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Abstract: Emerging evidence suggests the importance of mitochondrial functions in regulating
early lineage commitment of neural stem cells (NSCs) in adulthood. While, selecting molecules
in mediating mitochondrial functions in NSCs would offer the applicable targets for neural
regenerative therapy. By observing with super-resolution microscope (ASTORM), we identified
Caveolin-1 (Cav-1), the main component of the caveolae plasma membranes, also located around
mitochondria in NSCs. It indicates a possible regulatory functions of Cav-1 in mitochondria.
Indeed, Cav-1 knockout (KO) mice established the decreased LDHA and Ace-MnSQOD level in
mitochondrial fragments, suggesting the hyperactivity mitochondrial metabolism induced by
deletion of Cav-1. Interestingly, we discovered an increased population of neuroblasts in Cav-1
KO hippocampus without the significant change in cell proliferation by immunofluorescence.
Additionally, in Cav-1 KO hippocampus, neuronal production was also elevated but the survive
rate of new born neurons was decreased. Hence, Cav-1 depletion may cause an over-activity of
mitochondrial metabolism and production of ROS, which induced the increased neural lineage
commitment but lower survival rate of the adult generated neurons. This phenomena provide the
evidence that Cav-1 would be lineage regulator during process of adult neurogenesis and may be
the molecular target for neural regenerative therapy via regulating mitochondrial functions.
Acknowledgement:
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Title: Diverse spinal commissural neuron populations revealed by fate mapping and molecular
profiling using a novel Robo3“™ mouse
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Abstract: The two sides of the nervous system coordinate and integrate information via
commissural neurons, which project axons across the midline. Commissural neurons in the spinal
cord are a highly heterogeneous population of cells with respect to their birthplace, final cell
body position, axonal trajectory, and neurotransmitter phenotype. Although commissural axon
guidance during development has been studied in great detail, neither the developmental origins
nor the mature phenotypes of commissural neurons have been characterized comprehensively,
largely due to lack of selective genetic access to these neurons. Here, we generated mice
expressing Cre recombinase from the Robo3 locus specifically in commissural neurons. We used
Robo3°"™ mice to characterize the transcriptome and various origins of developing commissural
neurons, revealing new details about their extensive heterogeneity in molecular makeup and
developmental lineage. Further, we followed the fate of commissural neurons into adulthood,
thereby elucidating their settling positions and molecular diversity and providing evidence for
possible functions in various spinal cord circuits. Our studies establish an important genetic entry
point for further analyses of commissural neuron development, connectivity, and function.
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Abstract: In recent years, the outer subventricular zone populated with outer radial glial
cells(oRGs) in the developing human neocortex attracted a wide spread attention. Among the
specific genes expressed by oRGs, Hopx is frequently regarded as a trustable oRG marker in
recent studies on human neocortex and cultured organoid. Intriguing, Hopx is a gene not
humanoid specific but having prevalent expression at ventricular zone and cortical hem of rodent
cortex, which conflicts with the fact that oRGs exist very sparsely in mouse neocortex. Thus, the
role of Hopx expressed neural progenitors (NPs) in the developing brain cortex needs to be
further illustrated. By using immnunostaining, we visualize that Hopx preferentially expressed in
the BLBP-postive NPs in mouse cerebral cortex except of that in the dentate gyrus (DG). Further
observation of the postnatal Hopx-CreER mice administrated with tamoxifen prenatally, the fact
that Hopx positive precursors are inability to generate deep layer neurons thoughout all stages of
cerebral development is identified. Moreover, promotion of neuronal differentiation is found
both in the animals with transient knockdown of Hopx and animals with germline-null alleles. In
addition, lineage-tracing experiments provide similar evidence in the mouse brain with Hopx
area patterning. Collectively, these results show that Hopx instructs generation of late-born cells
by repressing of neurogenesis naturally in fate specification in the cerebral development process.
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Title: Genetic labeling of neurons derived from direct and indirect neurogenesis in the mouse
cerebral cortex
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Abstract: Diverse types of cortical excitatory neurons are generated from radial glial cells
(RGCs). RGCs initially undergo symmetric cell division to amplify progenitors. At the
neurogenic stage, RGCs undergo asymmetric cell division to produce progenitors and neurons
(direct neurogenesis) or progenitors and intermediate neuronal progenitors (INPs), which further
divide to produce neurons (indirect neurogenesis). These processes have been revealed by <i>in
vitro</i> imaging techniques. However, it remains obscure if these differentiation modes
contribute to generating diverse types of cortical neurons. In this study, we developed a genetic
labeling method, which distinguishes neurons from direct and indirect neurogenesis, and a
genetic method to label daughter neurons derived from INPs. We used a mouse line (G2A) that
expresses CreER<sup>T2</sup> under the control of a putative neurogenin (Ngn) 2 promoter,
because stable Ngn2 expression occurs in cells committed to neurons. Indeed,
immunohistochemical study showed that CreER<sup>T2</sup> expression was basically
overlapped with endogenous Ngn2 expression, although slightly shifted to basally and partly
overlapped with Thr2. We crossed the G2A driver line with Ail4 mice (ROSA26-Isl-tdTomato),
and administered a limited amount of tamoxifen to G2A:Ail4 pregnant mice. Since INPs retain
mitotic activity, combination with EdU administration distinguished neurons generated by direct
neurogenesis (tdTomato<sup>+</sup>/EdU<sup>-</sup>) from those generated by indirect
neurogenesis (tdTomato<sup>+</sup>/EdU<sup>+</sup>). We also crossed the G2A line with
Mosaic Analysis with Double Markers (MADMS) line for labeling mitotic INPs. Tamoxifen
administration to pregnant G2A:MADM-11<sup>GT/TG</sup> mice successfully labeled
clonally related neurons from INPs, which were revealed by GFP and tdTomato expression. The
present methods enabled us to investigate laminar distributions, molecular phenotypes, and
morphological aspects of cortical neurons generated by the two distinct manners, which would
help us understand the mechanisms producing various excitatory neurons in the developing
cortex.
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Title: Somatic mutations reveal left versus right asymmetry during early human development
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Abstract: Somatic mutations develop during embryogenesis and continue to occur over a
lifetime. When a somatic mutation arises in a progenitor cell, all daughter cells will share that
particular mutation. Therefore somatic mutations can be germ layer, organ, or cell specific and
enable tracing cell linages.

Here we describe a 28 year-old male with severe Tourette syndrome (TS) who has been
evaluated and followed by our group at the Yale Child Study Center since 1999. His abnormal
sensory urges and self-injurious motor tics are manifested exclusively on the left side of his body
resulting in several traumatic injuries on the left eye, mouth, and face.

We isolated fibroblasts by skin biopsy from symmetric inner regions of his right and left upper
arms, expanded the cells in vitro and performed whole exome capture sequencing.
Computational analysis predicted 46 and 25 single nucleotide variants (SNVs) present
exclusively on the right and the left side, respectively. Of these, 17 right and 13 left were somatic
SNVs and validated by amplicon-seq in the original fibroblasts and were carried together in
single iPSC lines, suggesting that fibroblasts are clonally distributed within the human dermis.
Interestingly, HTR1A, CACNB4, NRXN1 and DBH, four genes that are associated with brain
function, carried missense SNVs in fibroblasts on the right side, contralateral to his symptoms.
Virtually all of these SN'Vs were also detected in the patient’s saliva or urine, suggesting that his
left and right cell body lineages diverged before the separation of the 3 germ layers at
gastrulation. Furthermore, such an early origin implies that these lateralized somatic mutations
may be present on the right and left sides of this patient’s brain and may be responsible for his
asymmetric symptoms. Surprisingly, none of the mutations were detected in blood, suggesting
limited use of blood to detect mosaic variants present across the body. Similar analyses in other
individuals suggest comparable abundance of lateralized SNVs. We suggest that left-right
asymmetry originating before organogenesis is commonplace in humans and may be important
for human body and brain laterality and disease.
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Abstract: The cellular complexity of mouse cerebral cortex has been intensively studied, yet a
thorough characterization of distinct neurogenic regions of the developing telencephalon at
single-cell resolution has not been described. Neurogenesis occurs within the embryonic
ventricular zone (VZ) and subventricular zone (SVZ), and a detailed description of progenitors in
these niches may give insight into gene pathways regulating brain patterning and initial cell fate
decisions. Here, we use single-cell transcriptomics to study heterogeneity within VZ and SVZ in
the dorsal telencephalon, source of glutamatergic projection neurons, and the three ganglionic
eminences (GEs) that generate distinct populations of inhibitory GABAergic neurons. By
harvesting Nestin-expressing cells, VZ progenitors were isolated from all four brain regions and
compared to SVZ progenitors and postmitotic mantle zone cells. VZ progenitors show restricted
spatio-temporal transcriptional patterns specific to their regions which subsequently lead to
differentiation of heterogeneous secondary SVZ progenitors. Furthermore, early cellular
response genes were differentially regulated between regions suggesting that highly dynamic
morphogenic cues may be responsible for heterogeneity within the neurogenic niches and
regions during development. Studies to investigate candidate genes that may regulate intra- or
inter-regional cell fate specificity are underway. Our findings characterize the systematic
landscape of transcriptional diversification in the developing telencephalon with the hope to
uncover fate-determining genes that bring cellular diversification to multipotent telencephalic
progenitors.
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Abstract: Introduction: Retinal progenitor cells (RPCs) pass through stages of developmental
competence where they successively acquire and lose the ability to generate the different retinal
cell classes. Lhx2, a LIM homeodomain transcription factor, is expressed in RPCs throughout
neurogenesis and regulates many of their stage-specific properties. We previously showed by
immunohistology that Lhx2 inactivation at the start of retinal neurogenesis causes a reduction in
RPCs, imbalanced neurogenic output and impaired competence progression. This was evidenced
by early cell type overproduction that persisted past the normal period (retinal ganglion cells;
RGCs), and a reduction in the generation of rods photoreceptors, a late generated cell type.
Purpose: To more rigorously assess whether the ectopically generated RGCs exhibited lineage
fidelity in the absence of Lhx2 and that the early competence state was extended at the expense
of the late competence state, we employed single cell RNA sequencing to examine the gene
expression profile of individual cells after temporally-controlled Lhx2 inactivation in RPCs.
Methods: Lhx2 was inactivated in RPCs with tamoxifen-dependent Cre recombination at the
start of retinal neurogenesis (~E11.5) and samples were collected at E18.5. Control and CKO
retinas were dissociated into single cells and barcoded libraries were constructed with the 10X
Chromium Controller. Sequencing was done on an Illumina NovaSeq6000. Analysis of single
cell transcriptomes were conducted using the R and Python software environments and included
the Seurat, CellRanger, pCreode, and scUnifrac packages.

Results: Cluster and nodal analysis revealed differences in the distribution of cell types within
the control and cKO samples. Trajectory analysis indicates that RGC production is continuing
past their normal period and that by and large, cell identities are maintained with some
exceptions. Additionally, there is evidence of differences in the distribution of various cell-types
not observed previously.

Conclusions: We were successful in identifying differences in cell fate and differentiation due to



the removal of Lhx2 function. Although analysis is ongoing, our data thus far points to Lhx2
having a key role in allowing RPCs to advance in their competence state from early to late and
that by and large, lineage fidelity is maintained in most retinal neurons.
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Abstract: The global mechanisms that regulate and potentially coordinate cell proliferation and
death in developing neural regions are not well understood. In particular, it is not clear how or
whether clonal relationships between neural progenitor cells and their progeny influence the
growing brain. We have developed an approach using Brainbow in the developing zebrafish to
visualize and follow multiple clones of related cells in vivo over time. This allows for clear
visualization of many dividing clones of cells, deep in proliferating brain regions. As expected,
in addition to undergoing interkinetic nuclear migration and cell division, cells also periodically
undergo apoptosis. Interestingly, cell death occurs in a non-random manner: clonally related cells
are more likely to die in a progressive fashion than cells from different clones. Multiple members
of an individual clone die while neighboring clones appear healthy and continue to divide. Our
results suggest that clonal relationships can influence cellular fitness and survival in the
developing nervous system, perhaps through a competitive mechanism whereby clones of cells
are competing with other clones. We are now testing whether specific factors influence this
process, including overexpression of myc and manipulation of the BMP signalling pathway.
Clonal cell competition may help regulate neuronal proliferation in the vertebrate brain.
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Abstract: The ventricular-subventricular zone (V-SVZ), a stem cell niche located along the
walls of the lateral ventricle, generates neurons and glia to populate regions of the forebrain. The
V-SVZ also generates an epithelial monolayer of ependymal cells to line the ventricle surface.
Along the lateral wall of the lateral ventricles a unique organization of ependymal cells and
remaining stem cell processes form regenerative units referred to as ‘pinwheels’ in contrast to the
medial wall of the lateral ventricle, which is covered entirely by ependymal cells. We examined
the mechanism of stem cell division (symmetric versus asymmetric) that gives rise to new
ependymal cells with the retention of clustered populations of stem cells (pinwheels). Using
piggyBac in utero electroporation together with BrdU/EdU double-labeling of V-SVZ stem cells,
we monitored the fate decisions of V-SVZ stem cells during the period of ependymogenesis
throughout development in male and female mice. Here, we show the progression of
ependymogenesis from caudal to rostral along the ventricle surface of postnatal mice, track the
generation of pinwheel units, and monitor stem cell division during different stages of early
development.
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Abstract: Commissural neurons send axons across the spinal cord midline and project to various
supraspinal targets. These neurons exhibit diversity across multiple parameters, including their
developmental origins, the transcriptional programs that drive their specification during
embryogenesis, and their mature cell body positions, connectivities, molecular profiles, and
functions. While much of this heterogeneity has been documented, the molecular programs that
translate commissural neuron developmental characteristics into mature phenotypes remain
poorly understood. Using novel genetic tools in mice, we are following subsets of commissural
neurons from neurogenesis to adulthood with the goal of connecting developmental cell lineages,
transcriptional trajectories, and mature properties. We are combining single-cell RNA
sequencing, birthdating approaches, and viral circuit tracing methods to generate a detailed map
of commissural neuron development and connectivity, with a special focus on spinal
somatosensory circuits. Here we present early-stage data with respect to the diverse
transcriptomes of embryonic commissural neuron subtypes and their connectivity patterns in the
adult. Our studies promise to provide novel insight into the programs that govern developmental
and mature diversity of commissural neurons, and these advances will enable further studies of
individual commissural neuron subpopulations.
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Abstract: Lineage tracing techniques aim to identify the progeny of a defined population of
progenitor cells. In the developing central nervous system, the neural tube undergoes
morphogenetic changes while thousands of cells migrate long distances, complicating the
analysis of progenitor-progeny relationships. Current lineage analysis relies on Cre recombinase
to indelibly label a genetically defined progenitor population and its progeny. Such cumulative
approaches are flawed by the fact that Cre driver gene is often expressed in both progenitors and
postmitotic neurons, leading to ambiguous interpretation of the resulting fate map. Genetic
inducible approaches temporally restrict the labeling of progenitor cells but are limited by
mosaicism and toxicity. Here we develop and validate PRISM, an intersectional genetic
approach where the Flp recombinase expression is both dependent on Cre, and restricted to
neural progenitors. This approach can be used with all Cre lines to produce bona fide progenitor
fate maps. We applied PRISM to resolve the lineage of progenitors expressing either of two
developmentally important, but contentious lineages - Shh and Cux2.
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Title: Analysis of the ciliary protein, I11G9, reveals a new localization in cell-cell adhesion in
ependymal cells and progenitor radial glial cells
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Abstract: Introduction: In the adult brain, I11G9 is restricted to the cilia present in ependymal
cells that line the ventricular layer. During embryonic development (E14), a subset of radial glia
generate ependymal cells, and ependymal cell differentiation is finalized after birth (P20). We
have previously determined that [11G9 expression is high towards the apical side of radial glia,
although its function is unknown. We have characterized 111G9 expression and localization
during radial glia specification to ependymal cells in the rat brain, showing that is present in cell-
cell adhesion-complexes through ependymal development.

Materials-Methods: We used embryonic rats (E13, E15, and E17) to analyze 111G9 expression
in the brain by RT-PCR and immunohistochemical analysis coupled to optical and spectral
confocal microscopy. We used whole-mount staining of rat ventricular surface from E17 to adult
to analyze the changes of I11G9 distribution during specification and maturation from radial glia
to ependyma. We also analyzed I11G9 using SIM super-resolution microscopy and ultrastructural
immunohistochemistry to localize 111G9 in adult ependyma.

Results: 111G9 is expressed throughout the ventricular wall during embryogenesis, and
colocalizes with Pan-cadherin and B-catenin in the lateral membrane at the apical part of radial
glial cells. In the transition from radial glia to ependymal cells, 111G9 delocalizes from the cell-
cell junctions. We demonstrated that 111G9 is present in cell-cell adhesion junctions using SIM
super-resolution and ultrastructural immunohistochemistry.

Discussion: 111G9 may be involved in the maintenance of cell-cell adhesion complexes at the
lateral membrane of radial glia that will generate ependymal cells in postnatal rats, giving this
ciliary protein possible functions outside cilia and suggesting a novel role for I111G9 during
embryonic CNS development and in the adult postmitotic ependymal wall.
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Title: A novel subgroup of neurons related to the serotonergic neuronal system: Rhombomere 4-
derived Petl+ cells referred to as "para-serotonergic"
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DYMECKI;
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Abstract: The brain serotonergic (5-HT) neuronal system can be divided anatomically into
rostral and caudal groupings. These two domains are separated by the rhombomere (r) 4-derived
pontine region, which has been reported to harbor few 5-HTergic neurons. Notwithstanding this
paucity of r4-derived 5-HT neurons, we and others (Okaty et al., 2019; Barrett et al., 2016;
Pelosi et al., 2014; Alonso et al., 2013) have shown that transcripts encoding the 5-HTergic
differentiation transcription factor Petl are expressed within the r4 territory of the

hindbrain. Here we show, using an intersectional genetic fate mapping strategy combined with
histology and molecular approaches, that a substantial population of r4-Pet1 cells are located in
the r4-derived pontine raphe nucleus, as well as some in the ventral portion of 5-HTergic B9
nucleus and rostral part of the Raphe Magnus; most of these neurons lack immunodetectable
levels of 5-HT. We refer to these cells as “para-serotonergic,” reflecting their lack of detectable
5-HT and their close spatial proximity to and common developmental specification with 5-
HTergic neurons. Transgenically driving synaptophysin-GFP in these cells to illuminate axonal
boutons, we found that r4-Petl para-serotonergic neurons selectively innervate the parabrachial
nucleus, pre-Botzinger complex, the nucleus of the solitary tract, and the hypoglossal nucleus.
These findings suggest a role in the control and coordination of physiological functions
including breathing and heart rate. We are currently working on molecular characterization of r4-
Petl para-serotonergic neurons using single cell RNAseq and physiological functional studies.
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Abstract: One of the long-standing goals in neuroscience has been to rewire neuronal circuits
using stem cells for therapeutic purposes. Much effort has been made to uncover the neuronal
stem cell lineage-based principles underlying circuit assembly. For example, stem cell lineage
and birth timing of neurons can contribute to synaptic wiring decisions in some, but not all, parts
of the central nervous system. Little is known about the lineage-based organization of the motor
system, yet such knowledge is a prerequisite for stem cell-based repair of spinal cord injury. We
propose three lineage-based motor circuit assembly models. First, neurons from the same stem
cell precursor could be more likely to form synapses with each other, which we call “lineage
matching”. Second, groups of neurons from certain lineages, but not other lineages, could prefer
to wire together, which we call “preferential lineage assortment”. Third, neurons from different
lineages that are born at the same time could preferentially wire-together, which we call “birth
time matching”. METHODS: We test the above models using neuronal stem cells, neuroblasts
(NBs), in the model system, Drosophila melanogaster. In particular, we focus on the NB3-3
lineage, one of the best characterized lineages in the Drosophila motor system. First, we identify
the synaptic inputs onto neurons derived from NB3-3 using information in the Drosophila larval
connectome (a TEM volume spanning the entire larval CNS). Second, we apply twin spot
MARCM, a lineage tracing and birth time dating transgenic tool developed in Drosophila, to
determine the birth order of both the neurons of the NB3-3 lineage and of neurons which synapse
onto these neurons. These two tools have never before been applied to the same set of neurons,
and here will provide us novel insights into the lineage-based development of motor circuits by
allowing us to distinguish between lineage-based models of circuit assembly. RESULTS: | will
discuss the recent progress in the meeting. DISCUSSION: By revealing relationships between
lineage and circuitry in motor system of Drosophila, our work will better the understanding of
circuit assembly, and may contribute to circuit engineering for therapeutic medicine.
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Abstract: Inhibitory interneurons exert powerful control over cerebral cortex activity, and
deficits in their function have been heavily implicated in the etiologies of autism spectrum
disorder, epilepsy, and schizophrenia. Many of these deficits have been attributed to aberrant
interneuron development, occurring well before the onset of disease. The objective of this study
IS to assess the role of Map3k12 binding inhibitory protein (Mbip) as a regulator of cortical
interneuron development in vivo. Mbip expression is enriched in the medial ganglionic eminence
(MGE) of the developing forebrain, where most cortical interneurons are generated. To
determine the in vivo function of Mbip, we developed a novel mouse model in which we have
conditionally removed Mbip from cortical interneuron progenitor cells of the MGE. We found a
significant decrease in the density of reporter-labeled MGE-derived cortical interneurons within
the postnatal cortex in our conditional knockout mice compared to heterozygous littermate
controls. We next evaluated the requirement for Mbip in establishing the two primary MGE-
derived interneuron subtypes, parvalbumin (PV) and somatostatin (SOM) interneurons. We
found a significant decrease in the density of reporter and PV co-labeled cortical interneurons.
Preliminarily, we also observe a decrease in reporter and SOM co-labeled cortical interneurons.
Together, our results support a cell-autonomous role for Mbip in establishing the appropriate
number of MGE-derived cortical interneurons within the postnatal cortex. Current efforts are
aimed at determining whether the loss of MGE-derived interneurons is uniform across cortical
layers and areas, and whether compensatory changes in non-targeted populations of cortical
interneurons occur. We are also investigating developmental mechanisms underlying the loss of
MGE-derived cortical interneurons in Mbip conditional knockout mice in order to determine how
interneuron deficits emerge in this model. Future work will investigate the functional
consequences of Mbip loss on animal behavior and cortical electrophysiology. This research will
further our understanding of cortical circuitry formation and may provide insight for the
development of future therapeutic approaches for cortical circuitry disorders.
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Abstract: Proper function of forebrain circuitry is necessary for a wide variety of behavioral
tasks such as the perception of sensory stimuli and the orchestration of body movements.
Execution of these tasks depends on the precise communication between different brain regions,
whose interconnectivity is established during embryonic development. Indeed, disruptions to
normal brain development can lead to long-lasting changes in the adult brain, resulting in
disorders such as schizophrenia. In previous work from our lab, we demonstrated a role for the c-
Jun N-terminal Kinase (JNK) signaling pathway in the migration of cortical interneurons. To
study the requirement for JINK in vivo, we developed a conditional triple knockout (cTKO)
mouse model where Jnk1 is deleted from DIx5/6-lineage cells, which are located in the ventral
telencephalon and a portion of the diencephalon, in mice lacking both Jnk2 and Jnk3. In the
current study, we find that the same mutation leads to disruptions in non-interneuronal
populations of cells, as well as major axon pathways. Interestingly, many of these disruptions
occur in areas not targeted by the conditional deletion of Jnk1, suggesting that there are
nonautonomous requirements for JNK signaling in forebrain development. We have analyzed in
vivo cortices ranging from embryonic (E) day 12.5 to postnatal day 0. In cTKO brains, gross
changes include enlarged ventricular volume, malformations of the developing cortical plate, and
misrouted thalamocortical axons. Axon pathway defects are detectable at E12.5 and persist
throughout embryonic development. Additionally, structures within the ventral forebrain such as
the striatum and globus pallidus appear malformed and hypo-morphic. By characterizing the
generation and maturation of different forebrain regions throughout embryonic development, we
will further define the roles of the three JNK genes in the morphogenesis of the brain.
Understanding the genetic regulation of brain development will help uncover potential causes of
neurodevelopmental disorders, and can ultimately lead to better treatment of these devastating
diseases.
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Abstract: In developmental neuroscience, direct transfection of neural stem cells in vivo with
genome-integrating vectors is increasingly used as an alternative to the generation of transgenic
animals. However, current genome-integrative vectors present important limitations: retroviral
vectors traditionally used in cell lineage studies are cumbersome to produce and limited in cargo
capacity. Naked DNA vectors are considerably simpler to use and can accept large transgenes,
but they enable expression from non-integrated episomes in addition to that of integrated
transgenes. This creates a transient burst of expression that prevents reliable identification of
transgenic cells and can cause transgene leakiness and toxicity.

