.
Forty-three adults with ADHD and 43 typically developed controls (TD) performed a social
incentive go/no-go task under three reward conditions (no-reward/certain-reward/uncertain-
reward). The participants observed a mosaic picture as meaningless feedback in the no-reward
condition. They observed a happy face for successful inhibition in the certain-reward condition.
They observed a happy face (87.5%) or a neutral face (12.5%) for successful inhibition in the
uncertain-reward condition. In both reward conditions, they observed a neutral face for
unsuccessful inhibition. The false alarm rate (FA), hit rate (HIT), and correct response times
(RTs) during the task were calculated. We confirmed attenuation of the FA in the certain- and
uncertain-reward conditions only in TD. For the participants with ADHD, there was no
significant improvement in the accuracy of inhibition by the feedback. Furthermore, the FA in
the participants with ADHD was lower than that of TD in the certain- and uncertain-reward
conditions. There were no group differences in HIT and RTs. We additionally investigated a
correlation between ADHD symptoms and the effects of the feedback on the FA in the
participants with ADHD. The analysis indicated that the high score of inattention was associated
with high FA in the uncertain-reward condition compared to no-reward. Our findings support the
attenuated effects of the feedback of a happy face on response inhibition in adults with ADHD.
The attenuation of the feedback effects may cause lower accuracy of response inhibition in adults
with ADHD compared with TD in situations where they receive positive social feedback from
others.
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Abstract: Perinatal exposure to inflammation may play an important role in the association
between sleep disturbances and neurodevelopmental disorders such as attention-
deficit/hyperactivity disorder (ADHD) development. The objective of this study was to examine
whether machine learning-based pattern analysis identified sleep patterns associated with ADHD
in juvenile rats exposed to perinatal inflammation and sleep disruptions. Intraperitoneal
injections of LPS (2 mg/kg) or saline were administered on postnatal day 5 (P5) to Sprague-
Dawley male rat pups, followed by behavioral testing at P35, implantation of sleep recording
electrode on P39, and exposure to sleep disruptions on P47. Baseline sleep, sleep disruption, and
recovery sleep were recorded on P46, P47 and P48, respectively, for 24 hours. Four groups (n=5)
were included in this study: Saline-Baseline, Saline-Recovery, LPS-Baseline, and LPS-
Recovery. Histological and molecular assessments for brain inflammation and neuronal damage
were performed at the end of experiments at P49. To ensure scientific rigor the molecular assays
and histological assessments were evaluated by triplicate, and the sample sizes were calculated to
reach a statistical power of at least 0.85 for a p<0.05. All animals were from the same strain and
same vendor. Data were analyzed by two-way ANOVA followed by the Student-Newman-Keuls
test. Our results showed that neonatal LPS treatment induced ADHD-like behaviors, including
hyperactivity and inattention on P35. Neonatal LPS treatment interfered with REM sleep and



sleep homeostatic responses (recovery sleep) to sleep disturbances in adolescent rats (P49). Six
unsupervised machine learning models were applied to analyze the feature interaction patterns
among the collected high-dimensional sleep data. Our approaches identified relative theta and
spindle power as features significantly associated with ADHD and perinatal inflammation in this
experimental model of sleep disruption. Additionally, LPS exposure induced brain changes at
P49 depicted by chronic microglia (Ibal+) activation and loss of TH+ neurons in the locus
coeruleus, and chronic astrocyte (GFAP+) activation and loss of immature neurons (DCX+) in
the hippocampal dentate gyrus. These results suggest that machine learning-based analysis is a
strong tool to identify neurodevelopmental disorders utilizing sleep data in subjects exposed to
perinatal inflammation and sleep disruptions. In addition, these results could help in developing
new treatments for sleep disorders associated with ADHD.
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Abstract: Attention-deficit hyperactivity disorder (ADHD), characterized by significant deficits
in cognitive control, is one of the most common neurodevelopmental disorders. Recent dual
control model suggests that cognitive control operates via two distinct modes: proactive and
reactive. However, the brain mechanisms underlying proactive and reactive control and their
relation to individual differences in behavioral symptoms associated with childhood ADHD
remain unknown. To address this issue, 26 ADHD and 27 typical developing children (TD)
(mean age = 10.7 years, 31 males) were recruited to perform a stop-signal task (SST) and a cued
SST in the MRI scanner. In the SST, participants made a choice based on the direction of a green
arrow (Go signal). Occasionally (33%), the green arrow quickly turned to red (Stop signal) and
participants need to withhold responses. In the cued SST, each trial started with a white or green
cue, indicating the probabilities of stop signal being 33% (Uncertain Go) or 0% (Certain Go),
respectively. Participants’ behaviors were highly stable as the stop signal reaction times were
correlated between tasks (r = 0.90, p < 0.001). Reactive and proactive control were probed by the
contrast of Successful Stop versus Go in the SST and the contrast of Uncertain versus Certain Go



in the cued SST, respectively. Reactive control elicits greater activation in bilateral insula, pre-
supplementary motor area (pre-SMA) and ventral temporal areas in TD children (t > 3.1). A
similar, less distributed, activation pattern was found in ADHD children (t > 3.1). Proactive
control elicits activation in bilateral insular and pres-SMA (t > 2.6, uncorrected). Regions of
interest (ROIs) analysis found that TD children had greater activation in right superior marginal
gyrus and caudate than ADHD for proactive control (p = 0.018 and p = 0.049, uncorrected).
Multivariate classification analysis found that the activation map of proactive control can
successfully differentiate children with ADHD from TD children (CV Accuracy = 75%,
p=0.004). Moreover, we correlated brain activation and clinical symptoms estimated by the
SWAN rating scale and found that activation in paracingulate gyrus and precuneus during
proactive control was negatively associated with hyperactivity symptoms (p=0.003, p=0.002),
and activation in the right insular and bilateral occipital cortex during reactive control were
positively associated inattention symptoms (p=0.005, p<0.001). Together, our findings reveal
aberrant neural mechanism underlying dual model of cognitive control and provide new insights
into the aberrant brain functioning associated with clinical symptoms in childhood ADHD.
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Abstract: Attention Deficit and Hyperactivity Disorder (ADHD) is one of the most common
neurodevelopmental disorders, characterized by inattention, hyperactivity and impulsivity. This
symptomatology differs between boys and girls, since girls present predominantly the inattentive
subtype, and boys, the hyperactive and impulsive combined subtype. Caffeine is the most
consumed psychostimulant worldwide with benefits in preventing attention, spatial and
recognition memory impairment in the ADHD model. However, few studies have evaluated
sexual dimorphism in the effects of caffeine in the ADHD model. In this study, the effects of



caffeine were investigated in a learning and decision making task (Dig task), hyperactivity and
brain oscillations in adolescent rats from both sexes of the ADHD rat model. Male and female
SHR (Spontaneously hypertensive rats, ADHD model) and Wistar Kyoto (control strain)
received either caffeine (0.3 g/L, drinking water) or water from 15 post-natal day (PND) to 55-59
PND. Dig task involves two phases of odor discrimination and both strains started to be trained
at PND 26. Superficial electrodes were implanted in the frontal cortex (FC) and locomotor
activity along with electroencephalogram (EEG) recordings started at PND 55. Dopamine
receptors D4 (DRD4) and the transporter (DAT) levels were evaluated in the FC. Female SHR
required more trials to complete learning phase, while both sexes of the SHR required more trials
and had a lower percentage of right choices in the novel learning phase. Caffeine was able to
improve the performance in the learning phase for female SHR, and the novel learning phase for
male SHR. The hyperlocomotion was attenuated by caffeine. DAT was decreased in the SHR
from both sexes, and caffeine recovered DAT only in male SHR. Brain oscillations were mostly
altered in female SHR, with increases in delta and theta/beta power during locomotor activity,
which were prevented by caffeine treatment. Therefore, the worsened performance in a task that
requires FC functioning displayed by female SHR involves alterations in brain oscillations
pattern. Besides, caffeine extends its benefits by attenuating behavioral phenotypes related to FC
dysfunctions in ADHD by modulating the power of brain oscillations associated with less
wakefulness. Finally, these findings shed light on the importance of sex as biological variable in
ADHD, and also when making treatment decisions in neuropsychiatric disorders.