We bypass this issue with a novel expression strategy termed “iOn” (integration-coupled On
expression) switch, enabling to activate DNA transgenes introduced by standard transfection
procedures as they integrate into the host genome, while episomal transgenes remain silent.
Toxic and non-physiological effects due to high episomal expression are thus avoided. Marker
expression solely reflects the activity of integrated transgenes, enabling straightforward
identification and analysis of integration events directly after transfection.

We demonstrate the efficiency of the iOn strategy for stable additive transgenesis in neural
progenitors in the embryonic cortex, retina and spinal cord of mice and chicken. In these
systems, we show that iOn vectors coupled with fluorescent color reporters make an ideal tool
for cell lineage tracing and open the way to functional mosaic analysis through simple and rapid
somatic transfection procedures. iOn vectors also drive leak-proof genome integration-dependent
Cre-lox recombination, which we use to reveal the clonal output of a genetically identified
subtype of retinal progenitors in the developing chick retina. We also show that iOn vectors
provide an efficient means to stably transfect and rapidly isolate clones of stem/pluripotent cells
in vitro. These results establish iOn as a highly efficient and versatile strategy for “direct
transgenesis’ in any model accessible to transfection.
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Abstract: Stroke including brain ischemia, a major cause of death in developed countries, is
usually associated with severe disabilities, high recurrence rate and other poor outcomes. Since
neuronal loss is a major pathological hallmark of brain injury, regenerating new neurons to
replenish lost neurons at injured sites is considered to be critical for functional recovery.
However, treatments for stroke are currently restricted to symptomatic therapies, and no longer-
term remedy has been established to date. Microglia, the major immune cells in the central
nervous system, are known to converge at injured sites for the clearance of dead cells. We have
recently revealed that a single transcription factor, NeuroD1 (ND1), can convert mouse microglia
into neurons in the adult mouse striatum. With this background, we examined whether microglia-
neuron conversion at lesion sites can induce functional recovery after ischemic brain injury.
Eight-week-old mice were subjected to 30 minutes of middle cerebral artery occlusion (MCAO)
by an intraluminal suture. We found that microglia intruded into and accumulated in/around the
lesion site by 7 days after MCAO. In order to express ND1 in the microglia, we injected
lentivirus expressing ND1 under the control of CD68 promoter into the lesion site of the striatum
7 days after MCAO, and observed neuronal marker-positive induced neuronal (iN) cells 2 and 4
weeks after the virus injection. When we depleted microglia specifically from the brain before
the virus injection by the treatment with PLX5622, an inhibitor of colony-stimulating factor-1
receptor, ND1-converted iN cells could be hardly observed, suggesting that majority of original
cells converted into iN cells was microglia. We also detected excitatory synaptic formation of iN
cells with host neurons in the injured striatum and these iN cells exhibited spontaneous action
potential firing following depolarization. Furthermore, these stroke model mice with ND1-
induced neuronal conversion of microglia exhibited significantly improved functional recovery
at 4 weeks after viral injection and afterwards. Taking these results into account, it is conceivable
that our findings advanced one step toward the development of therapeutic strategy for patients
afflicted with sequelae of stroke.
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Title: Pioneer factor NeuroD1 rearranges transcriptional and epigenetic profiles to execute
neuronal conversion from microglia
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Abstract: Lineage-specific transcription factors enable the switch from one cell type into
another, with potential applications in disease modeling and regenerative therapy. Recent studies
indicate that exogenous Sox2 or NeuroD1 (ND1) expression converts endogenous astrocytes in
the mouse brain and spinal cord to neurons. Since glial cells including astrocytes proliferate in
response to injury in the central nervous system (CNS) and eventually form a glial scar, in vivo
neuronal conversion from astrocytes raises the possibility of modifying gliotic tissues to provide
a cellular source for replenishing impaired neuronal circuits. Microglia, the major immune cells
in the CNS, also converge at injured sites and become a predominant cell type within the glial
scar. Furthermore, a recent report has shown that even after selective elimination of most
microglia (>99%) in the adult mouse brain, the population can be rapidly replenished from the
few surviving microglia (<1%). Thus, microglia that have accumulated at injured sites should be
suitable for restoring lost neurons by direct conversion, without exhaustion of the source in the
brain. Nevertheless, the direct conversion of microglia into neurons has not been achieved. Here,
we show that NeuroD1 achieves direct neuronal conversion from mouse microglia both in vitro
and in vivo. Exogenous NeuroD1 initially occupies closed chromatin regions associated with
bivalent H3K4me3 and H3K27me3 marks in microglia to induce neuronal gene expression.
These regions are resolved to a monovalent H3K4me3 mark at later stages of the reprogramming
to establish neuronal identity. Furthermore, the transcriptional repressors Scrtl and Meis2 are
induced as NeuroD1 target genes, resulting in a decrease in the expression of microglial genes.
In parallel, the microglial epigenetic signature in promoter and enhancer regions is erased. These
findings reveal NeuroD1 pioneering activity accompanied by global epigenetic remodeling for
two sequential events: the onset of neuronal property acquisition and the loss of microglial
identity during the reprogramming.
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Abstract: Direct reprogramming of cell identity from a glial to neuronal phenotype has been
demonstrated both in vitro and in vivo. The induction of phenotypic neurons from glial cell
populations follows forced expression of pioneering transcription factors, such as Ngn2,
NeuroD1, and Ascll that are normally expressed during development to specify neuronal fate.
Viral vectors can be used to deliver reprogramming transcription factors to glial cells. The
efficiency of vector tropism has a major impact on the feasibility to reprogram a sufficient
number of new neurons to achieve a meaningful functional integration. NG2 glia, also known as
oligodendrocyte progenitor cells (OPCs), represent one cellular population that could be an ideal
target for neuronal induction for repair. NG2 glia, understood to represent a reserve cell
population to replace oligodendrocytes, are actively dividing in the mature CNS, perform no
known critical neural activity and respond to injury by proliferation and subsequent population
homeostasis. Previously, we have successfully targeted and reprogrammed NG2 glia to neurons
in vitro and in vivo using retroviral vectors to target the actively proliferating NG2 cell
population. As an alternative delivery platform, rAAV vectors are frequently used to achieve
efficient and widespread in vivo gene delivery. However, no systematic assessment of AAV
serotype efficiency in targeting NG2 glia has been reported. Therefore, we investigated this
concept by delivering CMV-eGFP constructs into rat cortex and striatum (n=3 animals per site)
using the following AAYV serotypes: 1, 2, 4,5, 6, 6.2, 8, 9, rh10, DJ, PHP.S, PHP.B, PHP.eB.
Analysis of infected cell types, three weeks post-injection, revealed most serotypes were
substantially neurotropic with tropism for astrocytes also observed with AAV5 and AAVS.
However, cultured adult-rat derived NG2 glia were infected by AAV 6.2 at remarkably high
efficiency, followed by the AAV PHP variants B, eB and S suggesting that these serotypes may
be suitable for in vivo gene delivery to NG2 glia populations in the CNS. Interestingly, NG2 glia
from different brain regions, such as motor cortex, corpus callosum, and striatum, exhibited
biological heterogeneity in transduction efficacy between different AAV serotypes. This may be
due to developmental differences of tangential migration in sequential waves of NG2 glia
generation during development. Ultimately, this comprehensive AAV serotype study elucidates
the transduction efficiency of individual serotypes for NG2 glia on distinct brain regions.
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Abstract: Transdifferentiation is a promising therapy for replacing dead neurons in spinal cord
injury (SCI) where scar-forming reactive astrocytes proliferate robustly, allowing themselves as
a prime target for reprogramming into neurons. In this study, we directly reprogrammed reactive
astrocytes into functional neurons with particular molecular tools, comprising a double-floxed
transcription factor, neurogenin-2 (Ngn2) and a split-Cre under two different promoters for
reactive astrocytes specific gene expression. In the injured mouse brain, over 60% of virally-
transfected reactive astrocytes transdifferentiated into NeuN positive neuron-like cells with
robust action potential via expressing Ngn2. In the AAV-EFla-df-Ngn2-1IRES-GFP with split cre
infected SCI (SCI/Ngn2) group, motor impairment was significantly recovered to 34% of the
normal level in Basso mouse score (BMS), consistent with showing action potential. Ngn2-
expressing cells colocalize with neuronal markers but not with BrdU, indicating that they are
originated not from cell-division, but from the cell-fate switch. These results show that reactive
astrocytes directly convert to neurons without risk of tumorigenesis caused by stemness of
infected cells. Our study proposes the transdifferentiation of reactive astrocytes into functional
neurons as a next-generation therapeutic approach for patients suffering from spinal cord injury.
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Abstract: Protocadherin (PCDH)12 is a cell adhesion molecule, member of the cadherin
superfamily, that mediates homophilic cell-cell interactions. Loss of PCDH12 was previously
shown to result in microcephaly, facial dysmorphism, epilepsy, and developmental disability.
How PCDH12 loss of function leads to malformations of cortical development such as
microcephaly, and disorders associated with disrupted neuronal circuitry such as epilepsy is
unknown. Here, we investigated the effects of PCDH12 deletion in neuroprogenitors derived
from human embryonic stem cells. We showed that PCDH12 absence affects cell migration.
Neuroprogenitors lacking the cadherin failed at migrating as far as wild-type (WT) cells due to
disrupted directional persistence. PCDH12 knock-out cells did not show any proliferative defect
or change in cell death rate. However, we observed a decrease in cell cycle re-entry when
compared to WT neuroprogenitors, suggesting a premature exit from the progenitor state and
early neuronal differentiation. Our data suggest that abnormal cell migration and fate
determination could be responsible for the disrupted cortical development and neuronal circuitry
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: Introduction: Reelin is a large secreted protein and essential for brain formation and
functions. Secreted Reelin binds to its receptors, apolipoprotein E receptor 2 (ApoER2) and very
low-density lipoprotein receptor (VLDLR), and induces the tyrosine phosphorylation of Dabl.
Phosphorylated Dabl activates downstream signaling and then is degraded. We previously
reported that the C-terminal region (CTR) of Reelin is required for efficient phosphorylation of
Dabl. In the knock-in mouse in which the CTR of Reelin is deleted (AC-KI mouse),
hippocampal CAL layer was split into two layers (Kohno et al. J. Neurosci. 35, 4776 (2015)).
Furthermore, AC-KI mice exhibited hyperactivity and impaired working memory (Sakai et al.
Sci. Rep. 6, 28636 (2016)). These abnormalities suggested the specific role of Reelin CTR in
hippocampal formation and functions. In this study, we aim to clarify the significance of the
CTR of Reelin during hippocampal development.

Methods: The amount of Dab1 was analyzed by western blotting. The hippocampal neuron
generated at embryonic day (E) 12.5 or 16.5 were labeled using bromodeoxyuridine (BrdU).
Frozen hippocampal sections of wild-type and AC-KI mice were immunostained with anti-Ctip2
and anti-BrdU antibodies. To observe neuronal morphology, we transfected immunofluorescent
expression vector to hippocampal neurons by in utero electroporation.

Results and Discussion: The amount of Dab1 in the AC-KI mice was greater than that of wild
type mice suggesting that Reelin-Dab1 signaling is attenuated in the hippocampus of AC-KI
mice. In the AC-KI mice, the CA3 layer appeared normal, but the CA1 pyramidal cell layer was
split into two layers. This defect was not observed at postnatal day (P) 0 but was apparent at
P3and afterward. In AC-KI mice injected with BrdU at E12.5, BrdU positive cells were correctly
positioned in the CA1 layer. On the other hand, in AC-KI mice injected with BrdU at E16.5,
BrdU-positive cells were
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Abstract: In the developing neocortex, newborn neurons initially show multipolar (MP)
morphology, moving slowly with no particular direction (MP migration). When MP neurons
reach the subplate (SP) layer, they change into bipolar (BP) shape (MP-to-BP transition), and
initiate fast radial glial fiber-dependent locomotion (locomotion) toward pial surface. This radial
neuronal migration process occurs in a birth- date-dependent inside-out manner, leading to the
generation of the six layered structure of neocortex. Previously, we performed gene expression
profiling of migrating excitatory neurons, and found that the expressions of genes related to
extracellular matrix (ECM) are significantly changed during migration. Among these genes, we
focused on ADAMTS?2 (a disintegrin and metalloproteinase with thrombospondin motifs2), the
expression of which remarkably increased during migration. Both siRNA-mediated knockdown
and overexpression of ADAMTS2 in migrating neurons disturbed MP-to-BP transition,
suggesting that theproper levelsof ADAMTS2are required or the initiation of locomotion.
Recently, it has been reported that TGF-p signaling-related proteins arepotential proteolytic
substratesof ADAMTS2. It has also been reported that TGF-f initiates signaling pathways to fate
naive neurites into axons in the early neocortical neurons.However, the involvement of TGF-j
signaling in radial neuronal migration remains to be clarified. Immunohistochemistry of pSmad3,
which is one of the activated downstream protein of TGF-f signaling,revealed that pSmad3 is
expressed just under the subplate, Thus, we hypothesized that ADAMTS2 regulates neuronal
migration throughtransient activation of TGF-f signaling at the SP. In order to investigate the
involvement of TGF-f signaling in neuronal migration, we monitored TGF-p/ pSmad signaling



during neuronal migrationusing cultured corticalslices by luminescent imaging. The results
suggested that TGF-p signaling is up-regulated in the migrating MP neurons just before
switching to the locomotion mode. We are now analyzing the downstream pathways of TGF-3
signaling inradial migration process including the regulation of F-actin dynamics.
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Abstract: The olfactory tubercle (OT) has been traditionally considered a 3-layer paleocortical
structure receiving direct input from the olfactory bulb. However, anatomically and
histologically the OT resembles the striatum (ST), and its function and connectivity with the
dopaminergic reward system led to the suggestion that the OT be considered ventral striatum
(VST). Here, in an analysis of OT development, we provide evidence that OT and vST share
developmental origins and features. Neurogenesis analyses with BrdU established that OT
follows a lateral-to-medial maturation gradient. Using a piggyBac transposon as either a multi-
or a single-color technique, we characterized the migratory route followed by the OT
neuroblasts. From their origin in the lateral ganglionic eminence (LGE) they migrate to the OT
using a pathway we named “ventral migratory course” (VMC). In the OT neuroblasts
differentiated, acquiring ST medium-spiny neurons (MSN) molecular phenotype. Of interest, the
fate or laminar distribution of cells in the OT was determined in part by the progenitor cell of
origin. Additionally, we studied the dopaminergic innervation of the OT using tyrosine
hydroxylase (TH) staining. The first TH* axons arrived in the OT at E13 and progressively
innervated the OT in an inside-out manner. Postnatally, we determined the myelination of OT
fibers occurred in “rapid myelination process” between P7-P14 as occurs in piriform cortex.
Collectively, both our developmental analyses of neuroblast origin/migration and molecular



characterization of cells as they mature in the OT, are consistent with the notion that the OT
should be considered as part of the vST.
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Abstract: Proper neurodevelopment of the mammalian cortex is critically dependent upon a
series of highly orchestrated complex events, including proliferation and differentiation of neural
progenitor cells, neural migration and maturation. In this study, we aim to transiently and
specifically disrupt the neurodevelopment in cerebral organoids derived from human ESCs by
manipulating anaplastic lymphoma kinase (ALK), a receptor-type protein tyrosine kinase. ALK is
specifically expressed in the embryonic central nervous system. However, its physiological roles,
particularly in the context of mammalian brain development, remain poorly understood. Our
results show that the transient pharmacological inactivation of ALK significantly impaired
proliferation of neural progenitor cells and delayed the development of cerebral organoids. To
gain mechanistic insights, we employed single-cell RNA-sequencing (SCRNA-seq) to unbiasedly
dissect the cell composition and transcriptional heterogeneity and identified molecular signaling
pathways and differentially expressed genes (DEGS) that are affected by ALK inhibition in
human cerebral organoids. Our results provide compelling evidence supporting a crucial role of
ALK in mammalian neurodevelopment.
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Title: Drebrin regulates cytoskeletal dynamics in migrating GnRH neurons through interaction
with CXCR4

Authors: *Y. SHAN?, S. WRAY?;
ICell. and Developmental Neurobio. Section, NIH, NINDS, Bethesda, MD; Cell. &
Developmental Neurobio., NIH NINDS, Bethesda, MD

Abstract: Coordination of extracellular guidance cues and intracellular cytoskeletal elements is
required for migration of neurons to the correct location, and subsequent formation of functional
circuits. Chemokine stromal cell-delivered factor 1 (SDF-1), together with its receptor
chemokine receptor type 4 (CXCR4) are important regulators of migration in both the nervous
system and immune system. SDF-1 via CXCR4 is known to promote Gonadotropin releasing
hormone-1 (GnRH) neuronal migration. However, how CXCR4/SDF-1 activation alters
cytoskeletal components in neurons, remains unclear. Developmentally regulated brain protein
(drebrin) stabilizes actin polymerization and interacts with microtubule plus ends. Recently,
Perez-Martinez et al. proposed that drebrin directly interacted with CXCR4 to promote actin
activities at immune synaptic sites in T-cells. The current study examined whether CXCR4,
under SDF-1 stimulation, interacts with drebrin to facilitate neuronal migration in GnRH cells
during embryonic development. At E12.5 and E14.5, robust drebrin expression was identified
along cortical actin in migratory GnRH neurons, and drebrin was colocalized with the
microtubule plus end binding protein EB1, consistent with the role of drebrin guiding
microtubules into cortical actin. Confocal microscopy showed colocalization between drebrin
and CXCR4. Using migration assays on GnRH cells maintained in nasal explant, blocking
drebrin (using BTP2, a Ca?* release-activated Ca?* channel inhibitor) prevented the effects of
CXCR4 agonist/antagonist on neuronal movement, consistent with a functional interaction
between drebrin and CXCRA4. In GnRH leading processes, STED microscopy revealed that the
association between EB1 and drebrin decreased after BTP2 treatment and co-
immunoprecipitation confirmed there was a direct interaction between CXCR4 and drebrin in
mouse brain and an immortalized GnRH cell line. Analysis of Drebrin KO animals is in progress
to determine if movement of GnRH neurons is perturbed. These data show a novel mechanism
by which a chemokine via a membrane receptor communicates with the intracellular
cytoskeleton components in migrating neurons during early nervous system development.
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Title: Orientations of cellular processes in rhesus macaques during the second half of gestation
for biomechanical simulations of cerebral cortical folding
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Abstract: Abnormal gyral and sulcal folding patterns are observed in individuals affected by
neurodevelopmental disorders of heterogeneous, and in many cases unknown etiology. A
biomechanical understanding of folding would be of utility for interpreting the folding pattern of
a mature brain in terms of cellular developmental processes critical to the mechanism of disease.
Over the folding period, dramatic brain growth accompanies the transformation of its structural
organization from developmentally transient lamina, to a set of white matter fiber bundles that
interconnect the cytoarchitecturally differentiated cerebral cortex and other brain areas. Tissue
growth and deformation depends on the orientations and mechanical properties of its cellular
constituents. Recently, we have developed computational methods to simulate anisotropic
growth. For example, axon elongation along the direction of a developing fiber tract occurs in
response to mechanical tension. Here we report the laminar position dependence of anisotropy in
radial glial cell, dendritic, and axonal processes in the fetal rhesus macaque occipital lobe from
gestational day 90 (G90) to G135. At G90, prior to the formation of folds, SMI312-stained axons
are oriented radially within the cortical plate (CP), they are uniformly-distributed within the
subplate (SP), oriented parallel to the ventricular and pial surfaces within the outer fibrous layer
(oFL), and are uniformly-distributed within the subventricular zone (SVZ). In contrast, radial
glial cell processes stained with vimentin exhibit strong radial orientation within the CP, SP, and
OFL. MAP2-stained dendrites appear radially oriented in CP and SP, and appear to be randomly
oriented within the oFL and SVZ. These cell process orientation patterns are unchanged at G110,
during the initial period of cortical folding. By G135, primary sulci and gyri have formed, and
the SVZ and oFL are diminished in volume. Radial alignment of vimentin and MAP2-positive
cell processes are observed, but SMI1312-stained axons do not adopt a strongly preferred
orientation in the CP. In the subjacent developing white matter, the predominant orientation of
axons depends on the location relative to a gyral crown or sulcal fundus. These findings indicate



that the CP is primarily composed of radially-oriented cell processes over the course of cerebral
cortical folding, but within subcortical lamina, particularly the oFL, the preferred orientations of
different cellular elements are highly heterogeneous. This will enable more detailed modeling of
tissue deformation in response to forces generated in the growing brain over the period of
cerebral cortical folding.
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Abstract: The proper function of cerebral cortex requires a balanced and coordinated network
with the excitatory glutamatergic projection neurons and the inhibitory GABAergic interneurons.
During development, these different types of neurons are originated from spatially and
molecularly segregated progenitors and are moved along the distinct migratory pathways.
Among several types of neurons, interneurons navigate along multiple tangential migration
routes to settle into appropriate developing cortical layers. Disturbed neuronal migration gives
rise to neurological or neuropsychiatric disorders, such as congenital epilepsy, autism spectrum
disorder, and schizophrenia. Here, we identified JAK3 as a modulator of migration and
differentiation of interneurons during developmental stage. More than 70% of interneurons are
produced in medial ganglionic eminence (MGE) and move to the developing cortex in mouse
embryonic day 13.5 to 15.5. In the present study, we found the JAK3 expression of the lateral
migrating stream of interneurons in the E13.5 and E15.5 embryonic brain was prominent. In ex
vivo slice culture also, interneurons from MGE explant moved to the cortex explant, however,
inhibition of JAK3 delayed the tangential migration of interneurons toward the developing
cortex. In in vitro neuroprecursor cell cultures from MGE in E13.5 mice, MGE-derived
interneurons could cross the scratched space in wound-healing, and pharmacological or genetic
inhibition of JAK3 significantly decreased the migration of interneurons. These effects may be



shown by controlling extracellular cues, such as chemoattraction and extracellular matrix
organization. These results suggest the possibility that JAK3 is a proper modulator of migration
of GABAergic interneurons from MGE to cortex during corticogenesis.

This work was supported by the Chronic Inflammatory Disease Research Center (NRF-
2012R1A5A2048183) and NRF-2018R1A2B6006131.
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Abstract: Development of Gonadotropin releasing hormone-1 (GnRH) neurons is important for
a functional reproduction system in vertebrates. Disruption of GnRH results in idiopathic
hypogonadotropic hypogonadism (IHH) and if accompanied by anosmia is termed Kallmann
Syndrome (KS). From their origin in the nasal placode, GnRH neurons migrate along olfactory-
derived vomeronasal axons to the nasal forebrain junction and then turn caudally into the
developing forebrain. Research on the origin of GnRH neurons, their migration and genes
associated with KS have identified multiple factors which influence development of this system.
CCDC141 is one of the most recently identified genes to be involved in IHH. Five different
mutations in the CCDC141 gene have been found from both of nIHH and KS patients. Previous
studies showed that 1) Ccdc141 was expressed in migrating GnRH neurons and that 2)
knockdown of Ccdc141 using siRNA reduced GnRH neuronal migration but not olfactory axon
outgrowth. To further investigate the role of Ccdc141 in vivo, we obtained and analyzed
Ccdc141 transgenic mice with a LacZ reporter gene followed by a stop codon that replaced exon
3 and 4 of Ccdcl141. Unexpectedly, we found splicing occurred in these transgenic mice that
resulted in altered (deletion of exon 3 and 4) Ccdc141 proteins. The phenotype of this line of
Ccdc141 transgenic mice was similar to WT with respect to reproductive function and GnRH
cell migration, suggesting that the region corresponding to exon 3 and 4 is not functionally
essential and/or that other Ccdc141 isoform(s) compensate for the Ccdcl41-exon3/4 protein.
RACE PCR analysis revealed three transcriptional Ccdcl141 isoforms in mice and



immunofluorescence showed these isoforms to be differentially localized in an immortalized
GnRH cell line (NLT), one cytoplasmic and two nuclear. Analysis of Ccdc141 transgenic mice
also suggested that there is a direct correlation in transcriptional expression between Ccdc141
and its neighboring gene, Ttn, especially in heart. We are currently generating a new Ccdc141
KO mouse line that targets all three isoforms to determine the role of Ccdc141 in neuronal
migration and pathogenic mechanism of IHH, as well as its functional interaction with Ttn.
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Title: The physiological role of the GTPase Rab21 in neuronal migration and the development of
the cerebral cortex
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Abstract: The development of the complex structure of the mammalian neocortex requires the
proper migration of developing neurons from the ventricular zone containing neural progenitors
to the cortical plate. The precise coordination of different cellular processes such as cytoskeleton
dynamics, membrane trafficking, and cell adhesion during migration is achieved by a variety of
signaling pathways. GTPases play a central role in all these processes. In this context, the small
GTPase Rab21 has been implicated in the regulation of cell adhesion dynamics by controlling
the trafficking of endocytic vesicles containing adhesion molecules. Interestingly, Rab21 has
been also implicated in neurite outgrowth. In preliminary experiments, we expressed dominant
negative Rab21(T31N) in the embryonic cortex by in utero electroporation (IUE). In contrast to
controls, neurons expressing Rab21(T31N) were arrested within the VZ/SVZ, indicating an
important function for Rab21 in neuronal migration. Notably, the neurons that fail to enter the
cortical plate showed increased neurite branching and multipolar morphology. These studies are
important to better understand the mechanism governing the development of the cerebral cortex
and the mechanisms that participate in neurodevelopmental pathologies such as autism spectrum
disorders and cortical malformations.
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Abstract: Sphingosine 1-phosphate (S1P), a bioactive lipid molecule, regulates diverse
biological processes including cell proliferation, migration, and activity through a family of G-
protein coupled S1P receptors (S1PRs). Among S1PRs, S1PR1 is highly expressed in the central
nervous system (CNS); however, its physiological function in the CNS remains poorly
understood. In situ hybridization analysis of mouse brains at various postnatal developmental
stages reveal abundant and increased expression of SIPR1 in Bergmann glia of the cerebellum
and protoplasmic astrocytes of the grey matter overtime. We hypothesize that SIPR1 mediated
signaling contributes to normal brain development and that disruption of astrocytic SIPR1 may
result in functional alterations of Bergmann glia and consequently in differential cell migration,
cell proliferation, and cerebellar functionality. To investigate the functions of astroglial SIPR1 in
vivo, we generated conditional Aldh111¢7ERT2:S1pr1"f mice where S1pr1l is selectively ablated in
astrocytes, including Bergmann glia, in a tamoxifen-inducible manner. Immunohistochemistry
analysis reveal strong immunoreactivity and membranous localization of SIPR1 in Bergmann
glial processes from wild-type mice but not in those from the conditional knockout mice. We are
currently employing double immunohistochemistry and EdU tracing methods to determine the
effects of S1prl ablation on proliferation and maturation of Bergmann glia and on migration of
granule cells over the first two weeks of postnatal cerebellar development. We will further
examine the role of S1IPR1 in development of astrocytes using Ail4 reporter mice to visualize all
astrocytes that underwent S1prl deletion. This study shall provide new insights into the in vivo
functions of S1PR1 in astroglial development and their interactions with neurons.
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Title: Role of F-BAR proteins in process extension and neuronal migration in the embryonic
cortex
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Abstract: Neurite initiation from a newly born neuron is a critical step in neuronal
differentiation and migration. We have previously described opposing roles of two closely
related membrane bending F-BAR proteins, Formin-Binding Protein 17 (FBP17) and Cdc42-
Interacting Protein 4 (CIP4) in neurite initiation in primary cortical neurons. FBP17 expression
results in prominent endocytic tubulation of the plasma membrane, filopodia formation and
precocious neurite outgrowth. Conversely, CIP4 expression results in protrusion of lamellipodia-
like veils, which inhibit filopodia formation and neurite initiation. Thus, the opposing roles of
FBP17 and CIP4 in neurite formation are the result of two types of plasma membrane alterations,
endocytic tubulation and protrusion. Here, we expand upon this finding in vivo, utilizing a novel
approach to label and manipulate neurons via in utero electroporation. We have validated a
plasmid system (Double UP) which allows the user to generate two populations of differently
colored cells. In the absence of manipulation, these cells are distinguishable only by color (i.e.
red and green). However, genetic overexpression or knockdown can be linked to cells of only
one color (i.e. red), allowing for simultaneous visualization of both control and experimental
cells in an individual cortical slice. Using this technique, we are determining the role of both
endocytic tubulation and membrane protrusion in neuronal migration and differentiation. CIP4
expression in the developing cortex peaks very early in prenatal development and falls to almost
undetectable levels at birth. We show that when CIP4 expression is maintained at high levels it
inhibits cortical neuron migration in the developing cortex. Currently, we are determining the
mechanism by which CIP4 expression inhibits migration and what effects FBP17 overexpression
and knockdown have on cortical neuron migration. Results from this study will provide
fundamental insights into how proteins that induce endocytic tubulation or membrane protrusion



function to regulate cortical neuron migration and process outgrowth in the early developing
mammalian brain.
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Title: Poly (ADP-ribose) polymerase 1 (PARP1) regulates Reelin expression in the embryonic
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Abstract: Reelin (Reln) is a protein secreted by Cajal-Retzius cells, the earliest born neurons in
the embryonic cortex. Reln binds to receptors in newborn neurons and regulates their migration.
Accordingly, animals that lack or highly overexpress Reln have defects in cortical layering.
Despite the critical functions of Reln in brain development, the mechanisms regulating its
expression remain poorly understood. We found that the enzyme Poly (ADP-ribose) Polymerase
1 (PARP1) regulates Reln expression in the embryonic brain and neural precursor cells (NPCs)
in culture. PARP1 is an enzyme that acts by adding ADP-ribose polymers (PAR) to proteins,
including itself, using NAD as a substrate. This post-translational modification called
PARylation results in changes in the activity of its substrate proteins and has been shown to
impact processes such as transcription and DNA repair. Interestingly, mutations in genes that
affect PARylation have been associated with cognitive dysfunction and neurodegeneration.
Several studies have also demonstrated that PARP1 regulates transcription of several neuronal
genes in vitro, e.g. DCX, DYX1C1, and MASHL1. Yet, the effects of PARP1 in gene expression in
the embryonic brain have not been studied. To define the impact of PARP1 in gene expression
during cortical development, we performed RNA sequencing of E15.5 mouse cortex from wild
types and PARP1 knockouts (KOs) (n = 4 for each genotype). We identified 48 altered genes,
with most of them (n = 41) being upregulated, suggesting that PARP1 primarily acts as a
repressor in this tissue. Gene ontology analysis indicated that these genes are relevant to
neuronal migration and cell adhesion. Reln was among the most upregulated transcripts in the
PARP1 KOs, and Western blot analysis showed upregulation of Reln protein levels at the same



age (n=6 wild type and KOs). RT-gPCR analysis of NPCs in culture from both wild types and
PARP1 KOs showed that Reln over-expression also occurs in vitro, suggesting it is a cell
autonomous process. Furthermore, we found that treatment with a PARP1 inhibitor increases
Reln mRNA levels in cultured NPCs (n=4 independent experiments). Interestingly, a luciferase-
based assay showed that inhibition of PARP1’s enzymatic activity in NPCs does not increase the
activity of the Reln promoter (n = 3 independent experiments), suggesting that the role of PARP1
is not just to repress Reln transcription. Importantly, PARP1 KO mice do not present with
obvious defects in cortical layering or cell proliferation. Future studies will further explore the
mechanisms by which PARP1 regulates Reln mRNA levels and potential subtle changes in brain
architecture in PARP1 KOs.
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Title: Gli3 loss-of-function leads to impaired GnRH-1 neuronal migration to the brain
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Abstract: Gonadotropin releasing hormone (GnRH-1) neurons (ns) play a central role in
controlling the reproductive axis of vertebrates by releasing GnRH-1 to induce the release of
gonadotropin during key phases throughout development and life. GnRH-1ns are generated in
the developing vomeronasal organ and migrate to the brain along the projection of the terminal
nerve. Defects in GnRH-1 neuronal migration or signaling can lead to various forms of
congenital hypogonadotropic hypogonadism (HH) that translate to the absence of puberty and
sterility. In humans, HH can clinically manifest as either: (i) Kallmann syndrome (KS), wherein
HH is associated with an impaired sense of smell; or (ii) normosmic idiopathic
hypogonadotropic hypogonadism (nIHH), wherein HH occurs with a normal sense of smell.
Since HH can appear with and without a normal sense of smell strongly suggest an oligogenic
nature for these disorders.

Gli3 is a downstream effector molecule of sonic hedgehog (Shh) signaling, where it will act as a



transcriptional activator or repressor depending on the presence or absence of Shh respectively. It
has been shown that mutations in Gli3 can cause a spectrum of craniofacial defects and disrupt
the development of the olfactory system. Interestingly it was also shown that knocking down
Gli3 can cause defective migration of the GnRH-1ns in mice.

Here we examined the development of the vomeronasal sensory neurons (VSNSs), terminal nerve
(TN) and GnRH-1ns, in a Gli3 knockout mouse model [Gli3 extra-toe (Xt)]. Our study reveals
that Gli3 loss of function leads to defective neurogenesis of the VSNs which is most likely
mediated by the dramatic loss of the Ascl-1 expressing progenitors. Characterization of the
GnRH-1ns in Gli3*"* showed an almost complete absence of GnRH-1ns in the brain, and
dramatic misrouting for TN and vomeronasal neurons. The brains of the Gli3 knockout mice also
showed alterations in the expression of the guidance cue Semaphrin-3A.

We tested if an Ascll knockout can recapitulate the Gli3 knockout phenotype. In Ascl-1 mutants
we found dramatic reduction for both VSNs and GnRH1-ns. This suggest that Ascl-1 expression
is crucial for the neurogenesis of both populations, but GnRH-1 neurogenesis is independent of
Gli3 activity.

Analyzing whole exome data from a large cohort of nIHH/KS human patients, we identified
several new rare GLI3 variants. Loss of function for the identified variants was confirmed via
luciferase assays. We propose that human GLI3 mutations could play an important modifier role
in KS/nIHH.
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Title: Developmental changes in microglial populations
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Abstract: Microglia are the primary immunocompetent cells of the brain and have recently been
a focus of neurodevelopmental research. Among various recognized functions, they serve as a
surveillance system, serving two primary roles: synaptic pruning and phagocytosis. The present



study examined the baseline development of murine microglia from the early postnatal period
through adulthood. Time points included postnatal days P8, P15, P30 and P60, focusing on the
prefrontal cortex (PFC), hippocampus, and cerebellum. Results indicated a developmentally
regulated increase in microglia counts in the PFC, but a decline in hippocampal microglia by
adulthood. Specifically, microglia counts increased by 44% in the PFC between P8 and
adulthood, while hippocampal counts decreased by 54% between P15 and adulthood. These data
extend previous results by Kim et al. (2015) in which increased microglial counts were observed
solely in the hippocampus between P10 and P15, followed by a decline. This study provides
foundation data for assessing the response of microglia to apoptosis induced in these regions by
postnatal treatment with valproic acid (VPA). It is anticipated that there will be increased
numbers of microglia observed in areas surrounding apoptotic cells of VPA-treated animals
compared to saline controls. Collectively, these data may shed light on the underlying
mechanism through which postnatal VPA causes neurobehavioral disruption akin to autistic
regression (Wagner et al., 2006).
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Abstract: During corticogenesis, inhibitory interneurons must migrate into the developing
cerebral cortex, deposit in the correct cortical layer, and establish connections with their
appropriate partners. Aberrant migration of inhibitory interneurons can alter the formation of
cortical circuitry and lead to several neurological disorders including epilepsy, autism and
schizophrenia. Cortical interneurons initially travel in tangentially oriented streams to enter and
migrate through the cerebral cortex, and then turn radially to invade the cortical plate. Our lab
previously found that disruption of the c-Jun NHz-terminal kinase (JNK) signaling pathway
delayed the entry of interneurons into the cortex, as well as led to the premature departure of
cortical interneurons from migratory streams. In the current study, we used live-cell confocal



microscopy to explore the mechanisms by which JNK activity coordinates two cell biological
processes that are essential for the guided migration of cortical interneurons: nucleokinesis and
leading process branching. Nucleokinesis is a cyclical process whereby the cell bodies of
migrating cortical interneurons translocate into a cytoplasmic swelling formed in their leading
process. We found that pharmacological inhibition and genetic ablation of JNK-signaling in
cortical interneurons impairs nucleokinesis by decreasing translocation distances and increasing
pause time between translocation events. Moreover, we found that JNK signaling controls the
subcellular localization of the centrosome and primary cilium, two organelles involved in
nucleokinesis. In JNK-inhibited cells, both centrosomes and cilia spend significantly more time
in the soma and trailing process than in controls. These findings suggest that JINK plays a major
role in the cellular control of migration through nuclear movement. To orient their direction of
migration, cortical interneurons extend and retract leading process branches to respond to
chemotactic guidance cues present in their environments. We found that upon JNK-inhibition,
the stability of leading process branches is affected with decreased frequency of growth cone
splits, and shorter branch duration. Together, these data indicate that JNK controls multiple
aspects of cell migration in cortical interneurons. Current efforts are aimed at unraveling the
mechanism through which JNK controls interneuron migration by exploring JNK’s role in
cytoskeletal dynamics and chemotaxic attraction to gradient cues found in the cortex. Our results
will improve our understanding of cortical development and hopefully provide novel insight into
the etiology of cortical circuit disorders.
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Title: Chlorpyrifos-treated Xenopus laevis show abnormal neural development of non-
cholinergic spinal sensory neurons
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WATSON,;
Washington and Lee Univ., Lexington, VA

Abstract: Chlorpyrifos (CPF), an organophosphate pesticide (OP) commonly used in
agriculture, Kills insects by inhibiting acetylcholinesterase (AChE), an enzyme that normally



hydrolyzes acetylcholine (ACh) at the synapse. This accumulation of ACh in the synapse results
in overstimulation of the postsynaptic neuron. OPs accumulate in ground water and contaminate
food, impacting secondary non-target species such as humans and amphibians. The effects of
CPF on cholinergic neurons leads to physiological and morphological abnormalities, but its
effect on non-cholinergic neurons is not well established. Here, we characterize a Xenopus laevis
frog line expressing green fluorescence protein (GFP) in sensory spinal neurons identified as
Rohon-Beard neurons and dorsal root ganglia. CPF-treated (ranging from 0 - 10 uM) Xenopus
embryos collected at stages 37 and 47, two stages corresponding with peak neural development,
show decreased numbers of sensory neurons and increased migratory defects that vary as a
function of CPF concentration. Our results characterize the severity of CPF-induced neuronal
abnormalities and provide evidence that CPF exposure affects non-cholinergic neuronal
development.
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Title: Presynaptic differentiation at the neuromuscular junction requires Cav1.1-driven calcium
signaling
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Abstract: Proper development of synapses requires reciprocal communication between
presynaptic neurons and their postsynaptic target cells. At the neuromuscular junction (NMJ),
nerve-induced regulation of the postsynaptic specialization is well-studied, whereas retrograde
mechanisms, by which the muscle controls the presynaptic differentiation, are still poorly
understood. Recently we have shown that Cav1.1-driven calcium signals regulate the correct
organization of postsynaptic AChR clusters during NMJ formation. Here we utilized two genetic
mouse models, both of which lack Cav1.1-driven calcium signals, to demonstrate a central role
of activity-induced skeletal muscle calcium signaling in the retrograde regulation of presynaptic
differentiation of the NMJ. In mice lacking Cav1.1 expression and thus activity-dependent
calcium signals correct fasciculation and navigation of the motor nerves were perturbed during



early NMJ development. Axons failed to recognize their termination territory and motor axon
endings grew beyond postsynaptic AChR clusters. Moreover, in the absence of postsynaptic
activity-dependent calcium signaling neurites failed to differentiate specialized nerve terminals.
Together these observations strongly suggest that postsynaptic muscle calcium signaling
functions upstream of multiple retrograde pathways to induce comprehensive differentiation of
the motor neurons.
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Title: Molecular mechanisms underlying specificity of synapse formation in cultured neurons of
Aplysia

Authors: *A. ALEXANDRESCU, T.J. CAREW;
Ctr. for Neural Sci., New York Univ., New York, NY

Abstract: The formation of specific neural connections is critical for the proper development of
the nervous system, and shares mechanistic similarities with the formation and strengthening of
synapses during memory formation. Here we test the general hypothesis that developmental and
learning-related plasticity engage similar molecular mechanisms. The marine mollusk Aplysia
californica is a powerful model system for studying the cellular and molecular mechanisms
underlying both of these forms of plasticity. In Aplysia, facilitation of monosynaptic connections
between identified presynaptic sensory neurons (SNs) and postsynaptic motor neurons (MNSs)
contributes significantly to memory for sensitization. Moreover, the SN-MN microcircuit
demonstrates developmental synapse-specificity and can be reconstituted in culture, offering
single-cell spatial resolution for the examination of the molecular mechanisms underlying the
generation of specific neural connections. In vitro, as in vivo, Aplysia SNs selectively form
chemical synapses with their physiological target MNs, but do not form synapses either with
themselves or with non-target MNs. Using neuronal co-cultures, pharmacological manipulations,
and single-cell analyses, we investigated the molecular mechanisms governing the interactions
between SNs and target and non-target MNs, focusing on three evolutionarily-conserved
molecular processes: i) endogenous growth factor signaling, ii) transcription, and iii) activation



of protein kinases. We show that SNs have differential effects on target and non-target MNs and
that, surprisingly, SNs exert an inhibitory transcriptional effect on non-target MNs. Our results
suggest that the effects of SNs on non-target MNSs require paracrine signaling from the SNs as
well as autocrine signaling from the MNs. Taken together these findings describe a novel form of
regulation of molecular signaling between mismatched synaptic partners, supporting a general
model in which the inappropriate postsynaptic MN is actively rejected by molecular signaling
from the presynaptic SN. Our current experiments are aimed at investigating the effects of these
molecular changes on synaptic structure and function.
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Abstract: Neonatal abstinence syndrome (NAS) has become a major health concern in the
United States and Central Appalachia in particular as a result of the widespread opioid epidemic,
but remarkably little is known about the long-term effects of prenatal opioid exposure on brain
development. Recently, Marshall University physicians have noted a specific clinical
presentation of NAS (involving tongue thrusting, wandering eye movements, and exaggerated
Moro reflex) in infants prenatally exposed to opioids and gabapentin, a drug commonly given for
the treatment of pain and seizure. Gabapentin is also known to inhibit the development the
synaptic pathways in the brain by interfering with secreted proteins (i.e. thrombospondins) from
astrocytes, prompting us to hypothesize that the pathology of NAS is dependent on impaired
astrocyte synaptogenic signaling in the developing brain.

In this study, we developed a mouse model of NAS using mice transgenic for the
thrombospondin/gabapentin receptor, a28-1, so that the effects of co-abuse of the opiate
buprenorphine and gabapentin on synaptic development could be examined. First-time pregnant
dams were given daily access to buprenorphine (5 mg/kg) and gabapentin (30 mg/kg) in a
condensed milk mixture from gestational day 7 until approximately 11 days following the birth
of their litter. Control dams were fed a vehicle control condensed milk mixture. The pups were



then sacrificed at postnatal day 21. Brains were harvested and fixed for immunohistochemistry.
Brain cryosections including addiction related areas (prefrontal cortex [PFC], anterior cingulate
cortex [ACC] and nucleus accumbens [NAc]) were cut and then stained for excitatory and
inhibitory synaptic markers. At this timepoint, we found that heterozygous a23-1 mice had
significantly increased excitatory synapse number in the ACC and NAc with a concomitant
decrease in synapses in the PFC following combined prenatal buprenorphine/gabapentin
exposure. These same mice had significantly increased inhibitory synapse number in the ACC
with a concomitant decrease in synapses in the PFC and NAc.

Ongoing experiments will determine whether the extent of this synaptic reorganization is shifted
in an 026-1-dependent manner, further implicating astrocyte involvement in the pathology of
NAS.
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Title: Ubiquitination of neuroligin2 controls dynamics of inhibitory synapse formation

Authors: Z. LI, H. TIAN, J. XIA,;
Div. of Life Sci., Hong Kong Univ. of Sci. and Technol., Clear Water Bay, Kowloon,
HongKong, China

Abstract: Human brain is made of billions of neurons that are connected by synapses. Neuronal
activity has been reported to play an important role in the generation and disappearance of
synapses. However, the mechanism underling the ever-changing synaptic dynamics is still
unclear. Neuroligin2 (NL2), a major inhibitory synaptic compartment, has been found to be
crucial for inhibitory synapse formation and functions. Deletions or mutations in NL2 are also
associated with several brain disorders such epilepsy, autism and schizophrenia. Here, we report
that TTX-induced neuronal activity blockage modifies the ubiquitination level of NL2, resulting



in a decreased inhibitory synapse density. In addition, ubiquitination of NL2 was found to be
crucial for inhibitory synapse stability. To characterize the mechanism for this, we performed an
immunoprecipitation coupled mass spectrometry (IP-MS) experiments and identified a potential
candidate which controls ubiquitination and further modulates inhibitory synaptogenesis. Our
study provides novel insights into the physiological mechanism for the dynamic process of
synapse formation and regulation.
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Title: RAB27A coordinates synaptic integration and sensory responses of cortical neurons via
extracellular nanovesicle signaling

Authors: *L. ZHANG, X. ZHANG, T. LIN, S. TEAW, T. LAM, A. BORDEY;
Yale Sch. of Med., New Haven, CT

Abstract: RAB27A is an evolutionarily conserved small GTPase that regulates vesicle
trafficking and displays copy-number variants associated with increased risk of autism.
However, the function of RAB27A on brain development is unknown. Here, we identified a
novel form of paracrine communication between populations of developing neurons that
involves RAB27A-mediated extracellular nanovesicle signaling. In the developing
somatosensory cortex, we show that decreasing RAB27A levels selectively in upper-layer
neurons did not affect synaptic integration of these neurons, but it increased glutamatergic
synaptic transmission in barrel cortical neurons and responses to whisker stimulation. This effect
involved an age-dependent transfer of the epigenetic regulator HDAC?2 via extracellular
nanovesicles that coordinated the development of dendritic spines across neuronal populations.
Thus, we found that a RAB27A-dependent nanovesicle-based communication coordinates the
development of synaptic connectivity among neuronal populations shedding light on how a small
Rab GTPase tunes circuit development and responses to sensory stimulation.
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Title: A conserved tyrosine residue in Slitrk3 carboxyl-terminus is critical for GABAergic
synapse development

Authors: J. LI, W. HAN, K. WU, X. GU, L. ZHOU, Y. LI, Q. LIU, *W. LU;
NINDS/NIH, Bethesda, MD

Abstract: Single-passing transmembrane protein, Slitrk3 (Slit and Trk-like family member 3,
ST3), is a synaptogenic cell adhesion molecule highly expressed at inhibitory synapses. Recent
studies have shown that ST3, through its extracellular leucine-rich repeat (LRR) domains,
selectively regulates inhibitory synapse development via the trans-synaptic interaction with
presynaptic cell adhesion molecule, receptor protein tyrosine phosphatase 6 (PTP3) and the cis-
interaction with postsynaptic cell adhesion molecule, Neuroligin 2 (NL2). However, little is
known about the physiological function of ST3 intracellular, carboxyl (C)-terminal region, in
synapse development. Here we report that in heterologous cells, ST3 C-terminus is not required
for ST3 homo-dimerization and trafficking to the cell surface. In contrast, in hippocampal
cultured neurons, the conserved tyrosine Y969 (in mice) in ST3 C-terminus is critical for
GABAergic synapse development. Indeed, overexpression of ST3 Y969A mutant markedly
reduced the gephyrin puncta density and GABAergic transmission in hippocampal neurons. In
addition, CRISPR-Cas9-based single-cell genetic deletion of ST3 strongly impaired GABAergic
transmission both in vitro and in vivo. Importantly, wild-type (WT) ST3, but not the ST3 Y969A
mutant, could fully rescue GABAergic transmission deficits in neurons lacking endogenous ST3,
confirming a critical role of Y969 in the regulation of inhibitory synapses. Taken together, our
data identify a single critical residue in ST3 that is important for GABAergic synapse
development and function, and highlight the importance to understand the unique signaling
mediated by ST3 C-terminus in inhibitory synaptogenesis.
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Title: At the end of the brainbow: Dissecting chandelier cell connectivity