Disclosures: L.O. Porciuncula: None. F. Nunes: None. M.S. Lara: None. D.M. Marques:
None. A.S. Almeida: None. M. Calcagnoto: None.

Poster

356. Neurodevelopmental Disorders

Location: SDCC Halls B-H

Time: Monday, November 14, 2022, 1:00 PM - 5:00 PM
Program #/Poster #: 356.11

Topic: A.07. Developmental Disorders

Support: R21 1NS119999
F30MH122100
RO1 CA74177

Title: Corticostrial circuitry plays key role in modulating ADHD phenotype in translational
model of Neurofibromatosis Type 1

Authors: *J. LUKKES, T. GALBARI, M. SULLIVAN, H. BOERNER, H. DROZD, D.
CLAPP;
Indiana Univ. Sch. of Med., Indianapolis, IN

Abstract: Neurofibromatosis type 1 (NF1) is an autosomal dominant disease with a mutation in
one copy of the NF1 gene, with a prevalence of approximately 1 in 3000 individuals, and no



curative treatment. NF1 patients are commonly diagnosed with ADHD, with estimates of 60 -
90% having attention difficulties in school. There is limited preclinical data investigating ADHD
in NF1, particularly in females. Our recent data demonstrate that male mice haploinsufficient for
the neurofibromin gene (Nf1*) exhibit hyperactivity in an open field, increased risky behavior in
a cliff avoidance test, and increased impulsivity in a delay discounting task compared to wild-
type males. These deficits were all attenuated with systemic treatment with a commonly
prescribed, non-stimulant ADHD drug, guanfacine. Preclinical studies using murine
experimental systems of ADHD have shown that lesions of the prefrontal cortex (PFC) or
nucleus accumbens (NAC) increase impulsivity in a delay discounting task (DDT). The aim of
the current study was to determine sufficiency of Nf1 knock-down in cortical-striatal circuitry to
cause executive dysfunction during clinically-relevant behavioral tasks through the use of
Nf1o¢1x male and female mice. Nf119¢1 male and female adult mice were injected bilaterally
with either control virus (AAV5-CMV-GFP) or the Cre virus (AAV5-CMV-Cre-GFP) into the
PFC, NAc, or ventral tegmental area (VTA). We found that selective deletion of the
neurofibromin gene (Nf1) in the NAc increased hyperactivity to a novel open field and increased
risky behavior in a cliff avoidance reaction test (CAR) in males but not females. However, both
sexes of Nf11MoXmjce injected with AAV5-CMV-Cre-GFP into the NAc exhibited deficits in
behavioral inhibition measured by increased frequency of small reward choice in DDT. In
contrast, selective deletion of Nfl in the PFC or VTA of males only increased impulsive behavior
during the DDT in males but not in females. No effects of treatment nor sex were observed
following selective deletion of Nf1 in the PFC or VTA on distance travelled in a novel open
field. We also found that injection of Cre virus into the VTA of Nf11o¥1* female, but not male
mice increased risk-taking and impulsive behavior in the CAR test. These data suggest that
selective deletion of Nf1 has region- and sex-specific effects on hyperactivity and impulsivity.
Furthermore, our data show that the NAc plays an integral role in modulating the observed
deficits in behavioral inhibition of Nf1 animals. Overall, these studies will help elucidate
underlying molecular and neural mechanisms driving impulsivity.
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Abstract: Reading disabilities (RDs), which affect between 5-17% of the population worldwide,
are the most prevalent form of learning disabilities and are associated with underactivation of a
universal reading network in children. However, recent research suggests there are differences in
learning rates on cognitive predictors of reading performance, as well as differences in activation
patterns within the reading neural network, based on orthographic depth in children with RD.
Recently, we showed that native-English-speaking children with RD exhibit impaired
performance on a maze learning task that taps into the same neural networks that are activated
during the reading. In addition, we demonstrated that genetic risk for RD strengthens the
relationship between reading impairment and maze learning performance. However, it is unclear
whether the results from these studies can be broadly applied to children from other language
orthographies. In this study we examined whether low reading skill was associated with poor
maze learning performance in native English-speaking and native German-speaking children,
and the influence of genetic risk for RD on cognition and behavior. In addition, we investigated
the link between genetic risk and performance on this task in an orthographically diverse sample
of children attending an English-speaking international school in Germany. The results from our
data suggest that children with low reading skill, or with a genetic risk for reading impairment,
exhibit impaired performance on the maze learning task, regardless of orthographic depth.
However, these data also suggest that orthographic depth influences the degree of impairment on
this task. The maze learning task taps into various cognitive processes and neural networks that
underlie reading, but is not influenced by potential differences in reading experience due to lack
of text or oral reporting. As a fully automated tool, it does not require specialized training to
administer, and current results suggest it may be a practicable screening tool for early
identification of reading impairment across orthographies.
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Abstract: Schizophrenia (Scz) is a heterogeneous neurodevelopmental disorder characterized by
the manifestation of psychiatric symptoms in early adulthood. While many research avenues
have explored the origins of Scz during brain development, the contribution of
endothelial/vascular dysfunction to the disease remains largely elusive. To model the
neuropathology of Scz and map cell-specific signatures during early critical periods of brain
development, we utilized patient-derived induced pluripotent stem cells (iPSCs) to generate 3D
cerebral organoids. Single-cell sequencing revealed that while Scz organoids were similar in
their macromolecular diversity to organoids generated from healthy controls (Ctrl), they
showcased a higher percentage of endothelial cells. Differential gene expression analysis
between endothelial cells of Scz and Ctrl organoids showed significant enrichment ( p < 0.05) in
genes involved in vessel formation, pericyte formation, and vasculature regulation. As
endothelial cells are known to comprise the blood-brain barrier (BBB), this prompted us to
explore the role of the BBB dysfunction in Scz. Data from 25 different donors showed that Scz
organoids had longer and more abundant CD31+ positive microvascular vessels, as compared to
Ctrls organoids. We further characterized the observed enrichment in endothelial cells
functionally by generating 2D brain microvascular endothelial cells from Ctrl/Scz iPSCs.
Functionally, compared to Ctrl cells, Scz brain microvascular endothelial cells showed higher
permeability and increased proinflammatory response upon stimulation with TNF-a, a protein
heavily implicated in the onset of schizophrenia. Collectively, our work suggests that braain
microvascular cells might play an important role in the early onset of Scz, by affecting the
developing BBB’s permeability and proinflammatory response.
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Title: Time perception deficits in individuals with comorbidity of attention-deficit/hyperactivity
disorder and autism spectrum disorder
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Abstract: Both individuals with attention-deficit/hyperactivity disorder (ADHD) and autism
spectrum disorder (ASD) which frequently coexist have deficits in time perception, yet
demonstrate different patterns. While individuals with ADHD have low accuracy of time
reproduction duration and a high threshold of duration discrimination, individuals with ASD
exhibit low accuracy of time reproduction duration as well, but a low threshold of duration
discrimination. However, characteristics of the deficits in time perception for those individuals
with comorbidity of ADHD and ASD are still unclear. Thus, we investigated the deficits in these
individuals by using multiple time perception tasks which required different cognitive neural
basis. Twenty-six individuals with ADHD (ADHD, age 21-51, 8 males), 23 comorbidities of
ADHD and ASD (COM, age 18-51, 10 males), and 74 neurotypical individuals (NT, age 16-55,
18 males) participated. The following 3 tasks were performed: the time reproduction (TR), the
duration discrimination (DD), and the tapping. In the TR, the participants sustained a button
pressing for the same duration as the preceding stimulus (5 seconds). In the DD, the participants
detected a target tone among three tones, consisting of two pure tones(1200ms) as standard and
one target tone (400, 700, 800, 900, 1000, or 1100ms). In the tapping, the participants pressed
the button to 50ms tones with 450ms intervals for 15 seconds, after that, kept the button pressing
for 15 seconds without tones.In the TR, the mean reproduction durations were as follows;
ADHD: 4751(SD: 310) ms, COM: 4661(SD: 392) ms, NT: 4773(SD: 234) ms. The mean
reproduction duration of COM was significantly shorter than that of NT. The SD of reproduction
durations was as follows; ADHD: 379(SD: 245) ms, COM: 455(SD: 302) ms, NT: 279(SD: 174)
ms. The SDs of reproduction durations of ADHD and COM were significantly larger than that of
NT. The discrimination rate of the DD and the button pressing intervals, or SD of the tapping
had no significant differences between groups.Each task relates to different brain activities - the
supplementary motor area (SMA) and the prefrontal area for TR; the cerebellar-basal ganglia
network for DD; the cerebellum and SMA for the tapping. The shorter mean reproduction
duration of the COM suggests that they have difficulty recognizing the reference duration. These
results showed that time perception deficits of the comorbid group may be more severe than
those of ADHD. In addition, both ADHD and COM had difficulty with time perception that
required SMA and prefrontal cortex activity.
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Abstract: Background. The group | metabotropic glutamate receptor 5 (mGIuR5) are
implicated in the pathology of various mental disorders, including attention deficit hyperactivity
disorder (ADHD) and addiction. Inhibition of mMGIuRS5 activity with pharmacological antagonists
results in reduced impulsive behavior, which is considered as a beneficial strategy for correcting
both ADHD and addiction. Our aim was to design a novel mGIuR5 negative allosteric modulator
of peptide nature and to test its ability to regulate impulsivity in choice behavior of rats in the
delay discounting task.