Authors: M. ISAAC, B. NJERI, Y.-J. ZHANG, *T. J. PETROS;
NICHD, Bethesda, MD

Abstract: Why do cortical interneurons synapse on only a subset of pyramidal cells within their
axonal arbor? What are the mechanisms that regulate this connectivity logic? Understanding
these complex interactions is extremely challenging considering that most interneurons can
synapse on multiple regions of a postsynaptic cell with significant variability in connection
probability. However, one population of GABAergic interneurons presents a unique opportunity
to explore this connectivity logic. Chandelier cells (ChCs, also called axo-axonic cells) are a
subtype of PV+ fast-spiking cells that selectively target the axon initial segment (AIS) of
pyramidal cells in the cortex and hippocampus via specialized ‘cartridges’ of terminal boutons.
The majority of cortical ChC cell bodies are located at the layer 1/11 boundary with their axonal
projections extending into layers 11/111. On average, a ChC synapses on ~20% of AIS within its
axonal arbor, and each AIS receives input from ~3-5 ChCs. But the extent of ChC global
connectivity logic remains unknown. Do ChCs form a specific innervation pattern in which
particular subsets of cartridges from overlapping ChC axonal arbors consistently synapse on the
same AIS? Or are ChC connections essentially random? To answer these questions, we are
utilizing Brainbow mice and AAV viruses in which Cre expression drives recombination of
multiple fluorescent cassettes such that each individual cell expresses a unique spectral signature.
By analyzing overlapping, uniquely-labeled ChC axonal arbors, we can determine if these cells
preferentially target the same AlISs, distinct AlSs or if their targeting is random. We are labeling
ChCs using PV-Cre and Nkx2.1-CreER mice with tamoxifen injections at E16.5-E18.5. We have
established protocols for performing Brainbow and AIS immunostaining in concert with
Expansion Microscopy (ExM) to image ChC synaptic boutons in cleared brain tissue using lower
magnification objectives. This set of experiments will provide significant insight into the
connectivity logic of how ChCs target pyramidal neurons.
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Title: The role of TMEM132B in inhibitory synapse development and function
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Abstract: TMEM132 proteins are a family of five neural adhesion molecules that have recently
been implicated in several neuropsychiatric disorders. These molecules are single-pass
transmembrane proteins containing a cohesion domain, three BIG domains, a phosphatase-1
interaction motif, and a WAVE regulatory complex interacting receptor cytoplasmic motif.
However, the roles of these proteins in the regulation of synapse development and function
remain largely unknown. Recently, a proteomic screen has identified TMEM132B as a putative
binding partner for GABAA receptors, suggesting a possible involvement of TMEM132B in
inhibitory synapse regulation. To this end, we have generated a TMEM132B knockout mouse
line and have employed electrophysiological and cell biological approaches to characterize
synaptic phenotypes in hippocampal neurons.
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Title: Chaperone mediated autophagy modulates synaptic differentiation in hippocampal
neurons

Authors: J. HORMAZABAL?, L. YANTEN?, J. DE LA CRUZ!, N. MARTINEZ?, A. O.
ARDILES?, *I. E. ALFARO?;
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Abstract: Development of neuronal synapses is characterized by a coordinated assembly of
proteins at pre-and post-synaptic regions. Protein homeostasis is crucial for the proper
development, function and plasticity of synapses. Both local protein synthesis and degradation
by the proteasome and lysosomes are important to maintain synaptic proteostasis. Chaperone-
mediated autophagy (CMA) is a selective lysosomal protein degradation pathway characterized
by the direct translocation of soluble cytosolic proteins to lysosomes through membrane pores
formed by the lysosomal transmembrane protein, LAMP2A. CMA substrates contains KFERQ-
like motifs important for the association with the HSC70 chaperone which assists in the
recognition and transport through LAMP2A.. Using bioinformatics analysis, we identified that
31.9% and 60.2% proteins from the pre- and post-synaptic mammalian proteome contain CMA
targeting KFERQ motifs respectively, however the role of CMA in synapse development and
differentiation is unknown. We focused in the development of excitatory synaptic development
in cultured mouse hippocampal neurons. We analyzed the expression of the CMA receptor
LAMP2A by western blot, immunofluorescence and confocal fluorescence microscopy at
different stages of neuronal development. Additionally, a photoactivable fluorescent reporter of
CMA (PA-mCherry-KFERQ) was used to determinate the presence of CMA active lysosomes in
neuronal projections. In addition, a lentiviral SARNA mediated knockdown of LAMP2A was
used to evaluate the effects of the loss of CMA activity in glutamatergic synapse development
using immunofluorescence against pre- and post-synaptic proteins. We determined that
LAMP2A expression increases in the period of synapse formation and reaches a peak during late
stages of neuronal differentiation. LAMP2A positive lysosomes were found in close proximity to
glutamatergic synapses, suggesting a potential local function of CMA active lysosomes near
synapses. Additionally, PA-mCherry-KFERQ signal was compartmentalized in discrete domains
in neurites in proximity with synaptic sites. ShARNA mediated knockdown of LAMP2A induces a
significant increase in the density of synaptic contacts. This was accompanied by changes in
dendritic spine morphology and increases in the size of PSD95 protein clusters. In summary, our
results indicate that CMA is present at neurites of hippocampal neurons and negatively
modulates the morphological postsynaptic formation and maturation. Additional experiments
with CMA gain and loss or function are in progress to determine if CMA activity alters
functional synaptic development and maturation.
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Title: Role of MENL1 gene in brain cell connectivity, synaptic plasticity and neurodegeneration
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Abstract: The precise patterns of neuronal assembly during development determine all
functional outputs of a nervous system, ranging from simple reflexes to learning, memory,
cognition, etc. To understand how the brain functions normally, as well as how best to repair it
after injury, disease or trauma, it is imperative that we first seek to define fundamental steps
mediating this neuronal assembly. We made a novel finding that MEN1 gene (tumour suppressor
gene) plays role in the expression and synaptic maintenance of nicotinic acetylcholine receptors
(nAChR), which are thought to regulate many aspects of synaptic plasticity. In this study using
immunohistochemistry technique and confocal microscopy, we have shown that Menin, the
product of MENL1 gene, colocalizes at the presynaptic site with Synaptophysin and
postsynaptically with PSD-95; a postsynaptic scaffolding molecule at excitatory neurons in
mouse hippocampal cultures. Using MEN1 shRNA lentivirus, we knocked down the expression
of MENL1 gene in primary hippocampal mice cultures and provide the first unequivocal evidence
that MEN1 knockdown leads to upregulation of Synaptophysin at presynaptic site and
downregulation of PSD-95 at the postsynaptic site. We have also shown MEN1 spatiotemporal
localization in the mouse brain from E12.5, E15, E18 to an adult brain, using mouse brain slices.
Our data demonstrate that MEN1 gene may regulate many aspects of synaptic assembly
underlying learning and memory circuits in the hippocampus.
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Title: Early electrical synapses in the embryonic zebrafish spinal cord
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Abstract: The functionality of neural circuits are the result of the patterns and properties of the
synaptic connections between neurons. Synapses are either chemical, where neurotransmitters
are released and received, or electrical, where Connexin (Cx)-based gap junction channels (in
vertebrates) mediate direct ionic and small molecule communication. Throughout the animal
kingdom, electrical synapses couple neurons early in development; however, the molecular
identity of the Cxs that form these first and early electrical synapses remains unknown. To
address this question, we have utilized the embryonic zebrafish spinal cord and the first behavior
elicited by the developing fish, spontaneous coiling, where the fish flexes its tail to the left and
right in rhythmic patterns. This system provides an ideal model as the circuits are simple and
accessible, and electrical synapses drive initial network function and behavior. The coiling
circuit is initially composed of primary motoneurons (MN) and descending interneurons (dIN),
which make local electrical synapses within a single segment, and later connect between
segments to coordinate activity along the length of the spinal cord. To establish which of the 37
zebrafish Cxs may be forming early electrical synapses, we isolated coiling circuit neurons
through FACs-sorting and identified Cxs enriched in these cells through RNA-sequencing.
Utilizing CRISPR/Cas9, we knocked out target Cxs and screened for altered coiling behavior,
which allowed us to isolate a previously uncharacterized Cx, Cx46.8, in which mutants display
defects in the initiation, strength, and symmetry of coiling behavior over time. Whole embryo
expression data indicates that Cx46.8 expression begins when coiling behavior starts (17hpf),
and peaks when patterned neural activity is established (24hpf). This preliminary data suggests
that Cx46.8 is contributing to the early electrical synapses that mediate coiling behavior in the
fish. Future work will examine Cx46.8’s role in coiling circuit function and maturation through
identifying where it is expressed and forms gap junctions and examining how it contributes to
coiling circuit function, which will provide insight into the role of early electrical synapses
within the nervous system.
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Title: Interaction of Ankycorbin and Tara regulates dendritic spine dynamics

Authors: S. KIM, Y. WOO, S.-J. NOH, Y. WON, E. CHO, *S. PARK;
POSTECH, Pohang, Korea, Republic of

Abstract: Dendritic spines undergo dynamic changes including formation, enlargement,
shrinkage, and elimination during postnatal development, but become relatively stable as animals
mature. Here, we report that an interaction of Ankycorbin and Tara modulates dendritic spine
development and subsequent synaptic plasticity. Yeast-two-hybrid screening assay and co-
immunoprecipitation assay revealed an interaction between Ankycorbin and Tara. Further
studies of the interaction indicated that Tara increased the chemical stability of Ankycorbin
protein. To identify the function of altered Ankycorbin protein level in dendritic spines, we
removed Ankycorbin, Tara, or both from primary cultured hippocampal neurons. Regulation of
Ankycorbin protein level in dendritic spines altered both number and size of dendritic spines,
and their dynamics. These structural alterations coincided with changes of actin dynamics; this
result suggests that Ankycorbin modulates dendritic spine dynamics by controlling actin
dynamics. Our study suggests a novel Ankycorbin-dependent mechanism to regulate dendritic
spines and will consequently contribute to increasing the understanding of dendritic spine
dynamics.
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Abstract: MAGI (membrane associated guanylate kinase inverted) proteins belong to the
MAGUK-family (membrane associated guanylat kinase) of synaptic scaffolding proteins. They
consist of three members: MAGI-1, MAGI-2 (also known as synaptic scaffolding molecule/S-
SCAM) and MAGI-3. MAGI-2 or S-SCAM was originally characterized as a scaffold protein
interacting with N-methyl-D-aspartate (NMDA) receptors at excitatory synapses. It is an
essential synaptic scaffolding molecule for the GIluA2-containing maintenance pool of AMPA
receptors. Despite its function at matured synapses, little is known about the function of S-
SCAM during early synapse formation. Using an RNAi-based knockdown approach in rat
hippocampal neurons, we found that S-SCAM regulates synapse formation in general.
Knockdown of all three S-SCAM isoforms during early synaptogenesis lead to a dramatic
reduction of the number synapses on these cells and synaptic transmissions was impaired. Still
formed synapses displayed misalignment of pre- and postsynaptic compartments and dendrite
branching behavior was altered. In addition, the maintenance of matured synapses was reduced
upon S-SCAM knockdown. These results suggest that despite its role at matured synapses, the
postsynaptic scaffolding protein S-SCAM is crucial for proper synapse formation and
maintenance.
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Title: Activity-dependent secretion of CbInl from lysosomes in granule cell axons
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Abstract: ChInl is a prototype of a new class of secreted synaptic organizers that potently
mediate synapse formation and maintenance at the synaptic cleft. In the cerebellum, Cbinl is
produced by granule cells and plays crucial roles at parallel fiber (PF)-Purkinje cell synapses.
However, how and when Cblinl is released from neurons has remained unclear. In the present
study, we reveal a new activity-dependent release mechanism for the synaptic organizer ChInl in
granule cell axons. ChlInl exocytosis, which can be triggered by physiological neuronal activities
integrated over time, was insensitive to tetanus toxin, inhibited by dominant-negative forms of
syntaxin4 and SNAP29, accompanied by release of a lysosomal enzyme cathepsin B, and
inhibited by glycyl-L-phenylalanine 2-naphthylamide, which disrupt the lysosomal membrane,
all indicative of a new form of lysosomal exocytosis from axons. Furthermore, overexpression of
lysosomal sialidase Neul not only inhibited CbInl exocytosis in vitro, but also reduced PF
axonal bouton formation in vivo. Therefore, we propose that activity-dependent release of Chinl
from lysosomes onto the axonal surface, followed by lateral diffusion and capture at synapses,
mediates the initial steps of PF synaptogenesis during development. As CbInl also mediates
synaptogenesis in various regions of the forebrain, this release mechanism is likely widely
utilized for activity-dependent synaptic modification by CbiInl and its family proteins.
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Title: Circuit growth is stabilized by negative feedback through anterograde trans-synaptic Jelly
Belly - Anaplastic lymphoma kinase signaling
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Abstract: The brain adapts to a changing environment or growing body size by structural growth
and synaptic plasticity. These alterations are tightly coordinated between partner neurons to
maintain circuit function. Positive feedback mechanisms synchronize synaptic growth. Negative
feedback mechanisms that keep such reciprocal growth promotion in check, have so far remained
elusive. Here, we analyze the interplay between neuronal growth dynamics and synaptogenesis
by intra-vital imaging and quantification of endogenous synaptic protein accumulation at
nanometer resolution in the motor system of Drosophilalarvae. We identified trans-synaptic
anterograde Jeb-Alk signaling as a negative feedback pathway that 1) acts locally to inhibit the
addition of further postsynaptic dendritic specializations, and 2) elicits retrograde signaling that
represses filopodia formation on presynaptic terminals, causing an indirect reduction in
postsynaptic growth. Our findings demonstrate that Jeb-Alk signaling constitutes a negative
feedback mechanism that mediates adaptive, but stable neuronal growth and synaptogenesis
specifically during postembryonic circuit expansion.
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Title: Membrane palmitoylated proteins regulate synapse density and function in C. elegans
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Abstract: Synapse formation, function, and elimination are regulated by intercellular
interactions. Cell adhesion molecules and secreted proteins modulate the formation of synapses.
Downstream of the receptors and cell surface proteins, intracellular protein scaffolds, such as



membrane-associated guanylate kinases (MAGUKS), stabilize synapses and regulate synaptic
plasticity. The MAGUK family of proteins is composed of several different subfamilies. Most
notably, calcium/calmodulin-dependent serine protein kinase (CASK) and postsynaptic density
95 (PSD95) belong to two different MAGUK subfamilies and regulate synaptic function through
presynaptic and postsynaptic mechanisms, respectively. Here, we investigated whether a third
subfamily, the membrane palmitoylated proteins (MPPs), also regulates synaptic function using
the Caenorhabditis elegans (C. elegans) locomotor circuit. Locomotion is regulated by
acetylcholine induced muscle contraction and GABA induced muscle relaxation. To identify
MPPs that regulate the locomotor circuit, we analyzed cholinergic function in animals that
contained mutations in the MPP proteins: magu-1, magu-2, and magu-3. We investigated
changes in postsynaptic or presynaptic function of the cholinergic neuromuscular junctions using
a cholinergic receptor agonist or an inhibitor of acetylcholinesterase, respectively. We found that
magu-1 and magu-2 mutant animals displayed changes in postsynaptic function, but magu-3
mutants were indistinguishable from wild type animals. Interestingly, we found that only magu-3
mutants were hypersensitive to the acetylcholinesterase inhibitor. To further understand the
changes in synaptic function, we examined the cholinergic synapses in magu-2 mutant animals.
We observed that magu-2 mutant animals contained more cholinergic neuromuscular junctions,
suggesting that magu-2 modulation of synapse number may underlie the hypersensitivity to the
cholinergic receptor agonist. Based on these results, we propose that MPP proteins may
modulate functions specific to pre- or post-synaptic compartments to regulate the locomotor
circuit in C. elegans.
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Title: A functional difference between NLGN4X and NLGN4Y
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Abstract: Correct assembly and function of neural circuits relies on the proper formation and
maturation of a diverse array of synapses. Synapse formation requires contact between pre- and
postsynaptic neurons and is thought to be induced by interactions between synaptic cell adhesion



molecules. One of the most widely studied pairs of synaptic cell adhesion molecules are the
presynaptic neurexins (NRXN) and postsynaptic neuroligins (NLGN). Binding of NRXN to
NLGN is crucial for recruitment and clustering of pre- and postsynaptic complexes and synaptic
transmission. Nearly all vertebrates encode four NLGNs and, while NLGN1-3 are well
characterized, less is known about the localization and function of NLGN4. In most mammals
NLGN4 resides on the X chromosome. Interestingly, humans and higher order primates carry a
fifth male-specific NLGN on the Y chromosome with approximately 98% sequence homology to
NLGN4X, often referred to as NLGN4Y. Yet the functional implications of expression of a
male-specific vs. female-specific NLGN4 complement in humans are largely unexplored. We
sought to test whether these proteins are found at synapses and have similar or distinct functions.
We determined the synaptic localization of NLGN4 in the human brain and potential differences
in function between NLGN4X and NLGN4Y in vitro. Using preparations from fresh human male
and female temporal lobe, we have discovered that NLGN4X and NLGNA4Y are expressed in the
human brain and are located in the postsynaptic density. Similarly, we found that NLGN4X and
NLGN4Y form heterodimers in synaptosomes isolated from fresh human male temporal lobe
through proximity ligation assay. To assess a potential role in synaptogeneis, we used a
heterologous co-culture assay and discovered that expression of NLGN4X or the co-expression
of NLGN4X and NLGNA4Y is sufficient for the formation of inhibitory, but not excitatory,
synapses, while expression of NLGNA4Y alone does not induce synapse formation. Furthermore,
through site-directed mutatgenesis we identified a single amino acid residue in NLGN4X that is
both necessary and sufficient for the formation of inhibitory synapses. Additionally, through
immunofluorescent staining of male and female synaptosomes isolated from fresh human
temporal lobe with pre- and postsynaptic markers we have shown that NLGN4 is found
predominantly at inhibitory synaptosomes. Taken together, our studies shed light on a potential
role for NLGN4 in inhibitory synapse formation in humans and has uncovered a functional
difference between NLGN4X and NLGNA4Y in synaptogenesis.
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Title: Ankyrin and CRMP regulate gap junction dynamics through Kinesin in C. elegance
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Abstract: The importance of gap junctions has been documented in many biological processes,
yet the molecular mechanisms underlying gap junction dynamics remain unclear. To address this
question in vivo, we use C. elegans PLM neurons as a model to study regulation of gap junctions.
In a forward genetic screen, we isolated two mutants, unc-44/ankyrin and unc-33/CRMP
(Collapsin Response Mediator Protein) altering distribution of gap junction plaques. Through
time-lapse imaging experiments, we found Ankyrin and CRMP was required for gap junction
dynamics and turnover. Genetic analysis showed that ankyrin acts upstream of CRMP in
regulating gap junction dynamics through a kinesin (VAB-8). In summary, we first show a signal
pathway involving ankyrin, CRMP and kinesin in regulating gap junction dynamics.
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Title: Uncovering the function of a non-canonical neuronal small GTPase
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Abstract: Drosophila melanogaster has emerged as a powerful model to study synaptic genes
conserved in humans. We have used spatial and temporal gene expression patterns from
modENCODE to identify conserved, uncharacterized synaptic genes. Through genetic screening
of these candidates, we identified candidate gene (CG) 8500 as a novel regulator of neuronal
function. CG8500 encodes the sole Drosophila homolog of a family of non-canonical small
GTPases known as DIRAS1-3 in mammals. DIRAS family members encode Ras-domain amino
acid substitutions that alter sensitivity to inactivation by GAPs. DIRAS3, which is broadly



expressed, has been studied for its role in multiple cancers. In contrast, DIRAS1 and DIRAS?2 are
neuronally enriched and poorly understood despite emerging links to neurological disorders in
genome-wide association studies. We have used CRISPR-Cas9 gene editing to generate genetic
reagents for comprehensive study of CG8500/dDIRAS function in vivo. Loss of dDIRAS results
in a significant decrease in adult locomotor activity. Additionally, dDIRAS regulates activity-
dependent morphological plasticity. We will present our progress in understanding how this
conserved, non-canonical small GTPase regulates synaptic function and plasticity.
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Title: A new family of neural wiring receptors across bilaterians defined by phylogenetic,
biochemical and structural evidence
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Abstract: The evolution of complex nervous systems was accompanied by the expansion of
numerous protein families, including cell-adhesion molecules mediating inter-cellular contacts
between neurons. These proteins take part in neuronal wiring-related functions, such as axonal
guidance and synapse targeting. We recently identified two families of the Ig superfamily (IgSF)
in fruit flies that were shown to be expressed in combinatorial fashion in subsets of neurons in
the brain and ventral nerve cord. Dprs and DIPs are involved in synaptic targeting and
morphogenesis, retrograde signaling, and neuronal survival. Through structural biology we and
others have established determinants of molecular specificity in Dpr-DIP interactions. Here,
using evolutionary, biochemical, and structural techniques, we demonstrate that Dprs and DIPs
are members of an ancient bilaterian family of receptors with neuronal wiring functions, hereby
named as Wirins. We show that a single ancestral Wirin gene in the last common ancestor of
Bilateria has given rise to the heterophilic Dprs and DIPs, and two other subfamilies in



protostomes, totaling 37 genes in Drosophila. The diversification of these subfamilies via gene
duplication appears to have happened independently across protostome phyla. The ancestral
Wirin evolved into the IgLON subfamily of neuronal receptors in vertebrates. We show that
wild-type IgLONSs can form homophilic and heterophilic interactions as predicted by their
homologous relations to Dprs and DIPs, and their complexes can be broken by mutations
designed using known Dpr and DIP structures. In nematodes, the Dpr and DIP orthologs, ZIG-8
and RIG-5, respectively, form strong heterophilic complexes and weak homophilic complexes.
The crystal structures of the heterophilic and the two homophilic complexes reveal ancestral
features common to other known Dpr-DIP complex structures. The multitude of relationships we
have shown, supported by literature on the functions of various orthologs, provide strong links
between evolution of cell adhesion molecules and the rise of the complex metazoan nervous
system.
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Title: Synthetic antigen binders for structural and functional studies of adhesion GPCRs
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Abstract: G-protein coupled receptors (GPCRs) superfamily is the largest and most diverse
family of cell membrane receptors in eukaryotes. They all share a common architecture,
comprising of seven transmembrane helices, that inwardly transmit external signals by
interactions between their N-terminal extracellular regions and different ligands including
photon, ions, lipids, variety of small molecules and metabolites, peptides and proteins.

The adhesion GPCRs are the second largest subfamily of GPCRs, consisting of 33 members in
humans. Adhesion GPCRs are characterized by an extended N-terminal extracellular region,
possessing multiple adhesion domains capable of mediating cell-cell and cell-matrix interactions,
and although most of them are orphan receptors with unknown functions, some members of this
family have been shown to play important roles in a diverse range of biological functions such as
myelination, angiogenesis and synapse formation. Adhesion GPCRs activity and mutations has
been linked with a number of human conditions and neurological diseases.

Latrophilins (LPHNSs) are members of the adhesion GPCRs family and are crucial in nervous



system development and function. Mutations of LPHNSs has been associated with attention
deficit hyperactivity disorder (ADHD) and numerous other psychiatric and neurological
disorders. However, the molecular details of LPHNSs and their mechanism of signaling has not
been well-studied.

To gain insight into the LPHNSs function, a potential solution is to use the synthetic antibodies
(sABs) from phage display libraries. sABs are built from a Fab scaffold and biopanning
strategies allow for the selection of region- and conformation-specific binders that can be used as
structural chaperones for X-ray crystallography and cryo-electron microscopy, as well as specific
biological probes to delineate signaling mechanisms. We have generated multiple high-affinity
SABs to the LPHN protein variants. Here, we describe our initial characterization and validation
of sABs selected for an extracellular domain of LPHN and its fragments, their binding specificity
and ability of downstream signaling activation. From this work, we hope generation of high-
affinity sABs will enable us to determine the structure of adhesion GPCRs in different
conformational states, and ultimately aid our understanding of adhesion GPCRs functions.
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Latrophilin
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Abstract: Latrophilins belong to the adhesion G-protein coupled receptor subfamily (aGPCRs),
which are a novel and understudied GPCR family. These receptors are crucial in synapse
formation and brain development. Mutations of Lphns are associated with attention deficit
hyperactivity disorder (ADHD) and numerous cancers in humans. Despite Lphns critical role in
neurobiology, no small agonist or antagonist are known. This study was aimed to identify small
molecule activators and inhibitors for a Latrophilins. Cell-based high-throughput (HT) screening
assays were used to identify small molecule agonist/antagonist of human Latrophilin Lphn
(hLphn), which couple to Ga13 protein. HT assays were conducted at Northwestern High-
Throughput Analysis Laboratory in Evanston. To detect Go13-mediated signaling via SRE-



dependent transcription in cells, an SRE luciferase signaling assay was utilized. HEK293T cells
transiently co-transfected with SRE luciferase reporter and hLphn were treated overnight with
small molecule compounds from the MicroSource Custom Spectrum Collection. The same
library of compounds was counter-screened using cells expressing the reporter and the
constitutively-active Gal3 Q266L mutant. Results from 2700-compound Spectrum Collection
suggest there are 70 hit compounds, which increase or decrease receptor activity. The top hit
compounds were tested using Dual-Glo SRE-Luciferase Assay System in HEK293T cells. One
of the tested compounds increases the Ga 13 signaling, indicating that this particular small
molecule can be a potential agonist of hLphn. These hit compounds, which could be possible
agonists or antagonists, should be further characterized in future studies. These small molecules
may be used as lead compounds for drug development of future treatments for diseases caused
by malfunctioning aGPCRs.
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Title: Investigating the role of a putative Drosophila tRNA methyltransferase in neurons
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Abstract: tRNAs are ubiquitous adaptor molecules that decode mRNAs through codon-
anticodon base pairing and insertion of the appropriate amino acid into growing polypeptide
chains. tRNAs undergo extensive posttranscriptional modifications that affect stability,
efficiency, and fidelity. Although once thought to function as simple adaptor molecules, it is
becoming apparent that tRNAs can function in the dynamic regulation of translation.
Importantly, disruptions to the posttranscriptional processing of tRNAs have recently been linked
to neurological disease. We identified a putative neuronal tRNA methyltransferase, TRMIL, as a
novel regulator of synaptic growth through a genetic screen in Drosophila. TRMOL is one of two
metazoan paralogs of a yeast enzyme, TRM9, that methylates uridines in the wobble position of
the anticodon loop to modulate translational efficiency. Despite being characterized as a tumor
suppressor in several human cancers, the biochemical function of TRM9L is unknown. We have



generated null alleles and confirmed that TRM9L mutants exhibit increased synaptic growth.
Despite excess synaptic number, loss of TRMOL results in decreased synaptic transmission,
suggesting an additional role in promoting neurotransmitter release. Finally, we find that TRM9L
regulates sensitivity to reactive oxygen species in flies, consistent with its role in yeast stress
response. We are combining genetic and biochemical studies to define the mechanism through
which TRMOL carries out its diverse roles. These findings provide insight into how an expanded
family of tRNA methyltransferases contributes to the regulation of neuronal function.
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Title: GluK2 interacts with KCC2 to promote dendritic spine formation
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Abstract: The interplay between glutamatergic and GABAergic transmission is crucial for the
synaptic maturation during development. The impairments in the balance of neurotransmission
may result in neurodevelopmental disorders, which are associated with the abnormal regulation
of dendritic spines. The morphology of dendritic spines is regulated by the remodeling of actin
cytoskeleton with a complex network of signaling molecules. Previous results have shown that
KCI cotransporter, KCC2, has a morphogenic role in maturation of dendritic spines via the
structural interaction with actin binding protein 4.1N. In addition, GluK2 kainate receptor
subunit was shown to coexist in a functional complex with KCC2 to regulate its function and
surface expression. In this study, we studied the role of GluK2-KCC2 interaction for the
regulation of dendritic spine development. We found that ShRNA-mediated GluK2 silencing in
CAZ3 pyramidal neurons did not differ the density of total dendritic spines compared to controls
in vivo, however the density and percentage of thin spines significantly increased, which is the



reminiscence of immature state. Consistent with this, GluK2 silenced CA3 neurons displayed a
lower frequency of mEPSC. In control CA3 pyramidal neurons, KCC2 showed a strong
perisomatic pattern of immunoreactivity, whereas a cytoplasmic pattern of immunoreactivity
detected in GluK2 silenced CA3 neurons. Also, GIuK2 silencing resulted in a smaller somato-
dendritic gradient in GABAA equilibrium potential, reflecting the reduced efficacy of KCC2
function. In cultured rat hippocampal neurons, GluK2 silencing significantly reduced the density
of dendritic spines, which was rescued by the overexpression of KCC2. We also studied the
effect of GluK2 silencing on actin dynamics using fluorescence recovery after photobleaching
(FRAP). FRAP data showed an increased stability of F-actin filaments in dendritic spines after
GluK2 silencing as a result of increased phosphorylation ratio of actin depolymerizing factor
cofilin. In conclusion, our results demonstrate that GluK2-KCC2 interaction developmentally
regulates dendritic spine formation and its stability.
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Abstract: Teneurins (TENS) are cell-surface adhesion proteins with critical roles in tissue
development and axon guidance. Here we report the 3.1-A electron cryo-microscopy structure of
the human TEN2 extracellular region (ECR), revealing a striking similarity to bacterial Tc-
toxins. The ECR includes a large B-barrel that partially encapsulates a C-terminal domain, which
emerges to the solvent through an opening in the mid-barrel region. An immunoglobulin (Ig)-like
domain seals the bottom of the barrel while a -propeller is attached in a perpendicular
orientation. We further show that an alternatively spliced region within the -propeller acts as a
switch to regulate trans-cellular adhesion of TEN2 to latrophilin (LPHN), a transmembrane
receptor known to mediate critical functions in the central nervous system. One splice variant
activates trans-cellular signaling in a LPHN-dependent manner, whereas the other induces
inhibitory postsynaptic differentiation. These results highlight the unique structural organization
of TENs giving rise to their multifarious functions.
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Abstract: Despite extensive research, there is up to date no final explanation for the unique
cognitive abilities of the human species. Whereas most of the genetic, molecular and cellular
components in mammalian brains are quite similar, human neurons seem to display an increased
potential for synaptic plasticity. This might be due to a generally higher number of synapses or a
prolonged maturation of these in comparison to other mammals and even primates. Non-coding
RNAs and especially miRNAs play a significant role in synaptic development and plasticity.
Furthermore, particularly the regulatory part of the genome distinguishes humans most from
their closest relatives. Nevertheless, the contribution of non-coding RNA dependent mechanisms
to human synapse development and plasticity is poorly understood. To study the role of non-
coding RNAs in human synapse development, we established a defined human neuronal
differentiation protocol without the need for the addition of animal glia cells on two different
human induced pluripotent stem cell (iPSC) lines. With confocal microscopy, we show that the
generated neurons constitute co-clustering of pre- and postsynaptic markers at Day 27 of
differentiation as well as the formation of synaptic spines. Furthermore, the glia-free
differentiation protocol allows us to perform small-RNA sequencing in combination with
proteomics and long-RNA sequencing at defined developmental time points. Here, we present a
first transcriptomic and proteomic characterization of the time course of human synapse
development in iPSC-derived neuron cultures. These characterizations are essential for a more
detailed subsequent functional analysis in the future. By manipulating the expression of specific
candidate RNAs, we plan to investigate their role in synaptic maturation as well as effects on
neuronal morphology and electrophysiological properties. Newly identified pathways can further
be studied in the context of neuropsychiatric diseases using patient-derived iPSC lines.
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Abstract: Autism spectrum disorder (ASD) is one of neurodevelopmental disorders
characterized by reduced verbal communication abilities and social interactions, stereotyped
repetitive behaviors and restricted interests. Recent genetic studies suggested that de novo
mutations, genomic spontaneous mutations identified in an affected child, but not unaffected
parents, play key roles in the etiology of ASD. In particular, genes with highly recurrent de novo
possible loss-of-function mutations, which have been identified in multiple unrelated patients,
are likely to contribute to the risk for ASD. Recently, we and other groups have identified that,
among the high-confidence ASD risk genes, POGZ is one of the most recurrently mutated genes
(at least 45 independent de novo non-synonymous mutations) in patients suffered from
neurodevelopmental disorders, including ASD, suggesting that de novo POGZ mutations can be
associated with the ASD pathogenesis. However, the biological significance of the de novo
POGZ mutations and the role of POGZ itself in the brain remain unknown. In the present study,
we examined the role of POGZ in the brain and functional characterization of de novo POGZ
mutations.

We observed that Pogz expression was elevated in the mouse embryonic cerebral cortex during
neurogenesis. We also found that Pogz silencing impaired the development of cortical neurons,
which was rescued by overexpression of wild-type POGZ and de novo POGZ variants identified
in unaffected controls but not by overexpression of ASD-associated de novo POGZ variants.
Furthermore, the neuronal differentiation was disrupted in neural stem cells differentiated from
iPS cells derived from an ASD patient carrying the de novo POGZ mutation. We also found that
the de novo POGZ mutation resulted in disrupted cortical development and ASD-like features,
including autistic abnormal behaviors, in mice. Our current results suggest that the ASD-related
de novo POGZ variants may result in disrupted cortical development and ASD-like features.
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genes

Authors: D. L. PARKER?, S. HASSANIY, J. S. AXNER?, C. E. REUTER?, M. LU, E. HUO?,
*J. A. PINEDA?, W. K. THOMPSONS?;

Cognitive Sci., 2Family Med. and Publ. Hith., 3Statistics, Natl. Consortium on Alcohol &
Neurodevelopment in Adolescence, UCSD, San Diego, CA

Abstract: The heterogeneity of autism spectrum disorder (ASD) and its diagnostic overlap with
other disorders complicate research and clinical practice yet also provide clues to underlying
biological mechanisms. We examined in silico data for 638 genes, selected because they occur in
>2 of 18 previously-identified ASD genetic modules. Consensus Principal Component Analysis
(CPCA) was used to interrelate: (1) cellular function, (2) gene expression time and (3)
association with comorbid disorders extracted from 6 gene databases for intellectual disability
(ID), epilepsy, schizophrenia, neurodegeneration and dysmorphism. A cluster analysis based on
principal component scores identified 7 clusters of genes (CI1-Cl7) that comprise 3 general types
(Fig. 1). Type 1 contains two clusters of regulatory genes, one involving chromatin remodeling
and one MAPK signaling. Type 2 is characterized by genes with either early fetal gene
expression or wide ranges of gene expression and multiple cellular functions. Of its 3 clusters,
two are not generally associated with an annotated disorder and one is related to Intellectual
Disability (ID) only. In contrast, Type 3 involves complex associations with comorbidities,
including four distinct patterns of pleiotropy. We propose a model to account for unique or
shared properties of clusters, thereby linking specific genetic modules or gene expression times
to: (1) high- or low-functioning ASD, (2) ID or epilepsy accompanied by other comorbidities, (3)
number of comorbidities per gene, (4) various transcription factors or regulatory mechanisms
and (5) timing of gene expression potentially indicating sequential neural development. Notably,
83% of genes sharing the defining properties CI2 (Type 1) and CI7 (Type 3) are regulated by
both CHD8 and FMRP. This relatively rare combination suggests a regulatory relationship
between CI2 (chromatin modification) and CI7, which is enriched for FMRP regulation but also
involves ID accompanied by multiple comorbidities. Taken together, our results describe 7 ASD
subtypes that each link one gene set to a specific ASD comorbidity pattern. They illustrate the
greater utility of comorbidity patterns, not individual disorders, in describing ASD heterogeneity.
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Title: ADNP, a brain protein with muscle and skin activities
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Abstract: Activity-Dependent Neuroprotective protein (ADNP) is an essential protein for brain
formation and function, and is crucial for normal cognitive performance. Compared with Adnp*/*
mice, Adnp-deficient mice survive, yet exhibit significant increase in phosphorylated tau, tangle-
like structures, neurodegeneration, cognitive and social deficits, reversed by NAP, a snippet of 8
amino acids (NAPVSIPQ) derived from ADNP. Furthermore, ADNP was recently found to be
frequently mutated in Autism Spectrum Disorders (ASDs) with associated cognitive, motor and
sensory deficits, all mimicked by the Adnp-deficient mouse model, with NAP treatment
reversing ADNP deficiencies. Specifically, our results indicated that Adnp-deficient mice have
impaired neuromuscular activity, muscle tone and grip strength (hanging wire and grip strength
tests), as well as gait deficits (CatWalk). Additional results suggested Neuromuscular Junction
(NMJ) disruption and altered gene expression in the gastrocnemius muscle in Adnp-deficient
mice, as compared with wildtype counterparts, all partially reversed by daily NAP administration
(systemic/nasal). Human muscle gene expression data mining has revealed increased expression
levels of ADNP and ADNP2 in the vastus lateralis of old vs. young subjects, as well as altered
expression of ADNP and ADNP2 in the bicep brachii of elderly people, in a sex dependent
manner. Furthermore, there was an inverse impact of prolonged exercise on the expression levels
of both transcripts, with ADNP downregulated and ADNP2 upregulated upon endurance training.
An additional analysis found significant correlations between ADNP and 24 genes showing age-
dependent changes in muscle transcript expression. Lastly, ADNP syndrome children carrying a
specific causal heterozygous truncating mutation (p.Tyr719*) and Adnp-deficient mice both
displayed skin abnormalities leading to a thinner epidermis and a delay in wound healing,
partially ameliorated by NAP treatment. Together, these findings provide further evidence to the



phenotype of the ADNP syndrome, assisting in the characterization of this condition, as well as
opening new avenues in research and future applicative therapeutics. Selected references: J Clin
Invest. 2018 Nov 1;128(11):4956-4969; Sci Rep. 2019 Jan 24;9(1):736.
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Abstract: Post-mortem examinations have revealed an excess of excitatory synapses in the
brains of children with autism spectrum disorders (ASD). Recent investigations have linked this
trait to hyper-activity of the mTOR pathway, resulting in synaptic pruning deficits (1). ASD is
also characterized by alterations in brain functional connectivity as measured with resting state
functional MRI (rsfMRI). These observations raise the question of whether and how mTOR-
related deficient pruning affects rsfMRI dysconnectivity observed in ASD. Here we mapped
dendritic synaptic density, rsfMRI connectivity (2) and social behavior in tuberous sclerosis 2
deficient (Tsc2*") mice (n=20), a mouse line that mechanistically reconstitutes mTOR-dependent
dendritic spine surplus observed in ASD (1). A separate cohort of animals (n=20), was subjected



to a daily treatment with the mTOR inhibitor rapamycin with the aim to rescue the synaptic
surplus, and establish a link between synaptic traits and brain-wide connectivity. We observed
increased spine density, socio-behavioral impairments, and long-range rsfMRI over-connectivity
in basal ganglia and polymodal cortical areas of Tsc2* mice. Importantly, developmental
treatment with rapamycin completely normalized synaptic density, rsfMRI hyper-connectivity
and behavioral deficits in Tsc2* mice. These results implicate a causal link between mTOR-
related pruning deficits and brain-wide rsfMRI hyper-connectivity. Given the prominent
implication of mMTOR pathway dysfunction for human ASD (1), we next hypothesized that a
similar hyper-connected phenotype should be identifiable in clinical ASD populations. We
therefore probed rsfMRI connectivity in pre-pubertal children from the ABIDE-I database
(n=163 ASD, n=168 controls). This analysis revealed bilateral foci of increased long-range
connectivity in the anterior insula of ASD children, a finding associated with a robust
hyperconnection of this structure with the basal ganglia and polymodal cortices, recapitulating
rsfMRI findings in Tsc2 mice. To mechanistically link this ASD imaging phenotype to TSC2-
and mTOR-dependent signaling, we next asked whether genes within TSC2- or mTOR-networks
are expressed in the human brain in a spatial pattern that is highly similar to the topology present
in our imaging phenotype. This analysis revealed that TSC2/mTOR-network genes are indeed
highly expressed in a similar topological pattern as the identified ASD hyper-connectivity
phenotype. Taken together, our results support a mechanistic link between deficient synaptic
pruning and rsfMRI over-connectivity in ASD. 1. Tang G et al, Neuron 2014 2. Bertero A et al,
Brain 2018
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Abstract: Tymothy syndrome (TS) is a multisystem disorder featuring cardiac arrhythmias,
autism and adrenal gland dysfunction that originates from a de novo point mutation in the gene
encoding the Cavl.2 (CACNALC) L-type channel. Using the autistic TS2-neo mouse bearing the
G406R point mutation associated with TS type-2 (Bader et al., 2011), we have recently shown
that the mutation reduces the rate of inactivation and shifts leftward the activation and
inactivation of L-type channels, causing marked increase of resting Ca?* influx (‘window’ Ca?*
current) of adrenal mouse chromaffin cells (MCCs). The increased ‘window current’ causes
marked reduction of Nav channel density, switches normal tonic firing to abnormal burst firing,
reduces mitochondrial metabolism, induces cell swelling and decreases catecholamine release.
Overnight incubation with nifedipine restores Nav channel density, normal MCC firing and
quantity of catecholamine released (Calorio et al., 2019).

Here we report that in cultured hippocampal neurons (HNs; 3-10 days-in-vitro) of TS2-neo
mutated mice, L-type calcium currents were less inactivated during pulses of 1 s to +10 mV. The
voltage-dependence of activation and steady-state inactivation were both leftward shifted (-6 and
-11 mV, respectively), as reported for MCCs. The shifts generated an increased resting window
Ca?* current. Immunolabeling of pyramidal and GABAergic neurons indicated a 15% loss of
pyramidal neurons and a 8% loss of interneurons in TS2-neo cultures compared to WT. Current-
clamp data analysis indicated the existence of two groups of neurons: a “slow-spiking” that was
predominant in WT cultures and a “fast-spiking” that was predominant in TS2 cultures. The
TS2-mutation increased the mean firing frequency of both groups but reduced to about 50% the
number of HNs able to fire more than two APs, even under sustained depolarization.

In pharmacologically isolated GABAergic mono-synapses (Russo et al., 2018), the amplitude of
electrically-induced IPSCs increased by 72% and the pair-pulse depression increased by 39% at
25 ms pulse separation in mutated HNs. In conclusion, the L-type channel gating changes
induced by the G406R mutation of CACNALC gene is most likely responsible for the increased
resting window Ca?* current, which results in reduced neuronal viability, altered excitability and
a “gain of function” of GABAergic synaptic responses.
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Abstract: Autism Spectrum disorder (ASD) is a complex neurodevelopmental disease affecting
~1.5% of children worldwide with no known cure or clear etiology to date. ASD is highly
heritable which implies shared genes and pathways. Activity-dependent neuroprotective protein
(ADNP) was discovered by our laboratory as a protein essential for brain formation. In 2014, de
novo truncating mutations in ADNP were identified as present in at least 0.17% of ASD cases,
making ADNP one of the most frequent ASD associated genes. Patients exhibit intellectual
disabilities, ASD and motor deficits, among their myriad of symptoms. With over 200 diagnosed
patients and a projection of more than 20,000, it is of interest to further understand the in vivo
function of ADNP, and its mechanism in relation to the ADNP syndrome and ASD. Using
CRISPR-Cas9, we have established a heterozygous mouse model harboring the Adnp p.Tyr718*
mutation (termed Adnp™") on a C57BL/6N background, homologous to the most prevalent
human ADNP mutation, ADNP p.Tyr719*. While investigating this new model, interesting
differences between the established Adnp haploinsufficient mouse model (termed Adnp*”, on
ICR background) and the Adnp™" model were observed. Furthermore, significant differences
were also apparent between the different mouse backgrounds (ICR vs. a C57BL/6N). Both male
and female Adnp™" show no preference to mice over an empty cup in the social approach task,
while the wt littermates show the normal tendency to explore the novel mouse. In contrast, only
female Adnp*" mice fail the social approach task. This finding is further augmented by the fact
that, while the C57BLI/6N do not have intact odor discrimination, both genotypes of male ICR
and female wt ICR show intact odor discrimination. Adnp*"- females cannot discriminate
between different odors, offering a possible explanation for the social approach results in this
model. In the long retention phase of the novel object recognition test (NOR), both sexes of the
ICR background recall the familiar object, whereas the Adnp*”- mice do not. In the case of the
C57BLI/6N strain, females of either genotype do not discriminate between the objects, while wt
males do and Adnp™" males do not. Our above findings show that the novel Adnp™" mouse
model mimics the human condition, as it presents autistic features and cognitive impairments in
the social approach and NOR tasks. Therefore, with the advent of genetic manipulation
techniques, such as CRISPR, the striking differences revealed here between sexes and
background strains have strong implications on future ASD/ID mouse model generation in
regards to background strain selection.
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Abstract: In the brain voltage-gated Cav1.3 L-type Ca?" channels (LTCCs) are predominantly
located postsynaptically and can shape cellular firing patterns, support pacemaker function and
regulate Ca?*-dependent gene expression. Germline de novo mutations in the channels' al-
subunit (encoded by the CACNA1D gene) have been found so far in eight patients with
neurodevelopmental disease including autism spectrum disorder (ASD). Since heterozygous
Cavl.3-deficiency does not cause a detectable brain pathology and the biophysical
characterization of these Cav1.3 mutant channels in HEK293 cells showed gain-of-function
features, we predict enhanced Cav1.3 mutant channel function in vivo. Therefore, already
clinically available LTCC-inhibiting drugs, such as the dihydropyridine isradipine, might provide
symptomatic benefits in affected individuals.

Here we report the successful generation and basic characterization of a novel mouse model
(C57BI/6N background) harboring the A749G CACNA1D mutation found in a patient with ASD
and intellectual disability. The mutation does not affect the expression of Cav1.3 al-subunit
protein in the brain (Western blot) but induces the expected pathological gating changes of
Cavl.3 currents in adrenal chromaffin cells isolated from heterozygous mutant mice. A delayed
gain of body weight indicated a developmental delay in both male and female mutants.
Behavioral analyses in adult male mice revealed a highly reproducible challenge-induced
hyperlocomotion, reduced social interaction in the three chamber social test, a mild anxiety-like



phenotype in the light-dark test as well as reduced marble burying in a gene dose-dependent
manner. No alterations of the gross brain morphology (Nissl-stained sections), number of
dopaminergic midbrain neurons (unbiased stereology), cerebellar Purkinje cell density, striatal
volume and cortical layering (primary motor/sensory and prefrontal cortex) have been observed
between genotypes (adult males).

In summary, we showed - for the first time - the disease-causing nature of a human CACNA1D
gain-of-function mutation evident as a neurodevelopmental disease phenotype including ASD-
related behavioral alterations in mice expressing the ASD-associated A749G mutation. Since the
phenotype was already present in the heterozygous state - reflecting the human situation - this
mouse model represents an attractive tool to study the underlying Cavl.3-associated pathological
mechanisms and to test potential therapeutic interventions with clinically approved LTCC-
inhibiting drugs to improve ASD-related clinical symptoms in affected individuals.
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Abstract: Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder that affects
~1.7% of the population which leaves families and affected individuals with substantial lifetime
costs. Current research has made significant investments in sequencing the genomes of ASD
families as a diagnostic method and to further understand the genetic architecture of this complex
disease. Whole Genome Sequencing (WGS) studies have revealed an enrichment of mutations in
the untranslated regions (UTRs), which are noncoding regulatory regions, of ASD genomes.
However, assessment of these variations poses a challenge since these regions do not follow the



triplet code and, even with prediction algorithms for RNA secondary structure or motif loss,
these mutations must be defined experimentally. Furthermore, UTR sequences have been shown
to have strong cell type dependency for their functionality; therefore, requiring assessment in
appropriate cell types. To address these challenges, | have used a Massively Parallel Reporter
Assay (MPRA) to functionally assay several hundred mutations in parallel. MPRAs are a novel
molecular genetic tool for assaying hundreds to thousands of predefined sequences for functional
effects in a high-throughput manner. From a completed assay that looked at 650 3° UTR
mutations from ASD genomes, | have reported several candidates 3° UTR variations that appear
to have functional effects on mMRNA stability - indicating that some of these mutations may
contribute to disease. Implementing post-transcriptional MPRAS, and cell type specific
translational profiling, | aim to 1) extend these findings by testing their impact in disease relevant
tissues such as the mouse brain and human cells, 2) define the molecular mechanisms that alter
protein levels for specific UTR mutations, 3) determine the mechanism of action for a putative
ASD risk variant to potentially implicate a new gene in this disease. This work will justify the
significant investments in sequencing patients with ASD by reporting on the burden of
noncoding disease mutations and contribute to our understanding of ASD genetic architecture
and UTRs.
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Abstract: In our previous study using iPSC-derived telencephalic organoids from families with
idiopathic autism and macrocephaly we identified an unbalanced overproduction of inhibitory
neuron precursors in ASD organoids as compared to organoids derived from their unaffected
family members. Consistently, bulk RNA-sequencing and gene co-expression network analyses
revealed an upregulated transcript module enriched in genes that govern telencephalic neuron
differentiation, including several transcription factors regulating the acquisition of
glutamatergic/GABAergic cell fate (Mariani et al., 2015).We have deconvoluted the cell type
gene expression of ASD- versus control-derived brain organoids by single-cell RNA-sequencing
(scRNA-seq) in order to evaluate if this increase in expression of GABAergic gene products is
due to an increased number of cells of GABAergic lineages or to a change in gene expression in
GABAergic cells, or both.Characterization of organoid cell groups based on single cell
transcriptome revealed several subtypes of radial glia (RG) revealing an evolution from
ventricular RG at terminal differentiation (TD) 30 to outer RG at TD 60, as well as excitatory
and inhibitory neuronal cell subgroups. Every cell cluster in organoids matches to one or a few
of those found in human late embryonic/fetal telencephalon, suggesting that our organoid system
largely recapitulates the development of human developing telencephalon.Moreover, by mixing
together iPSCs from ASD-patients and controls we are dissecting out cell-autonomous and non-
cell-autonomous effects driving the differences in neural subtype composition and gene
expression between ASD- and control-derived organoids.
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Abstract: Autism spectrum disorder (ASD) is a neurodevelopmental disorder estimated to affect
1% of the global population, is typically characterized by difficulties of social interaction and
communication, and repetitive/restricted behaviour. Previous studies compared syndromic forms
of ASD with either Fragile X syndrome (FXS) or 15q duplication syndrome comorbidities and



identified Janus Kinase and Microtubule interacting protein 1 (JAKMIP1) as a potential
molecular link between these two forms of ASD. In recent research, JAKMIP1 was shown to
regulate neuronal translation as a component of the Fragile X Mental Retardation Protein
(FMRP)-associated complex and JAKMIP1 KO mice demonstrated several core ASD behaviors
including repetitive behaviors and social deficits. However, it is still not clear how JAKMIP1
dysregulation leads to the neuronal dysfunctions and results in syndromic and idiopathic ASD.
Interestingly, JAKMIP1 interacts with Janus Kinase (JAK) family members such as JAK1 and
TYK2. In general, JAK-STAT regulates cytokine signaling in the immune system and has
various roles in normal brain functions, including synaptic plasticity and modulation of
neuroreceptor functions. Therefore, we aimed at identifying roles of JAKMIPL in JAK-STAT
signaling in neurons and utilized the CRISPR-Cas9 system to knockout JAKMIP1 in human
neuroblastoma cell lines.