Methods. We designed a list of peptides with high calculated affinity for the binding site of
negative allosteric modulators of the mGIuRS receptor by applying the proprietary Reptide
algorithm (https://doi.org/10.3389/fnins.2021.705590). The peptides were tested in vitro to
decrease the activity of mGIuR5 using calcium-flux imaging in CHO cell line expressing human
mGIuR5. We measured [Ca?*] responses of CHO-mGIuRS5 cells to 1 mM sodium glutamate
(GluNa) in the presence of designed peptides or control MPEP antagonist in different
concentrations. The best candidate was then tested in vivo in the delay discounting paradigm.
LCGM-10 peptide was administered for seven days intranasally in a dose of 1 and 10 mg/kg to
Wistar rats, the testing was performed the next day after the last treatment.

Results. Of all the peptides tested, LCGM-10 pretreatment resulted in abolished GluNa-induced
activation comparable to the effect of MPEP in CHO-mGIuR5 cells. In the delay-discounting test
we observed a significant increase in the proportion of choices of the Large/Delayed lever after
chronic 10 mg/kg LCGM-10 administration. Rats treated with the peptide preferred large but
delayed reward, which suggests decreased reward choice impulsivity.

Conclusion. Reduction of the GluNa-induced cytoplasmic [Ca?*] levels in vitro by LCGM-10 is
typical for mGIuR5 receptor antagonists. LCGM-10 decreased reward choice impulsivity after
chronic administration, which indicates its potential for the treatment of ADHD and addiction.
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Title: Comparison of global and local brain dynamics between pure ADHD and autistic ADHD
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Abstract: Autism spectrum disorder (ASD) and attention-deficit/hyperactivity disorder (ADHD)
show seemingly opposite symptoms and were once considered mutually exclusive. Clinically,
however, they are known to often co-occur in the same individuals, and the current diagnosis
system—DSM-5—allows such co-existence of the two prevalent neurodevelopmental
conditions. Despite such changes in clinical classification, neurobiological mechanisms that
enable such apparently contradictory conditions to co-exist in the same individuals remain
unclear. Here we partly resolve this conundrum by demonstrating that ADHD co-occurring with
ASD children is neurobiologically different from pure ADHD. First, by applying energy
landscape analysis to resting-state function MRI data, we compared global brain state dynamics
between pure ADHD (N = 30), ASD+ADHD (N = 33), pure ASD (N = 30) and typically
developing (TD, N = 67) children. The data-driven analysis identified multiple state transition
pathways that were seen in pure ADHD but not in ASD+ADHD, ASD or TD cohort. In fact, an
atypical increase in such pure-ADHD-specific state transition frequency was significantly
correlated with the severity of ADHD symptoms. In contrast, one state transition pathway was
highly enhanced in the ASD+ADHD children but rarely seen in ASD and TD groups, and such
enhancement seen in the ASD+ADHD children was correlated with less cognitive rigidity.
Moreover, through investigation of intrinsic neural timescale, we revealed that such atypically
flexible brain state dynamics in the pure ADHD and ASD+ADHD groups are attributable to the
atypically fast neural fluctuation of different brain areas. The neural flexibility in the pure
ADHD children was closely correlated with a shorter neural timescale in the left inferior parietal
sulcus, whereas that in the ASD+ADHD children was linked to an overly short neural timescale
in the left prefrontal pole. These results demonstrate that ADHD-like behaviours often seen in
ASD children are driven by different neural mechanisms from those underpinning pure ADHD
symptoms. These findings are expected to accelerate our biological understanding of
relationships between multiple neuropsychiatric conditions.
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Abstract: FOXP1 has been implicated in disorders associated with features of autism (ASD),
including Foxpl Syndrome. Gene expression has been recently identified in the cerebellum, a
region known to express FOXP2 gene proteins (although not FOXP1). Unpublished work from
our lab has shown that absence of FOXP1 during cerebellar development in mice leads to a
decrease in vermis size and an increased size of hemispheres, whereas absence of FOXP2 leads
to an increase in vermis size and a decrease in hemisphere size. Although FOXP2’s role in
cerebellar development and function has been well characterized, the role of FOXP1 still remains
poorly understood. In the current study, we sought to elucidate the behavioral implications of a
conditional knockout of FOXP1 genes in the cerebellum, through the use of transgenic mouse
models and a behavioral battery testing multiple facets of behavior associated with cerebellar
dysfunction, as well as ASD. Mice with this knockout (n=31), along with wildtype littermate
controls (n=34), were assessed on a behavioral battery including assessments of motor control in
generalized as well as orafacial tasks, motor learning, general coordination, locomotion, anxiety,
auditory processing, and vocalization. On motor coordination tasks, KO mice were found to have
significantly weaker grip strength as well as a longer latency to escape from a water maze onto a
hidden platform. On motor learning tasks, KO mice were able to spend significantly longer on an
accelerating rotarod than WT littermates. When analyzing vocalizations during various days of
early postnatal development, KO and WT mice showed similar developmental vocalization
patterns (peak postnatal (P)7), however KOs showed a significant reduction in the number of
peak vocalizations relative to four other timepoints in development. During adulthood,
vocalizations were again assessed, revealing that KOs again vocalized less compared to WTSs.
There were no adult differences observed in orafacial movement, anxiety, nor working and
spatial memory. The current study provides key insights to the role of FOXPL1 in cerebellar
function and associated behaviors, with implications for improved understanding of several
neurodevelopmental disabilities. We also found intriguing evidence of sex differences which
may inform sex differences in prevalence of communicative disorders. This work was supported
by a Science of Learning and Art of Communication (SLAC) training grant from NS; the
University of Connecticut Institute of Brain and Behavioral Sciences (IBACS); and the Murine
Behavioral Neurogenetics Facility (MBNF).
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Abstract: Autism Spectrum Disorder (ASD) is a heterogenous group of neurodevelopmental
disorders that is characterized by impairments in social interactions, communication and the
presence of stereotypic behaviors. ASD affects 1 in every 44 children in the U.S. and is four
times more prevalent in boys than in girls. Both genetic and environmental factors converge on
deficits in the GABAergic system, suggesting that inhibitory interneurons might be particularly
susceptible and contribute to ASD pathophysiology. Several studies, including our own, have
demonstrated that 10-20 % of mothers of a child with ASD harbor brain-reactive antibodies
(1gG). One target of these antibodies is Caspr2, a protein involved in neural development and
synaptic transmission, and present in up to 40% of mothers with anti-brain antibodies and an
ASD child. We have developed a model in which female mice are immunized with Caspr2 and
harbor endogenous polyclonal anti-Caspr2 1gG throughout gestation. Male, but not female
offspring, display ASD-like behaviors.Single nucleus (sn) RNA-seq of adult mice exposed in
utero to anti-Caspr2 or Control 1gG revealed that GABAergic cells are the most affected neuron
subtype in the hippocampus, as indicated by the high burden of differentially expressed genes
(DEG) in these cells. Gene ontology analysis revealed that DEGs were related to GO categories
as brain development and synaptic transmission. Immunohistochemistry revealed changes in
subtype of GABAergic parvalbumin interneurons (PV) but not in the total of the GABA
interneuron population, suggesting that exposure in utero to anti-Caspr2 1gG affect PV
interneurons selectively. Perineuronal nets (PNN) are specialized extracellular matrix
components that specifically surround PV interneurons and are implicated in the regulation of
their function. The association of PNN with PV cells were visualized using
immunohistochemistry and staining with the marker Wisteria Floribunda Agglutinin. While mice
exposed in utero to Control 1gG showed positive correlation in the hippocampus between PV and
PNN expression as measured by intensity, such correlation was lost in mice exposed in utero to
anti-Caspr2 1gG. Furthermore, these mice also exhibited a reduction of vGLUT2+ excitatory
synaptic puncta density on hippocampal CA1 PV interneurons in accordance with our sn-RNA