To disrupt the JAKMIP1 gene, we tried two approaches; transfecting Cas9 with single gRNA or
with double gRNAs. Both approaches successfully induced mutations at targeted sites. We are
currently planning to perform RNA sequencing using this model and the data will support to
identify novel cellular pathway candidates for pharmacological modulation in ASD.
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Title: GABAergic interneuron defects in mice lacking autism-associated gene Slit3
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Abstract: Background: Neuronal connectivity defects have been reported in individuals with
Autism Spectrum Disorder (ASD) and lead to alterations in brain function and multisensory
integration. In particular, SLIT3, an axon guidance molecule, attracted our attention as it is
expressed during brain development, has mutations in individuals with autism, and may be
associated with neurological conditions such as major depressive disorder and schizophrenia. We
have found that mice lacking autism-associated gene Slit3 display ASD-like behaviors and have
a reduced number of GABAergic interneurons in key brain areas associated with ASD. Taken
together, these findings suggest that Slit3 may be an attractive candidate to analyze altered



neuronal connectivity in ASD. Objectives: We hypothesize that loss of Slit3 gene leads to
abnormal GABAergic cell distribution, affecting neuronal connectivity and Excitation/Inhibition
(E/N) balance. Therefore in this study we aim to investigate GABAergic interneuron neuronal
connectivity in Slit3 mutant mice. Methods: Neuronal connectivity was analyzed from
GABAergic interneuron cell cultures using a live-cell analysis system. This methods allows for
reliable tracking of cell health and morphology, neurite analysis and neuronal function. Results:
GABAergic interneurons were collected at embryonic day E14.5 and plated for neuronal
connectivity analysis. Using the Incucyte live-cell analysis system we were able to analyze
GABAergic interneuron cell properties and analyze dynamic changes and cell interactions in
both Slit3 mutant mice and control conditions. Our preliminary results show that GABAergic
interneurons collected from mice lacking autism-associated gene Slit3 display differences in cell
health and morphology. Neurite analysis assays also show that GABAergic interneurons lacking
the Slit3 gene exhibit differences in both neurite formation and neurite outgrowth compared to
control GABAergic interneurons. Conclusions: Interneurons are known to synchronize neuronal
activity and this synchronization is essential for cortical network function. Our results show that
loss of autism-associated gene Slit3 affects GABAergic interneuron mediated connectivity.
These findings reveal the importance of Slit3, an axon guidance molecule, in the formation of
GABAergic neuronal networks and provide insight into the molecular pathways that may lead to
altered neuronal connectivity in ASD.
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Title: Deletion of the Kcnal epilepsy gene modifies autistic-like behaviors
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Abstract: Epilepsy and autism are highly comorbid, co-occurring in up to 30% of patients,
which suggests shared genetic etiology, underlying pathophysiology, and/or neurodevelopmental
abnormalities; however, the exact nature of this relationship remains unclear. In this study, the
goal was to investigate how mutations in two ion channel genes, one associated with epilepsy



(Kcnal) and one with autism (Scn2a), interact to modify genotype-phenotype relationships in the
context of epilepsy-autism comorbidity. Previous work has shown that partial deletion of Scn2a
(Scn2a*’), which encodes Nav1.2 subunits, acts as a protective genetic modifier of epilepsy
phenotypes in Kcnal-null (Kenal™) mice, which lack Kv1.1 subunits. Therefore, in this work
the reciprocal hypothesis was tested: that deletion of the Kcnal epilepsy gene can act as a
beneficial genetic modifier of autistic-like features in Scn2a*~ mice. To examine this, mice with
various combinations of Kcnal and Scn2a knockout alleles (n=7-12/genotype) were evaluated
for the presence of abnormal repetitive (marble burying, self-grooming, and nestlet shredding)
and social (sociability and social novelty) behaviors, which are associated with autistic-like
deficits. Kcnal™ mice exhibited significant decreases in all repetitive behaviors (P<0.01), but
their social interactions were unaltered compared to wildtype (WT). Scn2a*~ mice displayed
increased self-grooming (P=0.009), decreased marble burying (P=0.0007), and altered social
novelty (P=0.003) compared to WT. Complete genetic ablation of Kcnal in Scn2a*~ mice (i.e.,
Scn2a*~; Kenal™) led to decreased repetitive behaviors similar to single mutant Kcnal™ mice.
In contrast, however, partial deletion of Kv1.1 potassium channels in Scn2a*~ mice (i.e.,
Scn2a*’~; Kenal*™) had a selective therapeutic effect, normalizing self-grooming repetitive
behavior (P=0.02) and social novelty (P=0.045) to levels indistinguishable from WT while not
significantly modifying other autistic-like behaviors. Our results show that not only is Scn2a*~
beneficial in the context of epilepsy due to Kcnal mutation but that Kcnal*~ is also beneficial in
the context of autistic-like features due to Scn2a mutation. Thus, epilepsy- and autism-associated
ion channel mutations can act reciprocally as mutually beneficial genetic modifiers to reduce
disease severity.
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Abstract: Copy number variations (CNVs) of certain chromosomal regions are closely
associated with neurodevelopmental and neuropsychiatric disorders such as autism spectrum
disorder (ASD) and schizophrenia. Recent evidence suggests that alterations in neural progenitor



cell (NPC) proliferation associated with particular CNVs may underlie the cause of abnormal
brain development. However, we still have limited knowledge of the cellular and molecular
profiles of NPCs during neurodevelopment that adds to the complexity of these diseases, which
can affect multiple cell types in different regions of the brain. In order to investigate the cellular
and molecular mechanisms underlying neuropsychiatric disorders, we have used NPCs and
neurons derived from human induced pluripotent stem cells (hiPSCs). Here, we generated NPCs
and neurons from patients diagnosed with a psychiatric disorder and particular CNVs to better
model these disorders and identify molecular targets for intervention. We have found that
proliferation rates of NPCs can be closely tied to specific CNVs, allowing us to group patients by
particular disease phenotypes to help gain insight into the disruption of cellular and molecular
pathways during development. Interestingly, these differences in NPC proliferation pathways
mechanistically converge with neuroimmune mechanisms. To identify how these signaling roles
play in cell survival and clearance, we have co-cultured our derived NPCs and neurons with
immune-derived cells and assessed differences in cellular elimination. Many forms of psychiatric
disorders such as ASD and schizophrenia are associated with abnormal synapse connections
which could allude to improper elimination of NPCs that lay the groundwork for the brain
architecture. Our study will be the first to systematically investigate novel neuroimmune-related
mechanism(s) tied to ASD and schizophrenia as well as correlate a clinical phenotype to a
cellular phenotype.
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Title: Identifying genetic variants associated with social phenotypes of relevance for autism
spectrum disorder (ASD) in juvenile rhesus macaques
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Abstract: Autism spectrum disorder (ASD) is a developmental disorder with high heritability
and equal contributions of genetics and environment to the overall risk. Due to limits on
experiments in human infants, we seek a translational nonhuman primate (NHP) model. The
rhesus monkey, with complex social behaviors, brain anatomy and ontogeny closely resembling
human, provides a critical alternative to study the origins of atypical social behaviors. The goal
of this study was to identify genetic variants associated with social phenotypes of relevance for
ASD in juvenile macaques. To select social phenotypes, we validated the Social Responsiveness
Scale (SRS), used in ASD diagnosis and research in humans and previously adapted to adult
macaques, in 209 juvenile macaques living in complex social groups at the Yerkes National
Primate Research Center. We reduced the macaque SRS (mSRS) to 14 items, established the
underlying factor structure using exploratory factor analysis (EFA), and validated it for juvenile
macaques (JmSRS). We also collected two hours of behavioral observations per animal using a
well-established ethogram for this species. Separately, we performed whole exome sequencing
(WES) on DNA samples using the Rhexome v2 capture reagent and the Illumina NovaSeq
system. Reads were aligned to the rhesus Mmul_8.0.1 reference genome. We called genomic
variants using the GATK package and performed preliminary genetic associations tests to
identify genetic variants that influence the phenotypes. We used CADD scores to predict the
functional impact of variants of interest in a list of 87 candidate genes of interest for
ASD.Analysis of the JmSRS revealed similarities to the human SRS, confirming its construct
validity in juvenile macaques. Using the jmSRS and behavioral observations, we identified
species- and age-atypical behaviors as well as extreme social phenotypes. Our exploratory WES
yielded 1,350 single nucleotide variants (SNVs) and 95 indels in the selected gene list. Analyses
also revealed two genomic variants - CHD8 and KDMG6B - in our macaque colony, with
significant associations to atypical social behaviors (based on the JmSRS and the behavioral
observations).Our findings show a methodological advancement in the development of a NHP
animal model with high translational value for ASD. We are further analyzing rhesus variants
(alone and in combinations) linked to atypical social behaviors.
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Abstract: Chloride channel enable influx of chloride ion causing hyperpolarization of the
membrane. In this study we investigated the neurodevelopment of chloride channel 4 knockout
mice. We conducted open field test, Y maze test, marble burying test, and social interaction test
in the wildtype and chloride channel 4 knock out mice. We performed Golgi staining in both
wildtype and knockout mouse brain and compared the neuronal cytoarchitecture. Primary cell
culture was performed of the fetal brain tissue at embryonic day 14 to investigate the neuronal
differentiation process of the chloride channel 4 knock out mice compared to wildtype. We
observed that total arm entry was increased in knockout mice compared to wildtype mice in Y-
maze test. Total time spent in open arm was also increased in chloride channel 4 knock out mice
compared to wildtype. Knockout mice spent less time exploring the novel mice compared to
wildtype mice in social interaction assessment. We also observed cytoarchitectural abnormalities
of the brain using Golgi staining in chloride channel 4 knock out mice compared to wildtype
mice. Finally, we found that chloride channel knockout mice showed slower neuronal
differentiation compared to wildtype mice. In conclusion, chloride channel knockout mice show
both behavioral and cellular deficit during neurodevelopment compared to wildtype mice.
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Abstract: The three NOTCH2NL genes, NOTCH2NLA, NOTCH2NLB, and NOTCH2NLC are
implicated in 1g21.1 distal deletion/duplication syndromes, which can result in
neurodevelopmental disorders (NDs) such as Autism, ADHD, Schizophrenia, Microcephaly, and
Macrocephaly. Previous work demonstrated that NOTCH2NLA, NOTCH2NLB, and
NOTCH2NLC are located within the typical deletion and duplication region, and functional
analysis suggested a role for NOTCH2NL in regulating neural stem cell expansion in the
developing cerebral cortex.>? We aim to understand the differing relationships of specific
NOTCH2NL alleles with NDs. By understanding their function, we open the possibility for a
future clinical diagnostic model to predict the likelihood of NDs resulting from specific
NOTCH2NL allele combinations. To do this, we first developed an analysis pipeline to
determine the NOTCH2NLA, NOTCH2NLB, and NOTCH2NLC alleles present in individual
samples, as well as the related genes NOTCH2NLR and NOTCHZ2. This pipeline utilizes
targeted linked read sequencing of high molecular weight genomic DNA, that allows us to obtain
the high-depth and base-accurate reads needed to assemble genes in the presence of short tandem
repeats.! Reads are grouped based on self-similarity and classified into groupings corresponding
to each gene in the family. Groupings are then translated in silico into the corresponding amino
acid sequence, allowing for the identification of protein variants. We used this pipeline to
analyze the alleles of the NOTCH2NL gene family in a genetically diverse pool of individuals
from the Thousand Genome Project®, sequenced by Genome in a Bottle* (n = 7) and in our lab (n
= 13). We discovered eight novel NOTCH2NL alleles, including a well-supported frameshift
mutation in NOTCH2NLC, the result of a deletion of a single base pair in the last exon, in the
region coding for novel sequence relative to the parent NOTCH2 gene. The analysis and
discovery of these new alleles are promising, as this is the first step in determining the relative
neurodevelopmental function of the different loci and alleles. We plan to take advantage of large
genome sequencing data sets such as those generated by the Autism Genetics Resource and the
Simons Foundation Autism Research Initiative to correlate NOTCH2NL alleles with NDs. We
foresee this work eventually allowing for the development of a clinical model that could allow
for earlier detection of these disorders and, in turn, could help to create better patient outcomes.
1. Fiddes IT et al. (2018) Cell. 173:1356-1369.e22.

2. Suzuki IK et al. (2018) Cell. 173:1370-1384.e16.

3. Auton A et al. (2015) Nature. 526:68.

4. Zook JM et al. (2016) Scientific Data. 3:160025.
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Title: Behavioral and neuroanatomical alterations in mouse models of autism spectrum disorder
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Abstract: Autism spectrum disorder (ASD) is comprised of a group of neurodevelopmental
disorders characterized by deficits in social interaction and communication along with restricted
interests and repetitive behaviors. Hence, the autistic phenotype exhibits diverse behavioral
impairments with underlying etiologies that remains elusive.

Imbalance in neuronal excitation and inhibition (E:I) have been implicated in aberrant neuronal
connectivity contributing to the complex behavioral symptoms associated with the disorder. In
this study, we examine two genetic mouse models of ASD: one harboring a knockout of the
contactin associated protein-like 2 gene (CNTNAP27), and the other containing a homologous
regional deletion of human chromosome 16p11.2.

Using these genetic mouse models, we investigated the abnormal behavioral repertoire and
underlying neuroanatomical alterations in cortical areas that might underlie asynchronous brain
rhythmicity.

One of the important neuropathological features in these genetic mouse models of ASDs is the
abnormal developmental migration of neurons destined for superficial cortical layers. In our
study, the laminar organization of the cortical areas was analyzed by labeling with CUX-1,
which is a marker for neurons normally localized to the superficial cortical layers (11-1V).
Additionally, retrograde tract tracing was employed in order to map cortical projection patterns.
Furthermore, analysis of core behavioral domains incorporated ultrasonic vocalization recordings
in pups, grooming and social interaction tests in adult mutant and control groups. By quantifying
the laminar distribution of CUX-1 positive cells in the cortical areas of these genetic models of
ASDs, our findings show increased number of CUX-1 positive cells mis-localized to the lower
layers (V and V1) of these cortical areas as compared to the control animals. Furthermore, our
results indicate reduced ultrasonic vocalizations in mutant mouse pups as compared to controls.
Also, the mutant group exhibited a decrease in sociability and increased grooming in comparison
to controls. These results suggest that neuroanatomical alterations in cortical areas could account



for some of core autistic
behaviors.
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organoids
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Abstract: Schuurs-Hoeijmakers Syndrome (SHMS) is a neurodevelopmental disorder
characterized by global developmental delays and similar craniofacial abnormalities, resulting
from a single mutation in the phosphofurin acidic cluster sorting protein-1 (PACS1). Due to the
relatively recent discovery of the disease, very little is known about its function in the context of
the developing nervous system, and few therapies are available to patients. Here we introduce the
characteristic R203W mutation into stem cells using CRISPR. We use this modified cell line in
addition to patient-derived stem cells to assess impairment of physiological properties in
neuronal cell types. In addition to two-dimensional assays, we also use cerebral organoids as a
novel platform to study the disease mechanism. This is the first time the PACS1 mutation found
in SHMS has been extensively studied in neuronal cell types, which will be critical for
developing effective therapies in patients.
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Title: Autistic-like behaviors and atypical connectivity in SHANK3 mutant macaques
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Abstract: Mutation or disruption of the SHANK3 (SH3 domain and ankyrin repeat) gene
represents a highly penetrant, monogenic risk-factor for Autism Spectrum Disorder (ASD) and is
a cause of Phelan—McDermid syndrome (PMS). Recent advances in gene editing have enabled
the creation of genetically engineered non-human primate (NHPs) models, which might better
approximate the behavioral and neural abnormalities of ASD than rodent models and lead to
more effective treatments. Here, we report CRISPR/Cas9-mediated generation of germline-
transmissible cynomolgus macaques and their F1 offspring carrying SHANK3 mutations.
Genotyping of somatic cells and brain biopsies confirmed mutations in the SHANK3 gene and
reduced SHANKS proteins. Analysis of fMRI data revealed altered local and global connectivity
patterns indicative of circuit abnormalities. The founder mutants exhibited sleep disturbances,
motor deficits, and increased repetitive behaviors, as well as social and learning impairments.
Together, these results parallel some aspects of the gene-circuit-behavior dysfunction in human
ASD and PMS.
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Title: Stereotyped behavior in rewarding scenarios in a mouse model of 16p11.2 hemideletion
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Abstract: Neurodevelopmental disorders, including autism spectrum disorders, display strong
male biases in diagnosis and severity, but how sex differences interact with genetic contributors
to autism and leads to differential cognition is unclear. Our lab and others have previously found
male-specific vulnerabilities in motivated behaviors in a mouse modeling 16p11.2 hemideletion,
a copy number variation linked to neurodevelopmental diagnoses including autism. We tested
16p11.2 del/+ male and female mice in three rewarding scenarios to define how this genotype
produces male-specific deficits in motivated behavior. First, male and female 16p11.2 del/+
animals are being tested in two discounting tasks (delay discounting and probability
discounting/risky decision making) to assess reward motivation, impulse control, and outcome
prediction. In pretraining, we replicate our previous finding of significantly reduced
nonreinforced responding in del/+ males relative to wildtype males, even when reinforced
responding is similar. This responding is equivalent between wildtype and del/+ females, and
indicates that the amount of exploratory behavior del/+ males engage in is reduced, potentially
contributing to delays in acquiring new motivated behaviors. Furthermore, these differences in
exploratory behavior are most stereotyped when responses are cued, indicating del/+ male mice
might be more sensitive to changes in the reliability of cues to signal the availability of reward.
We are now testing the discounting tasks to determine if del/+ males reduce responding when
predictability of reward delivery is uncertain (e.g. probability discounting), but not when the
reward is certain and delayed (e.g. delay discounting). To establish how these cognitive
behaviors are linked with neurobiology, we are probing catecholamine function in 16p11.2 del/+
mice with locomotor sensitization. At doses that induce significant locomotion in wildtype
males, del/+ males are significantly less active and engage primarily in repetitive rotation. This



suggests that there are significant reductions and/or imbalances in dopamine function in the
striatum which could drive both stereotypies/repetitive behaviors and the use of alternative
neural circuits in reward-guided motivated behaviors.
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Title: ASXL3: Linking chromatin to convergent autism spectrum disorder biology
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Abstract: Autism spectrum disorder (ASD) is a complex brain disorder affecting 1 out of every
68 children in the United States. A pathological disruption of growth and organization of the
cerebral cortex leads to ASD. Human genetic studies aimed at understanding the genetic etiology
of ASD implicate chromatin as a nexus of convergent neuropathology. De novo truncating
variants in ASXL3 have been identified as a genetic basis of syndromic ASD. ASXL3 regulates
the repressive chromatin modification H2A monoubiquitination (H2AUb1) which contributes to
transcriptional plasticity pivotal to differentiation and acquisition of new cellular identities. We
identified dysregulation of H2AUDb1 as a key molecular pathology in primary cells derived from
individuals with ASXL3 variants. We generated AsxI3 mice, expressing clinically relevant
pathogenic variants to investigate ASXL3-dependent neuropathology. Initial findings showed a
>50% reduction of layer 5 (L5) excitatory neurons, reduced corticospinal tracts, and increased
levels of H2AUb1 in AsxI3 null mice. These findings resemble the anatomy and cytoarchitecture
described in ASD human post-mortem brains and implicate AsxI3-dependent mechanisms in the
establishment of mature cortical neurons. However, the role of AsxI3-dependent H2AUb1
deubiquitination in regulating transcriptional profiles critical to fate decisions during cerebral
cortex development have yet to be determined. We hypothesis that ASXL3-dependent
deubiquitination activity is required for specifying NPC transcriptional programs critical for
governing the neuronal diversity of the cortex. We pair single cell transcriptomics and epigenetic
analysis of Neural progenitor cells (NPCs) to determine the AsxI3-dependent role in neuronal
fate specification. Through unbiased single-cell RNA sequencing (SCRNA-SEQ), we identify a



defect in excitatory neuron differentiation that can be attributed to transcriptional dysregulation
of other ASD risk genes during corticogenesis. Taken together our findings implicate dynamic
exchange of histone H2AUD1 as critical during mammalian brain development and key
molecular pathology of ASD.
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Abstract: Significant language and communication impairments have been observed in various
neurodevelopmental disorders (NDD), including autism spectrum disorders (ASD) and
Angelman syndrome (AS). Although high clinical and economic impacts incentivize
identification of communication-specific-risk genes, this topic remains understudied. This is due
to research barriers that include the complexity of language and communication, specifically in
regard to whether difficulties arise from atypical social interactions, difficulties processing
complex auditory information, cognitive impairments, motor deficits, or some combination.
Significant overlap in the genetic architecture of NDDs further increases the difficulty in
disentangling genetic contribution to communication/language-related phenotypes. Finally,
limited research has addressed genetic effects on communication in non-human models. These
barriers have limited our understanding of how genetics affect the neural systems associated with
language and communication. Here we explore gene-brain-behavior relationships by studying
how genes associated with NDDs alter expressive communication in two transgenic mouse
models with mutations in rodent homologs for UBE3A and CNTNAP2 (implicated in AS and
ASD, respectively). Both mouse models show a reduction in ultrasonic vocalizations (USVs),
mirroring human clinical findings. However, it is unlikely that this communicative reduction has
a “common cause”. To test the hypothesis that different genes may influence different aspects of
communication pathways, we examined the functional contribution to expressive communication
skills in wildtype (WT) and transgenic mice (Ube3a, AS; Cntnap2, ASD). Results indicate that
both motor skill and social activity significantly and positively influence net USV production in



WT mice (i.e., increased motor skills and increased social behavior result in more complex
vocalizations). For our transgenic mice, we discovered different patterns of contribution for
expressive USV production. In the mouse model of AS, only motor skill negatively impacted the
production of complex vocalizations. In a mouse model of ASD, however, only atypical social
behavior restricted complex vocalization production. Overall, our evidence shows that genes
associated with language/communication-related NDDs may affect different domain-specific
pathways that alter expressive communication. This novel approach to the study of
communication in transgenic mice may improve early screening, and lead to gene-specific
therapeutic interventions to improve communicative outcomes.
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Title: Crispr activation rescues physiological deficits associated with scn2a haploinsufficiency
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Abstract: De novo mutations in the gene SCN2A are strongly associated with autism spectrum
disorder (ASD) and intellectual disability. The majority of ASD-associated SCN2A mutations are
protein truncating variants, resulting in conditions where individuals have only one functional
copy of SCN2A (haploinsufficiency). SCN2A encodes the protein Nav1.2, a voltage-gated
sodium channel that is expressed throughout the brain, including neocortical excitatory neurons.
Using a mouse model heterozygous for Scn2a, we found that Nav1.2 loss resulted in
developmentally distinct deficits in prefrontal cortex excitatory neurons. Scn2a
haploinsufficiency impaired action potential initiation early in development, while a deficit in
dendritic excitability persisted throughout life. These excitability deficits were associated with
impaired excitatory synapses, even when Scn2a was disrupted late in development. These
findings suggest that Nav1.2 function is critical throughout life, raising the possibility that
restoring normal Nav1.2 function, even later in development, may result in a therapeutic benefit
for individuals with ASD-associated SCN2A mutations.



To explore this possibility, we have developed CRISPR activation (CRISPRa) tools to increase
the expression of the remaining functional SCN2A allele to normal physiological levels.
CRISPRa targets a transcriptional activator (such as VP64), using a catalytically inactive Cas9
(dCas9), to regulatory elements of individual genes, upregulating their transcription. Using this
approach, we optimized, in mouse Neuroblastoma-2a cells, a recombinant adeno-associated virus
(rAAV) based system that upregulates Scn2a by targeting its promoter. We then injected this
viral system into the prefrontal cortex at postnatal day 30. Four weeks post-injection, we found
that Scn2a expression was increased and that features of intrinsic excitability and synaptic
transmission were restored to normal levels. These results suggest that the restoration of Scn2a
expression later in development can rescue cellular deficits associated with Scn2a
haploinsufficiency, and further suggest that CRISPRa could be utilized as a potential therapeutic
for other haploinsufficient genes in ASD and additional neurodevelopmental conditions.
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Title: Dynamic FoxG1 expression levels regulate autism associated behavioral circuits
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Abstract: Both up-regulation (duplication) and down-regulation (haploinsufficiency) of the
transcription factor FoxG1 have been identified in syndromic forms of autism spectrum disorders
(ASD). Furthermore, studies on idiopathic ASD patients have implicated FoxG1 dysregulation



more broadly in ASD etiology. Here we demonstrate that dynamic changes in FoxG1 levels at
key transition points during differentiation are critical for proper circuit formation. In maturing
circuits, either increased or decreased FoxGL1 levels result in animals developing ASD-like social
behavior impairments when both excitatory and inhibitory populations are affected. FoxG1
perturbation disrupts the excitation/inhibition balance during early juvenile development, prior to
the emergence of ASD-related social and cortical EEG phenotypes. Indeed, FoxG1 augmentation
selectively during the early juvenile period is sufficient to precipitate ASD-related phenotypes in
wild type animals and markedly exacerbates the social impairments of FoxG1 haploinsufficient
animals. Our findings illuminate the critical dosage and timing dependent requirements for
FoxGL1 in brain development and social behavior, and pinpoint the early postnatal period as
being particularly sensitive to perturbations in FoxG1 levels.
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Title: The effect of Dyrkla mutations on neuronal growth, connectivity, and autism-relevant
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Abstract: Mutations in DYRK1A , which encodes a dual-specificity tyrosine kinase important for
proliferation and differentiation in the developing brain, are associated with microcephaly in a
subset of individuals with Autism Spectrum Disorder (ASD) and Intellectual Disability (ID).
While the association of DYRK1a with microcephaly has been replicated in the literature, the
cellular and molecular mechanisms underlying this phenotype are unknown. We have tested two
competing hypotheses to understand how Dyrkla mutations cause microcephaly: 1) decreased
cell number, or 2) decreased cell size. To discriminate between these hypotheses, we have
generated cortex-specific conditional heterozygous (cHet) and homozygous (cKO) mutants
(Emx1-cre*;Dyrk1a'®®* and Emx1-cre*;Dyrk1a!®Po® respectively) and applied the isotropic
fractionator technique to obtain unbiased counts of neuronal and glial cell number and density in
the developing and mature cerebral cortex, along with immunohistochemistry for cell-type



markers. These mutants display decreased brain and cortex mass throughout development and
adulthood. Along with decreased cortex mass, we have found that both cortical neuron number
and size are altered in an age and cell-type selective manner, with deep layer pyramidal neurons
being particularly impacted during early postnatal development. Ongoing work is testing
dysregulated protein synthesis as a potential mechanism for this effect and examining the
relationship between cortical neuronal undergrowth and observed ASD-relevant behavioral
phenotypes in Dyrkla mutants.
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Title: An atlas-based approach to analysis of neural activity in scnllab mutant zebrafish
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Abstract: Objective: Dravet syndrome is a pediatric condition characterized by severe
intellectual disability and drug-resistant epilepsy. The SCN1A gene, which codes for the alpha
subunit of the voltage-gated sodium channel NaV1.1, is disrupted in 70-80% cases of Dravet
syndrome. In zebrafish, disruption of an ortholog, scnllab, results in spontaneous seizures and
nighttime hyperactivity. However, the brain activity correlates of scnllab behavior have not been
quantified at an anatomical level. Neural activity can be quantified using a normalized
calculation of phosphorylated-extracellular signal-regulated kinase (pERK) and at specific
regions using the Z-Brain atlas of the zebrafish brain. Here, we use a similar calculation with the
Z-Brain atlas to highlight differences in baseline neural activity between scnllab mutants and
their wild-type counterparts.

Methods: We performed immunostaining for both pERK and total extracellular signal-related
kinase (tERK) in zebrafish mutants carrying a 44 base pair deletion in the scnllab gene (n=8)



and sibling-matched wild-type fish (n=5). Confocal images for both pERK and tERK were taken
of each fish, and the relative fluorescence level of each image established at a voxel-by-voxel
level. The pERK and corresponding tERK images were registered to a reference brain along with
the Z-Brain atlas via nonlinear registration. The pERK images were then normalized according
to the tERK images by dividing pERK image intensity by the corresponding tERK to create a
standardized fluorescence value ratio (SFVR) to derive region-of-interest averages of brain
activity.Results: We analyzed 210 individual regions of interest across our five aggregates. We
found significant differences in volume-weighted SFVRs in three of aggregates (totaling 102
individual ROIs), and while two aggregates (totaling 108 individual regions of interest) showed
no difference. This indicates that our method was able to quantify both differences and
similarities in qualitative inspection of images. Across the 102 individual ROIs in the aggregates
with significant differences, we are currently investigating neurotransmitters which may be
altered, which will provide an opportunity to study mechanisms contributing to behavioral
dysfunction in scnllab mutants.

Conclusions: The normalization of pERK immunostaining provided a specific, quantified
difference between brain activity in scnllab mutant fish and their wild-type counterparts. The
region-of-interest results of zebrafish scnllab mutations could potentially be used to inform
human electrophysiological and neuroimaging studies of individuals with Dravet syndrome.
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Abstract: Poisoning with organophosphorus compounds (OP) can lead to disturbance of
numerous body functions and finally death due to respiratory failure. This is caused by the
inhibition of acetylcholinesterase (AChE), leading to a pathophysiological increase of the
neurotransmitter acetylcholine in cholinergic synapses. Basic treatment of OP poisoning with
atropine is effective to counteract the toxic effects symptomatically at muscarinic receptors but



has no therapeutic effect at nicotinic receptors. Antagonizing the OP effects in target organs that
are mediated by nicotinic receptors is only possible by the supplement of oximes able to
reactivate OP-inhibited AChE. However, treatment with clinically used oximes is not sufficient
in the case of poisoning by different nerve agents. Consequently, drugs directly interacting with
nicotinic acetylcholine receptors (NAChR) are topics of interest. The 4-tert-butyl-substituted
bispyridinium compound (BP) MB327 showed first promising therapeutic effects in in vivo
(quinea pigs) (1). Further BP compounds, tert-butyl BP regioisomers MB327, PTM0001,
PTMO0002 and the methoxy BP regioisomers PTMO0008, PTM0009 and PTMO0010, were
synthesized and tested on human a7 nAChR (ha7-nAChR) by automated whole-cell patch-clamp
technique. Application of the agonist nicotine at a concentration of 100 uM, resulted in a ha7-
nNAChR induced cation influx. At higher nicotine concentrations (1 mM), the receptor current
was inhibited due receptor desensitization (2). The above-mentioned BP compounds were able to
abolish this desensitization (“resensitizing””). The mechanism was typical for a positive allosteric
modulation type Il (PAM type II). Rat diaphragm preparations were stimulated by indirect
electric field stimulation technique (20, 50, 100 Hz). With increasing stimulation frequency the
release of acetylcholine in the neuromuscular junction increased. Application of 3 UM soman led
to a complete block of the muscle function. Application of MB327, PTM0001, PTM0002,
PTMO0008, PTMO0009 and PTMO0010 (1-300 uM) resulted in a partial restoration of soman
inhibited muscle force. Hereby, the recovery of the muscle force was most pronounced at 20 Hz
and 300 uM BP.

Further studies are needed to determine the mechanism of action in nicotinic subtyps as well as
structure-activity relationships in more detail.

[1] C.M. Timperley et al., 2012. Med. Chem. Commun. 3, 352

[2] Scheffel, C., et al. 2018. Toxicol. Lett. 293, 149
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Abstract: Impairment of cholinergic neurotransmission is one of the most severe consequences
of organophosphorus (OP) poisoning. OP compounds inhibit the enzyme acetylcholinesterase
(AChE), resulting in accumulation of acetylcholine in the synaptic cleft. Following
overstimulation of nicotinic (nAChRs) and muscarinic acetylcholine receptors (mMAChRs) force
receptor dysfunction and fatal disturbance of central und peripheral neuronal signaling up to
respiratory arrest is the consequence. Current standard treatment, consisting of administration of
a competitive mAChR antagonist (e.g. atropine) and an oxime (e.g. obidoxime, pralidoxime) for
reactivation of inhibited AChE, is not sufficient in case of soman or tabun intoxications. An
innovative approach comprises the use of compounds selectively targeting nAChRs, especially
positive allosteric modulators, which increase the population of the conducting receptor state.
MB327 (1,1’-(propane-1,3-diyl)bis(4-tert-butylpyridinium) di(iodide) is able to restore soman-
blocked muscle-force partially in preparations of various species including human and was
recently identified as “resensitizer”. In further steps, the pharmacological profiles of MB327 and
its 3-regioisomer (PTMO0001) and 2-regioisomer (PTM0002) were comprehensively
characterized in order to detect the effects on both respiratory muscle tissue and cholinergic
receptors. Therefore, binding assays with nAChRs and mAChRs, functional studies by SSM
(solid supported membranes) based electrophysiology, and in vitro muscle-force investigations
of soman-poisoned rat hemidiaphragm preparations were performed. The results obtained from
targets of different complexity (receptor, muscle tissue) showed that the pharmacological profiles
of the 2- and 3-regioisomers were relatively similar to those of MB327. High concentrations (>
300 uM) showed inhibitory effects on muscle force, which might critically influence the
application as an antidote. Furthermore, the affinity of MB327 at human mAChRs M2 was in the
micromolar range (pKi 6.3 £ 0.5), which is described for the agonist acetylcholine (pKi 6.5). On
the other hand, PTMO0001 and PTMO0002 showed weak affinities (pKi 4.6 + 0.2 and 4.7 + 0.2,
respectively). Thus, more effective drugs have to be developed. Nevertheless, the combination of
the methods presented is an effective tool to get insight into interactions on a molecular basis and
to translate these effects to complex organ systems. T. Seeger et al., Toxicology 2012, 294, 80-
84; K.V. Niessen et al., Toxicol. Lett. 2018, 293, 190-197
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Title: D-serine rescues cortical parvaloumin GABAergic deficits in alpha7 nicotinic
acetylcholine receptor deletion models of schizophrenia
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Abstract: D-serine is an endogenous coagonist at the glycine site of synaptic NMDA receptors
(NMDARs) and synthesized by serine racemase (SR) through conversion of L-serine. NMDAR
hypofunction due to specific depletion of D-serine has been implicated in the pathogenesis of
schizophrenia. Our previous studies have demonstrated that deletion of the a7 nicotinic
acetylcholine receptor (NnAChR) in mice leads to deficits of cortical SR/D-serine, glutamatergic
synapses and parvalbumin (PV) GABAergic interneurons resembling schizophrenia. Here we
report that D-serine treatment rescues cortical glutamatergic synaptic and PV GABAergic
deficits in a7 knockout (a7-KO) cortical culture models. a7 nAChRs were localized and closely
associated on the dendritic membranes of cortical PV GABAergic interneurons. Deletion of the
a7 nAChR led to reduction of SR and D-serine in PSD-95-positive glutamatergic postsynaptic
terminals on the dendrites of cortical GABAergic interneurons, suggesting SR/D-serine
deficiency in glutamatergic synapses of a7-KO GABAergic interneurons. D-serine treatment
rescued PV and glutamic acid decarboxylase 65/67 (GAD65/67) levels of PV GABAergic
interneurons in o7-KO cortical cultures and organotypical prefrontal cortical slice cultures. In
addition, NMDAR open-channel blocker MK-801 significantly reduced PV levels in cultured
cortical PV GABAergic interneurons, resembling PV deficits in schizophrenia. Long-term
effects of D-serine treatment largely reversed MK-801-induced PV reduction in a7-KO cultures,
demonstrating that D-serine treatment can rescue cortical PV deficits in vitro and in vivo.
Furthermore, D-serine treatment rescued glutamatergic synaptic deficits on cortical GABAergic
interneurons in o7-KO cultures, suggesting that D-serine treatment may rescue cortical PV
GABAergic deficits through rescuing glutamatergic synaptic deficits on PV GABAergic
interneurons. Taken together, our findings demonstrate that D-serine treatment rescues cortical
glutamatergic synaptic and PV GABAergic deficits in a7-KO models reminiscent of
schizophrenia, thereby providing cellular and molecular mechanisms for D-serine treatment in
schizophrenia.
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Abstract: Introduction: Caffeine (caf) is the most consumed psychostimulant drug in the
world, affecting several behavioral, cognitive and physiological functions in the CNS.
Pharmacologically, caf acts as a non-selective antagonist of adenosine A1 and Aza receptors
(A1R and A2aR), which are responsible for a plethora of actions during development and are
widely expressed in retina layers. Objective: We aim to investigate whether long term caf
exposure is able to modify GABA uptake in the avian retina and to evaluate the mechanisms
involved in this process. Methods: White Leghorn chicken embryos aged 11 days (E11) were
given a single injection (in ovo) of caf 100uM in the air chamber and left until E15. The animals
were sacrificed and the retina dissected for neurochemicals assays of [°H]-GABA uptake and
Western Blotting. One-way or two-way ANOVA followed by Bonferroni post hoc was
performed for results with 3 or more groups and for pairwise comparisons, Student’s t-test was
used. The results were expressed as mean + SEM and statistical significance was reached when
p<0.05. All experiments were approved by the Committee on Animal Research and Ethics of
The Federal University of Rio de Janeiro (#IBCCF035). Results: We determined GABA
transport equilibrium at both basal (C) and caf conditions by measuring [*H]-GABA uptake at
different time points (1, 3, 5, 10, 30, 60, 120 and 180 min) (C: Vmax=302 Kn=18.8, caf:
Vmax=542.3 Kn=105.6). Our results showed that [°H]-GABA transport was dependent on Na*
and blocked at 4°C or by NO-711 (C=329.1+31.56, w/o Na*= 26.67+2.85, 4°C= 20+6.08, NO-
711=53.67+3.71). Additionally, GAT-1 ontogenesis was analyzed during E11-E15 (E11=
0.07+0.004, E12= 0.075+0.013, E13= 0.07+0.004, E14= 0.05+0.001, E15= 0.09+0.004). [*H]-



GABA uptake was measured at E15 after 1, 24 or 96h of caf injection. Caf decreased GABA
uptake only after 96h (C= 1+0.047, 1h=1.15+0.035, 24h= 1.1+0.11, 96h= 0.55+0.07). GAT-1
protein levels increased after treatment with caf (C= 1+0.15, caf= 1.5+£0.12), which also
increased Ai1R protein content (C= 1+0.17, caf= 2£0.29). The decrease in GABA uptake
promoted by caf was reverted by CHA, CGS 21680 and H-89, which were administered for 15
min before the assay (C= 330+30, caf= 180+20, CHA= 320+£30, caf+CHA= 30040, CGS=
290£20, caf+CGS= 34015, H-89= 44045, caf+H-89= 450£85). Conclusion: GAT-1 is
expressed evenly throughout the treatment period and is responsible for most of GABA uptake in
the retina, which is Na*- and temperature-dependent. Caf reduced GABA uptake, but increased
GAT-1 protein levels after 96h. A1R protein levels were also increased. The decrease in GABA
uptake was reverted by a PKA inhibitor or A1R and A2aR agonists.
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Abstract: Sympathetic nerves release neurotransmitters and neuropeptides to stimulate vascular
smooth muscle cells contraction in order to regulate vascular tone. While the functional
regulation of co-release is well characterized, the underlying molecular mechanisms are largely
unclear. We recently reported that ATP and norepinephrine co-release relies on separate pools of
vesicles in the sympathetic nerves surrounding the rat tail artery and that each vesicle type
preferentially associates with specific calcium channels. However, these intact tissues have
significant limitations for molecular analyses. Thus, we investigated the N2a cell line as a model
of ATP and catecholamine co-release. RT-PCR and immunostaining show these cells to express
the vesicular nucleotide transporter (VNUT) and vesicular monoamine transporter-2 (VMAT-2)
that load ATP and catecholamines (eg. NE or dopamine) into synaptic vesicles. We generated
genetically encoded reporters of the release of ATP and catecholamine containing vesicles



(VMAT2-pHiji and VNUT-pHIuorin) to detect electrically evoked vesicle release. As in tail
artery, immunocytochemistry shows anti-colocalization of VNUT and VMAT2 containing
vesicles in axon-like N2a neurites. We then assessed the potential colocalization of VNUT with
the lysosomal marker LAMP-1, based on others’ finding in epithelial cells. A significant fraction
of small, LAMP-1 containing puncta in cell bodies and neurites colocalize with VNUT but not
with VMAT2. We also observed differential accumulation of VNUT, VMAT and LAMP-1
within neurites, varicosities and the soma of the N2a cells. Further, immunocytochemical
analysis of MAP-2 and Tau, proteins typically used to characterize dendrites and axons,
respectively, demonstrated the nature of the neurites in which we identified accumulations of
VNUT and LAMP-1. These findings suggest that the N2a cell line is a promising model to
further characterize molecular aspects of the ATP and catecholamine co-release that is essential
to sympathetic regulation of the vasculature. This model will accelerate proof of principle
discoveries to be further validated in intact tissue.
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Title: L-arginine modulates calcium currents and downstream signaling pathways via nitric
oxide in developing avian retinal cells

Authors: *R. PAES-DE-CARVALHO, |I. DOMITH, T. A. MEJiA-GARCiA, A. T. DUARTE-
SILVA;
Neurobio., Fluminense Federal Univ., Niteréi, Brazil

Abstract: Nitric oxide (NO) is an important non-classical neurotransmitter or neuromodulator in
the CNS, being produced from L-arginine (L-arg) in a reaction catalyzed by NO synthases
(NOS). In the retina, NO can activate different signaling pathways leading to ERK, AKT as well
as CREB stimulation and promotes neuronal survival in purified cultures of avian retinal
neurons. Ca*™ ions control diverse metabolic signals through cell entry by channel opening or
modulation of different transport mechanisms. Ca*™ signals can be initiated by binding to several
proteins such as calmodulin and activation of Ca™*/calmodulin-dependent enzymes such as CAM
kinases (CAMK) or NOS. Here we report that L-arg activates Ca** currents and AKT



phosphorylation in retinal cells. Chick embryo retinal cells in culture were transfected with pGP-
CMV-GCaMPé6f and Ca*™ influx was analyzed in a confocal microscope after stimulation with
L-arg. A striking increase of Ca** influx was observed after L-arg application. This effect was
concentration-dependent attaining a maximal in 1 mM and was inhibited by the NOS inhibitor 7-
nitroindazole (100 uM) or the L-type Ca** channel blocker nifedipine (100 uM). The increase of
Ca*™ influx was also observed when cells in culture were pre-loaded with ®Ca** and stimulated
with L-arg or the NO donor SNAP, both effects being blocked by nifedipine. In western blot
experiments using the same culture system we have previously shown that L-arg or SNAP
stimulates AKTS®™7 and AKT™% phosphorylation in a way dependent on the classical
NO/cGMP/cGK and the PI3K pathways. Interestingly, this effect was abrogated by Ca™
chelators EGTA or BAPTA-AM, calmodulin inhibitors calmidazolium, W7 or trifluoperazine or
the CAMK inhibitors KN62 or KN93. The AKT stimulation by YCL1, a direct guanylyl cyclase
stimulator, was also blocked by EGTA or KN62, suggesting that the Ca** effect is in a step
downstream to activation of the NO/cGMP/cGK pathway. Accordingly, we found an increase of
Phospho-CaMKI11™28 jmmunofluorescence when L-arg or SNAP were added to cultures. We
suggest a model in which L-arg increases NO production and cGK stimulation which then
phosphorylates L-type Ca** channels allowing Ca™" influx, activation of CaMKII and stimulation
of downstream pathways including PI3K/AKT.
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Title: Genomewide screen for synaptic vesicle transporters - Identification of SLC35D3 as a
vesicular UDP - glucose transporter
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Acad. for Advanced Interdisciplinary Studies, Beijing, China; *Chinese Inst. for Brain Res.,
Beijing, China

Abstract: Vesicular neurotransmitter transporters (VNTs) mediate selective uptake and
enrichment of small molecule neurotransmitters into synaptic vesicles (SVs), and are therefore
one major determinant of synaptic output for specific neurons. All the known VNTSs belong to
solute carrier (SLC) transporter family. Given that SLC contains ~ 450 members, with more than
half of which are still orphan or poorly characterized, we hypothesize there exist novel VNTSs in
the SLC family, and their cognate substrates are potential new neurotransmitters or
neuromodulators. To identify putative new SV transporters, we carried out genome-wide
localization screen in cultured neurons. We systematically cloned 360 (out of 452 in total)
human SLC genes to fuse them in frame with a fluorescent protein gene. We then co-expressed
SLC with a known SV marker as well as other organelle markers. Using known VNTSs’
localization score as a benchmark, we identified ~30 novel transporters capable of localizing to
SVs. To validate their in vivo localization, we immuno-isolated native SVs from mouse brains.
Proteomic analysis revealed the presence of 7 (out of 30) transporters, with a subset of orphan
SLC35 subfamily transporters, SLC35D3, SLC35F1 and SLC35G2. Further ultrastructural
analysis by electron microscopy confirmed SLC35D3’s ability to localize on SVs. Using mass
spectrometry-based metabolite profiling and radioactive transport assay, we identified and
confirmed UDP-glucose, a nucleotide-sugar, as a specific substrate for SLC35D3. Finally, we
performed radioactive transport assay using native SVs derived from mouse brain, and observed
UDP-glucose, but not its close analog UDP-galactose, was able to be selectively uptaken into
SVs in a way sensitive to vesicular proton electrochemical gradient. In sum, our genome-wide
analysis identified unexpected rich vesicular transporter candidates and among them SLC35D3
as a novel vesicular UDP-glucose transporter. These efforts would likely yield new insights to
the function of SLC family genes and provide better understanding of the molecular diversity of
chemical neurotransmitters.
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Title: Abnormal copper transporter CTR1 in postmortem schizophrenia hippocampus: A
subregion and laminar analysis

Authors: R. C. ROBERTS?, C. B. FARMER?, C. MORGAN?, V. SINHA?, L. ODOM?, *K. E.
SCHOONOVER?,

psychiatry and Behavioral Neurobio., Univ. of Alabama, Birmingham, Birmingham, AL; 2Univ.
of Alabama at Birmingham, Birmingham, AL; *Univ. of Pittsburgh, Pittsburgh, PA

Abstract: The dystrobrevin binding protein 1 (DTNBP1) gene encodes the dysbindin-1 protein
family and is a top candidate gene for schizophrenia. Dysbindin-1 modulates copper transport
that is crucial for myelination, monoamine metabolism, and cellular homeostasis. Schizophrenia
patients (SZP) exhibit increased plasma copper, lower levels of copper and decreased copper
enzyme (CTR1), responsible for copper transport across the blood brain barrier, in the substantia
nigra.

Several schizophrenia brain regions exhibit decreased dysbindin-1 including the hippocampus.
We hypothesized that there would be less dysbindin-1 and CTR1 levels in this brain region in
SZP and performed a quantitative study using immunohistochemistry on controls and SZP (n=10
per group).