seq data. Since alterations to PNNs have been shown to influence PV interneuron activity, and
dysregulation of these cells is a proposed mechanism underlying ASD; ongoing studies are
focused on the trajectory of PV interneuron development and the effect of exposure in utero to
anti-Caspr2 1gG on the intrinsic physiology of PV interneurons.
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Title: The hippocampal phenotype of Dlgap2 mutant mice, a genetic model of autism spectrum
disorder
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Abstract: A microdeletion of approximately 2.4 Mb at the 8p23 terminal region has been
identified in a Taiwanese autistic boy. Among the products transcribed/translated from genes
mapped in this region, the reduction of DLGAP2, a postsynaptic scaffold protein, might be
involved in the pathogenesis of ASD. This study used behavioral, biochemical, and
morphological approaches to characterize the hippocampal function-related phenotype in Dlgap2
mutant mice. Homozygous DIlgap2 knockout (Dlgap2 KO) mice exhibited impaired spatial
memory in the Morris water maze test, indicating a poor hippocampal function in the absence of
DLGAP2. Aberrant expressions of postsynaptic proteins, including PSD95, SHANKS3,
HOMERI1, GIuN2A, GluR2, mGluR 1, mGluRS5, BCAMKII, ERK1/2, ARC, BDNF, were noticed
in Dlgap2 mutant mice. Further, the spine density in middle dendritic segments was increased in
Dlgap2 KO mice, while the ratio of mushroom-type spines was decreased. We also observed a
thinner postsynaptic density thickness in DIgap2 KO mice at the ultrastructural level. We
demonstrated aberrant synaptic protein expression, altered dendritic spines, and reduced
postsynaptic density in the hippocampus of Dlgap2 KO mice, which might be linked to impaired



hippocampus-related cognitive functions such as spatial memory. Mice with Dlgap2 deficiency,
showing signs of intellectual disability, a common symptom of ASD, could be a promising
animal model which may advance our understanding of ASD.
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Abstract: T-Box Brain Transcription Factor 1 (TBR1) plays essential roles in brain
development, including neuronal migration, fate specification, and axon tract formation. While
heterozygous loss-of-function and missense TBR1 mutations are strongly associated with
neurodevelopmental disorders, the effects of these heterogeneous mutations on brain
development have yet to be fully explored. We generated mouse lines carrying Tbrl mutations
differing by type (e.g., frameshift, missense) and genomic location, and we characterized male
and female wild-type (WT), heterozygous (Het), and homozygous (Hom) mutants in parallel
with the published Tbrl knockout (KO). Mice with the frameshift patient mutation A136PfsX80
(A136fs) showed reduced TBR1 protein in postnatal day 0 (P0) cortex by Western blot (Het
mean 69.8% SD 0.2, Hom 0.0%z=0.0 of WT levels), similar to TBR1 levels in KO (Het
75.2%+0.1, Hom 0.0%=0.0). In contrast, mice with the missense patient mutation K228E
showed increased TBR1 (Het 227.3%=0.4, Hom 513.7%=0.8). When we performed cortical
layer marker immunostaining, homozygotes of the KO and A136fs lines showed inversion of
CUX1+ and CTIP2+ layer positions, while K228E homozygotes had multiple alternating
CUX1+ and CTIP2+ layers. When we examined cortical apoptosis, KO homozygotes showed
more cell death at PO (465+213 cleaved caspase-3+ cells/mm?) than A136fs (55+19 cells/mm?)
or K228E (24+6 cells/mm?) homozygotes. Despite these discordant cortical phenotypes, Thrl
KO, A136fs, and K228E mutations each produced similar axon defects in PO brain, including



anterior commissure reduction also observed in humans with TBR1 mutations. To further resolve
genotype-phenotype relationships in these Tbrl lines, we conducted RNA-seq in embryonic day
16.5 cortex. In our preliminary analysis, KO mice had more differentially expressed genes
(DEGSs) over WT (Hom 2590, Het 89, adjP<0.05) than A136fs mutants (Hom 1093, Het 15) or
K228E mutants (Hom 1288, Het 13). Homozygote DEGs shared across lines included known
TBR1 targets, including Reln, Wnt7b, and Rorb. In our gene ontology analysis of homozygotes,
DEGs unique to KO mediate mitotic cell cycle, A136fs DEGs mediate extracellular matrix
organization, and K228E DEGs mediate neuronal projection development. Finally, heterozygote
DEGs found in at least 2/3 lines play roles in metalloprotease activity (Adamts3, Tll2),
extracellular matrix (Cxcl12, Col23al), and acetylcholine receptor activity (Lypd6). Future
studies utilizing these Thrl mutant mouse lines will decode transcription factor networks
controlling cortical development and enhance our understanding of neurodevelopmental disorder
etiology.
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Abstract: Background. Autism spectrum disorder (ASD) is characterized by deficits in social
interaction and communication, and repetitive and restricted behaviors with broad clinical
manifestations. Sex dimorphism in nonreproductive brain areas could explain the functional
differences observed in autism. Midbrain dopaminergic circuits (mesolimbic and nigrostriatal)
modulate social behavior and motor control, and these areas exhibit differences between sexes at
early postnatal development. Dopamine disturbances, social deficits, and repetitive behavior
patterns are consistent findings in ASD patients. These abnormal patterns may be due to changes
in dopamine synthesis in the ventral tegmental area (VTA) and substantia nigra (SN).
Objective. This work aimed to analyze the number of tyrosine hydroxylase (TH) positive cells in



VTA and SN and study autism-like behaviors with the prenatal valproic acid (VPA) autism-like
model in male and female mice. Methods. CD1 pregnant female mice were injected on
gestational day 12.5 with 500 mg/kg intraperitoneal VPA or 0.9% NaCl. Litters were assigned in
two groups: VPA and control group and divided by sex. Social and repetitive behaviors were
evaluated with the three-box social chamber and the marble buried test, respectively. Motor
activity was assessed with the open field test. The number of TH+ cells was counted in the VTA
and SN on 31-day-old mice. Student t-test was applied for comparisons between groups. Results.
Male VPA mice exhibited a social impairment (t=2.30 p=0.02) and increased repetitive
behaviors (t=2.04 p=0.04) as compared to the male control group. Otherwise, female VPA mice
displayed similar socialization and repetitive behavior levels compared to the female control
group. All groups showed similar motor activitylevels in the open field test. We found a fewer
number of TH+ cells in the male VPA group as compared to the control group (t=2.50 p=0.03).
We did not find statistically significant differences in the number of TH+ cells in the VTA of
males and females. Conclusion. This study showed that the VVPA autism-like model produces
differential effects in social and repetitive behaviors and in the number of TH+ cells in the SN
between males and females.
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Abstract: De novo mutations in a transcriptional regulator, chromodomain helicase DNA-
binding protein 8 (CHDS8), are thought to play a causative role in neurodevelopmental disorders
(NDDs), including autism spectrum disorder (ASD) and intellectual disability (ID). Mice with a
heterozygous germline loss-of-function mutation to CHDS8 exhibit genomic, neuroanatomical,
and behavioral pathology that aligns with clinical features of ASD and ID. Bulk RNA-
sequencing on adult CHD8 mutants revealed a consistent set of genes with altered expression
across cortex, hippocampus, and cerebellum, in addition to region-specific differences. Through



gene ontology (GO) enrichment analysis, we identified pathways that are dysregulated in adult
brain and ultimately confirmed perturbation to synaptic function, as well as metabolic and
neuroinflammatory pathways. Immune dysregulation is prevalent in human ASD patients, but
immune function in CHD8 haploinsufficient mice has yet to be fully characterized. Because our
bulk RNA-sequencing presented strong signatures that may link CHD8 dosage to neuroimmune
function, we isolated microglia from adult CHD8 mutant cortex and performed bulk RNA-
sequencing. Preliminary findings include signatures that are consistent with broad changes seen
across brain regions, further analysis of these data is in progress. In order to detect additional
cell-specific changes in gene expression and impart single-cell resolution on our analyses of
CHDS8 function, we performed single-nucleus RNA-seq on adult cortex from CHD8 mutants and
wild-type mice. We found both distinct and overlapping cohorts of differentially-expressed genes
(DEGs) in excitatory and inhibitory neurons, as well as signatures in oligodendrocytes and
oligodendrocyte precursor cells. Validation of DEGs is ongoing, and future work will focus on
mouse models with temporally-induced, cell-specific CHD8 ablation. Transcriptionally profiling
these mice will illuminate cellular processes that may be disrupted in neuronal and immune cell
types, and test whether effects of CHD8 haploinsufficiency are intrinsic to a given cell type or
dependent on intercellular interactions. We will also continue our bulk analysis on microglia to
further investigate immune-related pathways that may be tied to CHD8 dosage. Taken together,
our results offer insight into cell-specific molecular phenotypes of CHD8 haploinsufficiency in
the adult cortex and may point us to distinct mechanisms of ASD and NDD pathogenesis that
began at earlier developmental timepoints.

Disclosures: S.A. Lozano: None. C.P. Canales: None. K. Cichewicz: None. E. Smith:
None. N. Seban: None. R. Ortiz: None. J. Zhu: None. M. Corea: None. D. Rahbarian:
None. A. Ciernia: None. A.S. Nord: None.

Poster

357. Animal Models of Autism: Developmental
Location: SDCC Halls B-H

Time: Monday, November 14, 2022, 1:00 PM - 5:00 PM
Program #/Poster #: 357.07

Topic: A.07. Developmental Disorders

Support: NIH grant MH100029
NIH grant MH078105-01S1
NIH grant MH086633
NIH grant U54 HD079124
Emory National Primate Research Center Base Grant OD P510D011132

Title: Early developmental brain trajectories: structural volumes and white matter tracts in infant
macaques from 2-26 weeks (Macaca Mulatta)

Authors: *R. VLASOVA!, Z. A. KOVACS-BALINT?, C. TOMLINSON?, L. LI3, J.
BACHEVALIERY M. STYNER?, M. SANCHEZ?;



Univ. of North Carolina at Chapel Hill, Chapel Hill, NC; ?Yerkes Natl. Primate Res. Ctr., *Dept.
of Pediatrics, Marcus Autism Ctr., “Emory Natl. Primate Res. Center, Dept. of Psychology,
SEmory Natl. Primate Res. Center, Dept. of Psychiatry & Behavioral Sci., Emory Univ., Atlanta,
GA

Abstract: While rhesus monkeys widely serve as a model for preclinical studies of psychiatric
and neurodevelopmental disorders, much is still unknown about their neural developmental
trajectories during early infancy. To fill in this gap we analyzed the structural development of
cortical/subcortical regions and main white matter tracts using longitudinal DWI scans and
volumetric structural MRI (sMRI) data from 31 macaques (only males) scanned at 2, 4, 6, 12, 16,
20, and 24 weeks of age (equivalent to 2-24 months in humans), and all living in complex social
groups. All DWI scans underwent automated and visual quality check and were processed using
UNC-Utah NA-MIC framework for DTI. Twelve white matter tracts were analyzed: cingulum,
cingulum (hippocampal part), uncinate, inferior fronto-occipital, and inferior longitudinal tracts
in the left and right hemispheres, as well as the corpus callosum (genu, mid-body, splenium). We
modeled the longitudinal relationship between DTI fractional anisotropy (FA) in the tracts with
age in days using continuous, piecewise linear models. One-knot models
[FApertract=PO0-+P1(age)+p2(age-knote)*I(age > knote)] exhibited statistically significant age
effects for all analyzed white matter tracts (p<0.0001). For all tracts, knots were located between
35 and 50 days of age; FA had a rapid increase between the first scan (at 2 weeks) and the
detected knot timepoint (average slope=0.0009) and slowed down after the knot with an average
slope=0.0002. Developmental changes of cortical and subcortical volumetric brain changes were
also modeled using the same method, but we are still analyzing the linear growth models. Our
current DTI findings suggest that the most drastic changes in tracts’ myelination happen during
the first 1-1.5 months after birth in rhesus monkeys, potentially the most sensitive period to
environmental factors and experiences for white matter development. This period of fast
structural connectivity changes takes places in parallel to important socioemotional maturation in
infants and likely supports the infant’s preparation and adjustment to exploration, social play and
independence during the weaning period.
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Abstract: Neurodevelopmental disorders (NDDs) are polygenic in nature and copy number
variants (CNVs) enable us to study the polygenic nature of NDDs. The 16p11.2 deletion is one
of the most common CNVs associated with NDD and mice with this deletion (16p11.2 del) show
sex specific striatum-related phenotypes resembling sex differences in NDDs. However, the
molecular mechanisms underlying the sex specific phenotypes of 16p11.2 deletion remain
unknown. Previously, we found three candidate genes associated with the sex specific
phenotypes of 16p11.2 del mice: MVP, Sez612, and TAOK2 (Kumar et al., 2018). Using the
CRISPR/Cas9 technique, we introduced gene modifications in the 3 chosen genes (Taok2,
Sez612, and Mvp), and we generated 3 gene hemi-deletion (3g) mice. We assessed striatum
dependent phenotypes of 3g mice through behavioral tasks and RNA-seq analysis, comparing
them with 16p11.2 del mice and completing sex specific analyses. Hemi-deletion of the 3 chosen
genes induced sex specific behavioral alterations in striatum-dependent behavioral tasks, male
specific hyperactivity and impaired motivation for reward seeking, resembling the behavioral
phenotypes of 16p11.2 del mice. Moreover, RNAseq analysis revealed that 3g mice exhibit gene
expression changes in the striatum similar to 16p11.2 del mice, but only in males. These results
support the importance of a polygenic approach to study NDDs, identifying the individual genes
within a large CNV that are actually sufficient to cause certain phenotypes.
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Abstract: In neurodevelopmental disorders, neural activity is altered within the developing
neocortical network. We previously showed that enhanced pyramidal firing during development,



in the otherwise normal mouse neocortex, can selectively alter adult circuit function and produce
maladaptive changes in behavior.

We systematically enhanced pan-neocortical pyramidal activity levels during the early postnatal
development of healthy mice using non-invasive BioLuminescent-OptoGenetic (BL-OG)-
mediated activation of luminopsin 3 (LMO3) expressing neurons. Developmental
hyperexcitation of Emx1-positive pyramidal neurons during postnatal days 4 - 14 led to
decreased social interaction and increased grooming activity in adult animals, both of which are
key symptoms of autism spectrum disorder (ASD). In vivo, both prefrontal neural activity and
functional markers of cortico-striatal connectivity were impaired in developmentally
hyperexcited adult Emx1-LMO3-positive mice, and ex vivo slice recordings revealed alterations
to both intrinsic excitability and synaptic E/I ratio in L5 prefrontal cortex pyramidal neurons.

We now want to further dissect the neural populations and their specific target areas mediating
the observed behavioral and electrophysiological changes. Pyramidal neurons are distributed
across all layers of the cerebral cortex with the exception of layer 1, and those in each layer are
distinguished by their patterns of long-range axonal projections. Those in layer 5 integrate
information between cortical areas but also project to subcortical structures involved in the
generation of behavior. We carried out developmental hyperexcitation in Rbp4-LMO3 mice, thus
restricting LMO3 expression to L5 projection neurons. The behavioral and electrophysiological
consequences were compared to those of pan-laminar neocortical developmental hyperexcitation.
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Abstract: Neurodevelopmental disorders, such as autism spectrum disorder (ASD), likely arise
from atypical neural connectivity. This change in connectivity has a strong genetic basis and has



been linked to in utero exposure to compounds such as valproic acid (VPA) and thalidomide.
Supporting the link between VPA exposure and ASD, animal models exposed to VPA exhibit
social deficits and increased repetitive behaviors. Zebrafish can effectively model
neurodevelopmental disorders due to their ex utero development, precision control of
pharmacological agents, and translucency early in development. When combined with the
multitude of molecular tools available in zebrafish, these biological attributes have the potential
to provide insights into the molecular and physiological basis of human disorders and diseases.
Despite progress in developing the zebrafish model to understand VVPA exposure, there is very
little agreement in the literature regarding the dose of VPA that elicits mortality and deformity.
To provide further insights into the dose of VPA that larvae can tolerate, we determined the
highest dosage of VPA that fails to elicit increased mortality and deformity. Consistent with
studies demonstrating that higher doses of VVPA are teratogenic, we found exposure to VPA (0-5
days post fertilization) at levels > 45 uM significantly increased deformity. No significant
increase in mortality was observed up to 75 uM VPA.
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Abstract: Clinical studies have suggested that immune responses by helper T cells 17 (Th17
cells) are involved in the pathogenesis of autism spectrum disorders (ASD), schizophrenia, and
depression. However, it remains unclear how the immune response induces organic changes in
the nervous system, and the contribution of Th17 cells is not well understood. Interleukin (IL-
)17A is a pro-inflammatory cytokine that binds to a receptor composed of a heterocomplex of
IL-17RA and IL-17RC and activates downstream pathways. Previous studies have reported that
I117ra is mainly expressed in the cortical plate of mouse embryonic brain at 14.5 days of
embryonic period and that IL-17A increased in the placenta by maternal poly(1:C) administration



upregulates 1117ra mRNA expression. The expression of IL-17A and its receptors in the adult
central nervous system has been reported by several research groups but continues to be
controversial. In this study, we investigated the expression of 1117ra mRNA in the primary
somatosensory cortex during postnatal development from neonatal to young adult by in situ
hybridization. 1117ra mRNA was strongly expressed in layer VI (both Vla and Vb) throughout
the period examined. The expression was maximal at 14 days of age and decreased through
adulthood. Double staining with cellular markers showed that it was expressed in about 60% of
layer VI neurons. In addition, a decrease in 1117ra mRNA expression was observed at 14 days of
age after maternal poly(1:C) administration. This study may provide the first clue to the function
of IL-17A and IL17RA in central nervous system during the postnatal period.
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Abstract: Sodium valproate (Depakote®), an anticonvulsant prescribed for seizures and as an
add-on medication for the treatment of bipolar disorder, has been identified as a potent teratogen
that causes fetal valproate syndrome, characterized by physical malformations, developmental
delays, and an increased autism risk in children exposed in utero. In animal research, early
valproic acid (VPA) exposure is widely used and considered to be a robust model for
environmentally-induced autism. Previous research has determined the underlying
neurobiological mechanisms of VPA exposure to the developing brain include apoptotic cell
death, reduced proliferation, and disruption in the development of glutamatergic and serotonergic
systems, which depend on timing, dose, and duration of exposure. The objective of this research
was to investigate the differential effects of two mouse models of VPA-induced autism. In the
first experiment, neonatal mice were randomly assigned to treatment groups and injected with
saline vehicle (n=9), 200 (n=8), or 400 mg (n=6) of VPA on postnatal days 4 through 7 (P4-7).
In the second experiment, mouse pups were randomly assigned to be injected with saline (n=12),
or a single dose of 200 (n=12) or 400 mg (N=16) of VPA on P14. Mouse pups were injected
with VPA and then subjected to a comprehensive battery of short- and long-term physiological
and behavioral testing. The testing included outcome measures of sensorimotor activity,
exploration, balance/coordination, social behaviors, and learning and memory. It was predicted
that both types of VPA exposure would cause significant deficits in growth and development.



Statistical results showed that only high-dose VPA exposure on P4-7 caused significant
mortality, reduced body weight, changes in social behaviors, and minor cognitive deficits. The
single P14 VPA exposure, however, contrary to our hypothesis, did not cause any adverse effects
for any of the outcome measures. These results showing some adverse effects for early, but none
for the later VPA exposure, even with a high dose are surprising, as they are not consistent with
previous research that has shown the animal VPA model to be a reliable and valid model for
producing VPA-induced autism-like behavioral and cognitive effects. The VPA model aims to
connect neuropathology in the brain to specific adverse neurobehavioral outcomes, which we did
not find a robust effect for here. However, measurement of behaviors in the VPA animal model
varies between laboratories, revealing the importance of replicating methods for behavioral
assessment in this animal in order to create a standard of evaluation for this highly complex
human spectrum disorder.
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Abstract: Background. Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder
associated with an imbalance in neuronal inhibition/excitation that in turn causes hypo and
hyperconnectivity in several brain regions such as somatosensory and parietal cortex, amygdala,
corpus callosum, and putamen. C-Fos is a protein commonly used as a molecular biomarker of
neuronal activity. In rats with autism-like behavior, it has been reported a decreased expression
of C-Fos in the cochlear superior colliculus. However, C-Fos expression in the motor cortex
(MC), Cingulate cortex (CG) (anterior & midcingulate), piriform cortex (PC), and striatum (Str)
throughout the lifespan has not yet been investigated. Methods. CD1 pregnant female mice were
injected intraperitoneally on gestational day 12.5 with 500 mg/kg VPA or 0.9% NaCl. Litters
were divided into VPA and control groups, and divided by sex, choosing only male mice. Mice
(n=5 for each time point) were killed at 31 & 91 postnatal days (P) after deep anesthesia with
pentobarbital (30ul) and via intracardiac perfusion with 0.9% saline solution, followed by 4%



paraformaldehyde in 0.1 M Phosphate Buffer (PB). C-Fos expression was measured in MC, CG
(anterior & midcingulate), PC, and Str (ventral & dorsal), using immunostaining to determine C-
Fos positive cells. Non-parametric Mann-Whitney U test was applied between groups, setting a
statistical significance at p=0.05 in all cases. Results. At P31 in VPA subjects, we found lower
levels of c-Fos expression in MC (U=116; p=0.0001), CG (U=234; p=0.0001) and PC
(U=190.500; p=0.001), but higher in Str (U=226, p=0.004), whereas at P91 the PC (U=156.00;
p=0.0001) and MC (U=176.5; p=0.0001) continued with low levels but the CG (U=257;
p=0.0001) and Str (U=97.500; p=0.892) does not show statistically significance compared to
controls. Conclusion. The prenatal exposure to VPA modifies the c-Fos expression differentially
in the cerebral cortex during postnatal development.
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Abstract: Autism Spectrum Disorder (ASD) is a complex neurodevelopmental disorder
described by behavioral deficits in interpersonal interactions, communication, anxiety,
hyperactivity, and narrowed interests. The available evidence suggests that ASD is caused by a
complex mixture of genetic, neurodevelopmental, and environmental factors. In humans,
maternal exposure to valproic acid (VPA) increases the risk of ASD by about threefold
(Christensen et al., 2013). Our lab uses a VPA-treated zebrafish model of human autism as
characterized by a number of other groups (e.g., Zimmermann et al., 2015; Meshalkina et al.,
2018; Dwivedi et al., 2019). The similarities between human autism and the animal models are
likely because they share similar molecular and cell level neurodevelopmental mechanisms such



as synaptic pruning. We are currently studying these changes in the zebrafish retinotectal system,
and how they relate to altered behavior. Our lab is interested in aberrations of the retinotectal
pathways in VPA-treated zebrafish larvae. Previous work has focused on the use of VPA-treated
pigmented zebrafish. Our labeling method for the retinotectal pathway is subject to interference
from melanophores. To solve this problem, we can use albinos (i.e. fish without melanophores)
but albinos have known aberrations in the wiring of the retinotectal pathway. To ensure that non-
pigmented fish have similar behavioral deficits to pigmented fish studied previously, we have
expanded our behavioral analyses to include VPA-treated albino zebrafish. Wild-type and albino
zebrafish embryos were collected and were treated with 50 uM VPA from 0 to 48 hours post
fertilization (hpf). Behavioral tests modified from the Zimmermann et al. and Dwivedi et al.
published protocols were then applied to 6 days post-fertilization (dpf), 30 dpf, 70 dpf, and 120
dpf larvae. These tests included measures of social behavior, locomotion, anxiety, and inattentive
behavior. We have observed statistically significant differences between pigmented and albino
fish at each age in each condition for each of these measures. There is a significant interaction
between the pigmentation variable and the VPA treatment variable revealed by ANOVA
analysis.
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Abstract: Zebrafish larvae are an excellent model system for understanding neurodevelopmental
disorders due to key biological attributes. In particular, zebrafish larvae readily absorb small
molecules from the bath and are small and translucent, key features that facilitate neural imaging.
Exposure to valproic acid (VPA) is associated with autism spectrum disorder (ASD)



development in humans. Consistent with this association, VPA exposure in animal models
induces social dysfunction and increased repetitive behaviors. However, conflicting reports
indicate that VPA exposure can cause hyperlocomotion or hypolocomotion. These differing
results likely stem from the developmental time of exposure and/or concentration of the VPA.
We exposed zebrafish larvae (0-5 days post fertilization) to 15 uM VPA to determine if this
treatment influenced baseline locomotion. Testing at 6 days post fertilization, we observed
significant hyperlocomotion. This result suggests there are likely critical periods by which VPA
can affect zebrafish locomotion.
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Abstract: Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by
deficits in social impairments, communication deficits and stereotypies. Sleep disturbances are
among common ASD comorbidities. Prenatal exposure to valproate (VPA), a drug widely used
to treat epilepsy and bipolar disorder, is an environmental risk factor for ASD and has been used
to reproduce the core symptoms of this disorder in animal models. Embryonic exposure to VPA
leads to molecular and neurochemical alterations in zebrafish, which persist into adulthood and
accompany impaired sociability. It has been hypothesized that the behavioral deficits displayed
by ASD patients might be related with impaired visual processing. Visual system functioning is
essential in the interpretation of social conditions and plays an important role of various behavior
responses, including circadian cycle. Thus, we investigated the visual system of zebrafish
embryonically exposed to VPA and assessed behavioral responses do different visual stimuli.
We used embryos, larvae and juvenile animals that had been exposed to VPA between 10 and 24



h post-fertilization (hpf). We characterized behavioral and histological phenotype of ASD
zebrafish. Visual perception was analyzed by optomotor and color preference assays. 24-hour
locomotor activity test was used to study sleep-like behavior. Developmental markers such as
neuroligin and Sox2, and cone marker were used to evaluate retinal development by
immunohistochemistry. In addition, we also analyzed the brain serotonergic system.

Although retinal development was abnormal during the first 72 hpf, our results suggest that all
alterations recovered by 5 days post-fertilization. VPA-exposed and control zebrafish showed a
similar behavioral phenotype during optomotor response and color preference tests. However,
VPA-exposed larvae showed reduced amount of sleep-like state during the night time, which
could be related with impaired light perception. VPA-exposed zebrafish also showed reduced
serotonin immunoreactivity in the pineal gland and hypothalamic populations.

Our results indicate that behavioral impairments previously reported in the zebrafish VPA model
of ASD, such as reduced sociability, are unlikely to be directly caused by a defective visual
system. However, we could not exclude an effect of impaired sensory processing during early
life, caused by an abnormal retinal development, on brain wiring. Our findings are also coherent
with previous reports of altered sleep of VPA-exposed zebrafish. Finally, differences in the
serotonergic system might contribute to these sleep alterations.
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Abstract: Neurodevelopmental disorders (NDDs) affect the lives of >17% of children in the
United States. While genetic factors play a major role in pathogenesis, even identical twins who
share the same genetic risk exhibit incomplete concordance, suggesting a plausible role of
environmental factors. To determine whether environmental factors act through certain genetic
susceptibilities to produce distinct NDD outcomes, we investigate a Gene x Environment (GXE)
model of NDDs. A recently identified environmental factor that has been linked to increased
NDD outcomes is exposure to cephalosporin antibiotics during the first two years of life, when
neurogenesis, the process by which neural precursors proliferate, migrate, and differentiate into
specialized cells of the brain, predominates. Extensive research indicates that antibiotic exposure
decreases the diversity of gut bacteria, which may consequently alter adult brain structure,
function, and behavior. However, little is known about effects on neurogenesis, identified as a
point of convergence in NDD pathogenesis based on human genetic, postmortem, and animal
model studies. Our studies use a novel GXE model to determine how cephalosporin exposure
alters postnatal neurogenesis in the genetically vulnerable 16p11.2 microdeletion (16pDel)
mouse. This mouse models one of the most frequently observed CNVs implicated in NDDs,
including ~1% of autism diagnoses. To model antibiotic exposure during infancy, wildtype and
16pDel littermates were exposed to saline (control) or the cephalosporin, cefdinir, from P5-9 and
sacrificed on P13 and P21, timepoints when postnatal neurogenesis occurs in the hippocampus.
Cefdinir exposure resulted in a 50% reduction of hippocampal Cyclin E (mitosis marker) in
16pDel males compared to saline-treated 16pDel males (p=0.031), quantified by
immunoblotting. A parallel 7% reduction of in vivo precursor S-phase entry was detected in a
separate cohort of 16pDel males, defined by EdU-labeling (p=0.042). To assess consequential
outcomes on neurodevelopment, hippocampal lysates from P21 16pDel males were probed with
dentate gyrus and CA1-3 specific marker, Calbindin. Surprisingly, we found a 53% increase of
hippocampal calbindin in cefdinir-exposed 16pDel males compared to saline-exposed, perhaps
compensating for the robust reduction in proliferation at P13 (p=0.003). These data suggest that
early life cefdinir exposure alters hippocampal neurogenesis in 16pDel mice selectively,
providing initial support for our hypothesis. Ongoing work will examine antibiotic effects on
microbial community composition, neural gene expression, and behavioral outcomes related to
NDDs.
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Abstract: Tuberous Sclerosis Complex (TSC) is a neurodevelopmental disorder caused by
inactivating mutations in the TSC1 or TSC2 genes. Mutations in TSC1 or TSC2 cause
hyperactivation of mTOR and subsequent formation of hamartomas within multiple organs
including the brain. In TSC patients, subependymal nodules (SENs) and subependymal giant cell
astrocytomas (SEGAS) are hamartomas contiguous with the lateral ventricles of the brain. The
ventricular-subventricular zone (V-SVZ) is a region along the lateral ventricles that contains late
inhibitory interneuron progenitors. These progenitors generate intermediate cells that produce
neuroblasts that migrate through the rostral migratory stream (RMS), before becoming mature
inhibitory neurons in the olfactory bulb. TSC1/TSC2 mutations in inhibitory interneuron
progenitors are hypothesized to cause SEGAs. Mice having conditional Tsc2 genes and inducible
RFP were crossed to tamoxifen inducible nestin-CRE-ERT2 mice or subjected to neonatal V-
SVZ electroporations with CRE and GFP plasmids. Tsc2 was conditionally removed from
neonatal inhibitory interneuron neuroprogenitors which increased mTORC1 pathway activity in
the V-SVZ. Loss of Tsc2 generated SEN and SEGA-like growths that protruded into the lateral
ventricle. Growths were enriched in Sox2 positive cells with sporadic neuron labeling. SEGA-
like lesions were composed of RFP positive but GFP negative cells indicating that lesions arose
following DNA plasmid dilution. RFP positive cells had an ambiguous morphology due to their
high density within SEGA-like lesions. However, giant cells which are a pathognomonic feature
of TSC were identified near the SEGA-like growths including in the striatum. The striatum
frequently had two categories of lesions. The first category included heterotopic nodules that
consisted of cytomegalic neurons, occasional balloon-like cells, neuroblasts, and Sox2 positive
cells. Nodular lesions were accompanied by the second category which included distally located
elongated growths that lined the striatal vasculature. Elongated striatal lesions were
predominantly comprised of Sox2 positive cells. Importantly, mMTORC1 activity was elevated in
both types of striatal lesions. Transcriptional and translational profiles of V-SVZ derived cells
were examined to gain mechanistic insight into the molecular events responsible for SEGA-like
lesion formation. Taken together, the results of this study demonstrate that loss of Tsc2 in V-



SVZ interneuron progenitors causes SEGA-like growths and striatal lesions in mice which may
have relevance for the TSC patients with SEGAs that have Tsc2 mutations.
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Abstract: Autism spectrum disorders (ASDs) are characterized by social deficits, repetitive
behaviors, and various comorbidities, including intellectual disability, anxiety, and hyperactivity.
MYTLL, a zinc-finger transcription factor highly expressed in early developmental stages plays
key roles in neuronal differentiation and is strongly implicated in ASD. However, it was largely
unknown whether and how the deficiency of Myt1l with strong embryonic and perinatal gene
expressions yields strong adult-stage ASD-related phenotypes. Here, we generated Mytll
heterozygous (Myt1l-HT) mice, and characterized their transcriptomic, synaptic/neuronal, and
behavioral phenotypes across newborn, juvenile, and adult stages. Myt1l-HT mice showed age-
differential ASD-like phenotypes. Mytll haploinsufficiency leads to newborn-stage ASD-like
neuronal suppression, temporary juvenile normalization, and subsequent adult-stage ASD-like
deficits.
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Abstract: Innate social behaviors in animals such as aggression or mating are critical to their
survival and reproductive success. These behaviors are driven by environmental cues that
activate genetically hardwired neuronal circuits in the brain. Given the primacy of successful
behavioral patterns for evolutionary success, the transcriptional networks controlling circuit
formation, maintenance and function must have a high degree of robustness and fidelity. To
understand the link between gene function and innate behavioral output, we used a mutant
analyses approach in a mouse model. We focused on Foxp2, a transcription factor first expressed
during embryonic development, which defines multiple neuronal populations involved in the
pheromone-driven rodent social behavior circuit. Behavioral analyses of a whole-body
heterozygous Foxp2 knockout (Foxp2*") mice revealed that male Foxp2*" mice show less
territorial aggression than their wildtype counterparts while female mutant mice show increased
maternal aggression. Parental care and predator avoidance were impaired only in female Foxp2*-
mice while mating and olfactory investigation of social and non-social stimuli were impaired in
mutants of both sexes. To investigate molecular deficits in Foxp2*'- mice that underlie these
behavioral phenotypes, proteomic analysis of the medial amygdala was carried out; revealing
significant differences in the expression of proteins involved in neuronal communication,
connectivity and dopamine signaling. However, the general number and distribution of Foxp2-
immunopositive cells in olfactory-driven limbic circuitry of Foxp2*"- mice appears unchanged
from wildtypes. This suggests that their behavioral phenotype likely arises from differences at
the level of neuronal function and/or connectivity. Using a combination of approaches, including
site- directed Foxp2 mutagenesis and viral tool on selective target medial amygdala, our current



efforts are directed toward understanding the neuronal circuit mechanisms by which Foxp2 gene
function controls innate social behaviors and circuit function. Such mechanistic insights will
provide a context to understand the etiology of autism spectrum disorders and other disorders
involving social dysfunction in humans.
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Abstract: Autism Spectrum Disorders are debilitating neurodevelopmental disorders
characterized by impairment in social interaction and communication, and restricted, repetitive
behaviors. Large scale studies from patients affected with autism show multiple genes that
regulate protein ubiquitination are implicated in ASD. De novo loss of function mutations in the
gene CULLIN3 (CUL3) are implicated in autism. CUL3 forms an essential component of an E3
ubiquitin ligase complex required for ubiquitination of substrates, often a signal for proteasomal
degradation. Studies show homozygous deletion of Cul3 is embryonically lethal. Recent studies
show heterozygous deletion of Cul3 results in autism-like phenotypes in constitutive and
conditional Cul3 heterozygotes. To understand the function of Cul3 in post-natal development in
the brain, we crossed mice expressing Cre-recombinase under the control of CaMKII promoter
and floxed Cul3 mice that resulted in viable homozygotes. In this study, we show a delayed
postnatal deletion of Cul3 during development in forebrain excitatory neurons leads to robust
behavioral differences across multiple behaviors. Cul3 conditional homozygotes show hyper-
locomotion, impaired motor co-ordination, hindlimb clasping, reduced marble burying and
deficits in spatial learning and memory. Additionally, we see decreased basal synaptic
transmission and expression of long term potentiation in the homozygotes and heterozygotes
compared to wild type littermate controls. These studies show a role for Cul3 during a critical
postnatal window in late neurodevelopment. Our future studies are aimed at gaining mechanistic
insights into Cul3 function in the adult brain.
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Autism spectrum disorder (ASD) is an extremely prevalent group of neurodevelopmental
disorders that affects approximately 2% of the population worldwide, while being four times
more likely in boys. A hallmark of ASD is a disruption of sensory processing and filtering that is
associated with either hyper- or hyposensitivity that can impact social interaction, daily
functioning, and learning and memory. A prevailing thought is that in cases of ASD there is an
impairment to the excitatory/inhibitory ratio of neurons in the cortex which subsequently impacts
the ability of the brain to effectively store and recall information. Currently, the underlying
mechanism causing this disruption and learning disability has yet to be understood. By utilizing
Fmrl KO mice, a mouse model of Fragile X Syndrome (FX; the most prominent single gene
mutation case of ASD), and an active learning, visual discrimination behavior paradigm, we find
that familiarity-evoked theta (4-8 Hz) oscillations in the primary visual cortex are weaker in
amplitude and shorter in duration in FX mice. Additionally, we find that although familiarity
enhances the visually evoked potentials, whether a stimulus is associated with a reward impacts
the oscillations. All mice in this study were given enough time to show proper discrimination
training, however, the FX group required longer to become experts in the task which was
expected given the learning disability symptomatic of the disorder. Through time-frequency
analysis, we find that the sustained activity in the theta band is attenuated, or lost entirely.
Altogether, this work demonstrates (1) that cases of FX have impaired learning and memory that
is associated with changes in low frequency theta oscillations across population and single-unit
dynamics, (2) these oscillations ar