The hippocampus proper, dentate gyrus, entorhinal cortex, and subiculum were richly
immunolabeled for CTR1 in both controls and SZP. Qualitatively, CTR1 immunolabeling was
present in the same cell types in both groups. Only CTR1 immunolabeling in the entorhinal
cortex and dentate gyrus showed significant differences between groups. In the superficial area
of the entorhinal cortex, both neuropil and cells showed lower optical density values in the SZP
than in controls. The opposite pattern was observed in the molecular layer of the dentate gyrus,
where SZP had significantly higher optical density values than did controls. The density and
distribution of dysbindin-1 immunolabeling was similar between groups with no significant
differences. These results suggest laminar specific alterations of copper transport within SZP that
is not directly caused by decreased dysbindin-1. Therefore, dysbindin-1 may be sufficient but not
necessary to induce abnormal copper transport in SZP.
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Title: An evolutionary approach towards decoding the role of endocannabinoids in pain
modulation

Authors: *R. T. PAULSEN, E. J. KABEISEMAN, B. D. BURRELL;
Basic Biomed. Sci., Univ. of South Dakota, Vermillion, SD

Abstract: Chronic pain has emerged as a prominent global health challenge, with an estimated
1.5 billion adults suffering from pain worldwide, and half of these cases presented as chronic.
The development of therapeutics is problematic because chronic pain can involve the nociceptive
(pain signaling) and non-nociceptive neural circuitry networks. A potential treatment route for
chronic pain could be to exploit the interdependent neuromodulation of pain, learning and
memory. However, this approach is limited by an incomplete understanding of their overlapping
cellular mechanisms. Endocannabinoids (eCBs) are lipid neurotransmitters which have been
found to modulate the non-associative learning processes that accompany pain. However, the
physiological role that eCBs play on the pro- to anti-nociceptive continuum has been largely
unexplored and must be investigated before effective cannabinoid therapies can be implemented.
Additionally, opposing effects of cannabinoid therapies have been documented in pre-clinical
and clinical trials, indicating that the effects of cannabinoids in pain signaling require more
investigation at the basic mechanism level. We are using the medicinal leech, Hirudo verbana, to
study eCB-induced synaptic plasticity and its connection to nociception-related learning because
of the intrinsic accessibility and conserved arrangement of its neurons for electrophysiological
and molecular manipulation. Here, we present the first draft genome of Hirudo and discuss
sequencing efforts probing for genes to validate the draft genome, Hirudo eCB receptor targets,
and associated enzymes. Quantitative reverse transcription PCR experiments with diacylglycerol
lipase (accession #KU500007) to investigate the activity-dependent modulation of eCB synthesis
will be discussed. Furthermore, we have found sequences that appear to be conserved
orthologues of fatty acid amide hydrolase 1 (FAAHL) and transient receptor potential vanilloid
(TRPV) receptors, as well as other channels in the TRP family. In addition, we have found
evidence of metabotropic receptors in Hirudo that may either be related to cannabinoid receptors
(CB1 or CB2), or to orphan G-Protein Coupled Receptors (GPCRs) recently reported to respond
to cannabinoids.
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Abstract: Alcohol abuse is a persistent determent to society, directly affecting an individual’s
behavior and metabolism, and contributing to nearly 4% of deaths worldwide. However, the
mechanisms by which different levels of alcohol changes gene expression in specific neurons are
not well understood. Drosophila melanogaster has been a good model for better understanding
how alcohol affects metabolism and alcohol-related behavior. Recent work in our lab has shown
that alcohol can alter transcript splicing in the fly’s memory-encoding neurons. Here, we
establish a protocol for measuring the internal ethanol concentration of wildtype flies exposed to
different treatments of vaporized ethanol. We plan to correlate these internal concentrations with
specific splicing events and alcohol-induced behaviors. We also will use RNAi to knockdown
candidate spliceosome genes, such as Cdc5, to examine whether impaired splicing influences
alcohol-induced behaviors such as sedation resistance or ethanol absorption/metabolism. Our
findings could lead to the study of other related splicing factors and help resolve the mechanism
by which alcohol influences splicing. Due to the high conservation of spliceosomal complexes
between flies and humans, these experiments will help us better understand how alcohol affects
the transcriptional state of the human brain.
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Title: Function of Drosophila CG9098 in alcohol-induced sedation response
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Abstract: The use of alcohol is known to cause many different effects on behavior. The effects
of alcohol on behavior can easily be studied in Drosophila melanogaster, which is an ideal
genetic model species. Like humans, flies can form associative preference for sensory cues that
were previously paired with intoxication experience. Recent RNA sequencing identified genes



that changed in expression when flies associated intoxication with sensory cues. One candidate
gene, of unknown function, was CG9098. CG9098 is located on the second chromosome,
expressed at high levels during development, and is predicted to be involved in cellular
signaling. However, its specific role in behavioral response to alcohol has not been investigated.
We hypothesized that flies with reduced CG9098 expression have an altered resistance to alcohol
sedation when exposed to ethanol vapor. We examined CG9098MB09740 mutant flies and flies
expressing CG9098-RNAi only in neurons. Preliminary results suggest that CG909gMB09740
mutants are more resistant to ethanol-induced resistance, whereas pan-neuronal CG9098
knockdown has no effect on sedation sensitivity. The variation between these results suggests
that further research should be done to determine the temporal and cell-type specific requirement
for CG9098 in alcohol-associated behaviors. In the future, other candidate genes can similarly be
tested to elucidate the function of CG9098 and further identify novel mechanisms underlying
conserved alcohol-induced behavior.
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cannabinoid receptors in dopamine neurons and microglia
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Abstract: CB1 and CB2 cannabinoid receptors (CB1Rs, CB2Rs) are expressed in neurons and
neuroglia cells, and CB2Rs are enhanced during inflammation. CB2Rs expressed in neurons and
glial cells are emerging as components of neuroinflammation and key regulators of immune
response. We used DAT-Cnr2 and Cx3cr1-Cnr2 conditional knockout (cKO) mice with deletion



of CB2Rs from dopamine (DA) neurons and microglia respectively, with C57BL/6Js as wild
type (WT) controls. We utilized Immunoblotting, immunohistochemistry, behavioral assessment
in models of traumatic brain injury (TBI), alcohol, preference, consumption and assessment of
the relative abundance of Akkermansia muciniphila in the gut-microbiome to determine the
microbiome-neuro-immuno-modulatory effects of CB2Rs. We report that CB2Rs are involved in
the tetrad assay induced by cannabinoids in the WT and the CB2R ¢KO mice contrary to the
long-standing notion that the characteristic tetrad tests were induced mainly by CB1R agonism.
In the hippocampus, there was enhanced IBA1 immunoreactivity in both CB2R cKO mice, and
CD11b detected microglia activation in the dentate gyrus in WT, DAT-Cnr2 and Cx3cr1-Cnr2
cKO mice with clear morphological difference in the Cx3cr1-Cnr2 cKO mice after stress. We
found that neuroinflammation signaling pathways of PI3BK/AKT/mTOR, MAP/ERK and NF-xB
were differentially affected by the cell-type specific deletion of CB2R in cerebral cortexes of
CB2R cKO and WT mice. The quantification and analysis of Akkermansia muciniphila - a
potential indicator species for an anti-inflammatory mouse-gut microbiome, supported
microbiome-neuro-immuno-modulatory effects of CB2Rs. Mice with deletion of CB2Rs in
microglia were more sensitive that those with deletion of CB2Rs from DA neurons compared to
WT controls during induction of microglia activation using TBI, Poly IC or lipopolysaccharide
(LPS). Alcohol preference ratio was significantly higher in Cx3cr1-Cnr2 cKO and WT, than
DAT-Cnr2 cKO mice that consumed less alcohol. WT mice and Cx3cr1-Cnr2, but not DAT-
Cnr2 cKO mice showed robust conditioning to alcohol in the CPP paradigm. Surprisingly
Cx3crl-Cnr2 cKO that had higher alcohol preference showed reduced alcohol preference after
TBI. The results from our studies indicate that CB2R microbiome-neuro-immune signaling is
associated with the behavioral and morphological modifications and alcohol preference
following the deletion of CB2Rs from DA neurons and microglia. In conclusion, investigation of
CB2R neuro-immune signaling in gut-brain-axis will contribute to understanding psychiatric and
neurological disorders that are associated with neuroinflammation.
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Title: Simultaneous electrical and chemical transmission recording at the nanoscale
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Abstract: Nanoscale in-vivo studies on the signaling of a broad range of neurotransmitters are
essential to understand brain functions and diseases. Shen group have developed versatile
nanopipette electrodes to enable the detection and quantification of small molecule
neurotransmitters, such as acetylcholine (1-4). Recently, we have reported studying chemical
transmission with nanometer resolution at single synaptic cleft and single cell levels, respectively
(5, 6). We employed scanning electrochemical microscopy (SECM) (7, 8) for accurate
positioning of our nanoprobes with nm spatial resolution. Our results showed that our
nanoprobes, with size as small as 15 nm in radius, can detect and quantify acetylcholine
neurotransmission in real time, with nm spatial resolution and high signal to noise ratios. Our
single synaptic study unveiled the diverse chemical transmission dynamics of cholinergic
transmitters, composed of singlets, doublets and multiplets, at single synaptic cleft (6).
Additionally, we have created an analytical method to measure vesicle density concurrently with
chemical transmission in living cell conditions (5).

Here, | will present our latest efforts towards simultaneous electrical and chemical
neurotransmission recording with nm spatial resolution. The nano-electroanalytical platform we
have developed is enabling a variety of new measurements on signaling dynamics across a
diverse range of length scales, i.e. at single cells and at single synapses, and will create exciting
opportunities in studying transmission from various neuronal models and in our understanding of
neurological disorders from a distinctive perspective.

Acknowledgement: We would like to thank Profs. S. Rubakhin, J. Brown and R. Gilette for
helpful discussions and teaching us electrophysiology techniques.
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Title: Identification of KCC2 expression enhancer compounds as a basis for treatment of Rett
syndrome
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Abstract: The delicate balance between excitatory and inhibitory signaling in neural circuits (E/I
balance) is critical for brain function. Disruption in E/I balance and hyperexcitability at the
synapse, neural circuit, and behavioral levels have emerged as core mechanisms underlying a
variety of brain disorders. The neuron-specific K+/Cl- cotransporter-2 (KCC2) is a ‘keystone’
molecule that is critical for the maturation of both GABAergic neurotransmission and excitatory
synapse function, and has emerged as a promising therapeutic target to restore E/I balance in
brain disorders including epilepsy, schizophrenia, spinal cord injury, and Rett syndrome, a severe
neurodevelopmental disorder. Due to the lack of robust high-throughput screening (HTS) assay,
it has been challenging to discover chemical compounds that enhance the expression of the
KCC2 gene. In this study, we report the development of a novel human neuron-based high-
throughput drug screening platform that allows for the rapid assessment of KCC2 gene
expression in genome-edited reporter neurons. We have identified a group of compounds from
an unbiased screen of over 900 small molecule chemicals that enhance KCC2 expression termed
KCC2 expression-enhancer compounds (KEECs). The identified KEECs include FDA-approved
drugs that are inhibitors of the FLT3 or GSK3p kinase pathways, and activators of the SIRT1 or
TRPV1 pathways. We demonstrate that treatment with these hit compounds robustly increases
KCC2 expression in human WT and isogenic Methyl CpG binding Protein 2 (MECP2) mutant



RTT neurons, and rescues the deficits in GABA reversal potential, excitatory synaptic
transmission, and morphological development of RTT neurons to levels equivalent to WT
neurons. Moreover, injection of KEECs KW-2449 or Piperine into a Mecp2 mutant mouse
model of RTT ameliorates disease-associated respiratory and locomotion abnormalities. The
small molecule compounds described in our study could potentially benefit various brain
diseases through a novel mechanism of enhancing KCC2 expression.
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Abstract: CT1812 is a disease-modifying sigma-2 receptor antagonist currently in clinical trials
in Alzheimer’s patients (AD). Preclinical evidence indicates that sigma-2 receptors regulate the
Abeta oligomer receptor complex on neurons; individual sigma-2 constituent proteins play a role
in lipid metabolism, protein/lipid membrane trafficking, growth factor signaling and autophagy.
CT1812 allosterically modulates the sigma-2 complex, which in turn destabilizes the oligomer
binding site within the oligomer receptor complex, resulting in an increased off-rate of
oligomers. CT1812 results in increases oligomer concentration within the interstitial brain fluid,



as well as in the cerebrospinal fluid (CSF), consistent with clearance from the brain. CT1812’s
displacement of oligomers from their receptor returns oligomer-induced toxic changes to normal.
CT1812 restores membrane and protein trafficking deficits, stops spine and synapse loss in vitro,
and improves cognitive deficits in transgenic mouse AD models. A phase 1a/2b clinical trial of
CT1812 was conducted in mild to moderate AD patients where participants received one of three
doses of CT1812 or placebo once daily for 28 days. Plasma and CSF protein, lipid and
metabolite values were measured at baseline and at 28 days via ELISA or tandem mass spec, and
the amount of change of each analyte within each patient over the course of the trial was
calculated. Treatment group averages or medians were analyzed to determine statistical
differences between the placebo and pooled drug-treated groups. CSF concentrations of Abeta
oligomers were increased in CT1812-treated and decreased in placebo-treated patients; the
difference between the groups was significant. Many plasma and CSF proteins, lipids and
metabolites are dysregulated in AD patients vs. age-matched cognitively normal individuals.
Biofluid concentrations of large numbers of these analytes were changed in a therapeutic
direction in CT1812-treated but continued to worsen in placebo-treated patients; the difference
between the groups was significant for 30 CSF proteins and 91 plasma proteins and lipids. CSF
concentrations of synaptic protein fragments neurogranin and synaptotagmin were significantly
decreased in CT1812-treated but continued to increase in placebo patients; the difference
between the groups was significant. Together this clinical evidence is consistent with preclinical
data, supports CT1812’s mechanism of action, and provides encouraging evidence of target
engagement, reduction of synaptic damage and disease-modification. Additional Phase 2 six-
month trials in this patient population are currently underway.
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Abstract: CT1812 (Elayta™) is a disease-modifying sigma-2 receptor antagonist currently in
clinical trials in Alzheimer’s patients (AD). The Abeta protein builds up in Alzheimer’s patient’s
brain and forms oligomers, which bind to synaptic receptors and block LTP, causing memory
failure and synapse loss and ultimately dementia. Preclinical evidence indicates that sigma-2
receptors regulate the Abeta oligomer receptor complex on neurons. CT1812 allosterically
modulates the sigma-2 complex, which in turn destabilizes the oligomer binding site within the
oligomer receptor complex, resulting in an increased off-rate of oligomers. CT1812 treatment
restores membrane and protein trafficking deficits, stops spine and synapse loss in vitro, and
improves cognitive deficits in transgenic mouse AD models. Understanding the molecular basis
of sigma-2 receptor complex interactions with Alzheimer’s disease biology impacts the choice of
biomarkers to monitor in CT1812 clinical trials. Recent reports in tumor cells demonstrate that
sigma-2 receptor small molecule ligands bind to the protein TMEM97 (Kruse 2017), which itself
binds directly to PGRMC1 (Riad 2018). Both proteins play roles in lipid metabolism and are
expressed in neurons and glia in vitro in DIV21 hippocampal/cortical cultures. PGRMC1 plays a
role in protein/lipid membrane trafficking, growth factor signaling and autophagy; reduction of
PGRMCL1 protein expression of 30% almost completely eliminates Abeta oligomer binding to
synaptic receptors (lzzo 2014a,b). However it is not known whether TMEM97 and PGRMC1
interact directly in neurons or glia. We used the Proximity Ligation technique (DuoL.ink,
Millipore-Sigma, St Louis, MO) to determine if these two proteins colocalize within 40
nanometers in specific cellular compartments in brain cells in vitro. The average PLA interaction
signal intensity was 59 times higher in neuronal cell bodies than in glial cell bodies (p<0.001). A
punctate pattern of discrete PLA interaction signal was observed along dendritic processes. This
is the first report of direct interactions of these two Alzheimer’s disease-relevant proteins in
neurons.
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Abstract: Sigma receptors are intriguing targets implicated in diseases as diverse as tumors and
neurological disorders. After their discovery in 1976, in the early 1990s the availability of a
variety of ligands allowed the identification of two subtypes: sigma-1 and sigma-2. The sigma-1
subtype was cloned soon thereafter and only recently crystallized. On the other hand, the sigma-2
receptor was recently cloned and recognized as the endoplasmic reticulum resident membrane
protein TMEMZO7 after a series of attempts for its identification. In the meantime, the high
affinity and selective sigma-2 ligands that were generated during the years allowed to
pharmacologically characterize the sigma-2 subtype. The receptor is overexpressed in a number
of tumors and its ligands may exert antitumoral action. To these intriguing features, the
involvement of the sigma-2 receptor in the Alzheimer’s disease (AD) has been recently added. It
was shown that sigma-2 antagonists are able to inhibit the binding of Abeta oligomers to neurons
and block the Abeta toxic effects in vitro and in vivo, so that one of these compounds (Elayta,
CT1812) entered clinical trials as an AD disease-modifying agent. However, a true
understanding of the sigma-2 receptors physiological role remains to be achieved, and the
potential medical applications in a range of diseases proper of sigma-2 receptors impose such an
achievement. While the cloning of the sigma-2 receptor is a crucial step towards this direction,
the availability of a variety of fluorescent probes, based on the structures of the sigma-2 highest
affinity ligands known, will be helpful in the set up of studies that may lead to uncover the
physiology of the sigma-2 receptor. With this perspective, we designed a series of sigma-2
fluorescent ligands and nanoprobes to be used in flow cytometry and fluorescent microscopy
studies. Sigma-2 reference compounds, with diverse structural features, such as siramesine,
RHM1 and PB28 were used as the pharmacophore, which was connected to fluorescent tags with
diverse excitation/emission wavelengths through different linkers, with the aim of extending the
use of these compounds to differently equipped instruments. Additionally, some of these
pharmacophores were connected to quantum dots to obtain inorganic nanoprobes with superior
fluorescent properties. Besides obtaining versatile and powerful tools for sigma-2 related
fluorescence studies, the use of diverse structural cores connected to the imaging portion may



unravel questions on the cell pathways activated by the diverse sigma-2 receptor ligands, whose
activity has so far appeared to be cell-dependent and ligand-dependent.
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Abstract: Drug abuse is one of the most important health and societal issues of our time.
Cocaine is one of the most widely abused recreational drugs throughout the world, and produces
a variety of behaviors, including psychostimulation, addiction, and death from overdose. The
mechanisms that underlie cocaine-induced disordersare unresolved and effective treatments are
lacking. We used a combination of mouse genetics, cell biology, animal behavior, and
pharmacological approaches, linking cocaine psychostimulation and addiction to the autophagy
pathway, a stress-induced lysosomal degradation process that breaks down damaged or
unnecessary structures in the cell. Although emerging evidence indicates that autophagy proteins
are implicated in several diseases, whether and how they play a role in drug abuse and addiction
is essentially unknown. We discovered that an autophagy-related protein Becn2 is a novel
regulator and druggable target for the prevention of cocaine-induced behaviors.Knockout of
Becn2 protects mice from cocaine-induced psychostimulant and addictive effects, as well as
cocaine-amplified dopamine release and signaling, due to an increase in the striatal presynaptic
dopamine receptor 2 (D2R), an autoreceptor that inhibits dopamine release. We further found
that Becn2 regulates D2R trafficking, degradation, and cocaine-induced behaviors via binding to
an adaptor protein GASPL. In addition, translationally, we found that targeting Becn2 by
upstream small-molecule autophagy inhibitors stabilizes striatal presynaptic D2R andprevents
physiological and behavioral responsiveness to cocaine. Thus, these results link dopaminergic
transmission to an entirely new and potentially druggable pathwayto prevent behavioral
responses to cocaine, and also suggest that besides cocaine, Becn2 and the autophagy machinery
may play an important role in other substance-related and/or mental disorders caused by altered
dopamine transmission.
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Abstract: The sigma-2 receptor was recently identified as TMEM97. Sigma-2 receptor agonists
have traditionally been characterized as ligands that induce programmed cell death in various
cell types by a variety of mechanisms. However, despite the sigma-2 pharmacological profile, a
recent report shows that knock-out of TMEM97 does not affect the cytotoxic potency of some
sigma-2 ligands, suggesting that sigma-2R/TMEM97 does not mediate the cytotoxic effect. We
have previously reported a novel metabolically stimulative function of the sigma-2 receptor, with
stimulation of glycolytic hallmarks; effects consistent with a pro-survival function and receptor
upregulation in cancer cells. The effects include increased reductive capacity as indicated by
stimulation of MTT reduction, increase in cellular ATP level, reduction in basal ROS level, and
stabilization of HIF-1a, as determined in human SK-N-SH neuroblastoma cells. The stimulation
of MTT reduction was blocked by sigma-2 receptor antagonists, supporting mediation by sigma-
2 receptors. Here we further characterize this effect using additional analogs of the canonical
sigma-2 antagonist, SN79. CM764, CM571, and WA504 (sigma-2 Ki = 3.5, 21.7, and 2.5 nM,
respectively) all induced dose-dependent stimulation of MTT reduction. At the highest dose
examined (30 uM) CM764, CM571, and WA504 induced 45%, 33%, and 75% stimulation of
MTT reduction after a 24 h treatment period. An examination of the time course revealed that it
takes 3 to 6 hours of treatment for this stimulative effect to fully develop. CM764 and CM571
(10 and 30 uM) were found to induce an immediate, transient, and dose-dependent increase in
cytosolic calcium in Fura-2 loaded cells. Thapsigargin (150 nM) pretreatment completely
eliminated the calcium response, indicating that calcium release derives from endoplasmic
reticulum stores. Our previous study showed that 10 uM CM764 caused a time-dependent
increase in HIF-1a level that became prominent at 6 h and continued to increase up to 24 h. HIF-
la is a global regulator of several components of the glycolytic pathway. Furthermore, there is
evidence that calcium signals induce expression of HIF-1a. Therefore, it is possible that these



sigma-2 ligands impact glycolysis via immediate ER calcium release which then induces a latent
downstream upregulation of HIF-1a, subsequently resulting in upregulation of glycolytic
enzymes and transporters. This possiblity will be explored.
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Abstract: Background: Our lab has recently shown that the Sigma-2 Receptor/Transmembrane
Protein 97 (TMEMZ97) and Progesterone Receptor Membrane Component 1 (PGRMC1) form a
complex with the Low Density Lipoprotein Receptor (LDLR), and this intact complex is
required for efficient uptake of lipoproteins such as LDL and apolipoprotein E (apoE). These
receptors are expressed in the nervous system where they have implications in neurodegenerative
diseases such as Alzheimer’s disease, where apoE is involved in neuronal uptake and
accumulation of AB42, eventually cascading into neurodegeneration, synaptic dysfunction, and
ultimately, dementia.

Hypothesis: We hypothesize that the intact Sigma-2 receptor complex -TMEM97, PGRMC1,
and LDLR— is necessary for internalization of apoE and monomeric, oligomeric, and fibrillated
amyloid beta (Ap42), and the disruption of the receptor complex inhibits uptake.

Methods: To study the role of these receptors in the uptake of monomeric, oligomeric, and
fibrillated AP42 alone or when in a complex with apoE, we utilized HeLa cells as a model
system and used CRISPR/Cas9 to generate TMEM97 knockout, PGRMCL1 knockout, and
TMEM97/PGRCML double knockout (DKO) cell lines. Uptake was assessed with ELISA and
confocal microscopy. Treatment of control cells with the TMEM97 and PGRMC1 ligands RHM-
4, SW43, and AG-205 was performed to assess the ability of small molecules to disrupt the
complex and inhibiting internalization. Uptake studies using these inhibitors were also performed
on primary rat cortical neurons to assess their ability to inhibit uptake in a neuronal cell culture
system.

Results: The results of this study suggest that the intact Sigma-2 receptor complex is a binding
site for AP42, and AB42 in complex with apoE. The loss or pharmacological inhibition of one or



both of these proteins results in the disruption of the complex leading to decreased uptake of
monomeric, oligomeric, and fibrillated Ap42.

Conclusion: The TMEM97, PGRMC1, and LDLR complex is critical for the cellular uptake of
APB42 via apoE dependent and independent mechanisms. This study suggests that the complex
may potentially be a novel pharmacological target to decrease neuronal APB42 internalization and
accumulation, which may represent a new strategy for slowing the rate of neurotoxicity,
neurodegeneration, and progression of Alzheimer’s disease.
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Abstract: C T1812 (Elayta™) is a selective sigma-2 receptor antagonist currently in clinical
trials as a disease-modifying treatment for Alzheimer’s disease (AD). Amyloid-beta oligomers
bind to receptors on neurons and cause synaptotoxicity and cognitive decline in Alzheimer’s
disease. The oligomer receptor is regulated by the sigma-2 receptor complex. When CT1812
binds sigma-2 receptors, the oligomer binding site in the receptor complex is destabilized,
resulting in an increase in the off-rate of oligomers from their receptors. CT1812 rapidly
displaces bound oligomers from neurons in vitro and human Alzheimer’s patient brain post
mortem tissue sections. Two of the hypothesized protein constituents of the sigma-2 receptor
complex in neurons are TMEM97 and PGRMC1; both impact lipid metabolism, but their effects
on these pathways in a clinical setting is unknown. A phase 1a/2b clinical trial of CT1812 was
performed in mild to moderate AD patients (MMSE 18-26). Participants received one of three
doses of CT1812 or placebo once daily for 28 days (N=19). Plasma was collected prior to first



dose and 24 hours after last dose and analyzed at the Duke University Metabolomics Center,
utilizing the AbsolutelDQ-p180 kit with analysis by UPLC/MS/MS. Comparisons were made for
each patient at end of study versus their own baseline for each measured metabolite and
statistical analysis was performed to determine differences between the placebo and pooled drug-
treated groups. Results of this analysis revealed that 11 individual metabolites were significantly
changed in CT1812-treated vs. placebo-treated patients (2-tailed Student’s t test p<0.05). These
metabolites are known to be lower in AD patients compared to age matched controls (Toledo et
al 2017, Li 2016); treatment with CT1812 resulted in increases in 10 of 11 of these metabolites
in each patient compared to their baseline values, consistent with a positive effect on disease
course. In particular, lipid metabolites such as long chain polyunsaturated fatty acids as well as
carnitines and acyl-carnitines decrease in AD patients compared to normal individuals (Toledo
2017), whereas CT1812 treatment resulted in significant increases in these metabolites compared
to placebo treatment (LCPUFAs p = 0.0276, carnitines p=0.0216, ANOVA) consistent with
CT1812’s impact on sigma-2 receptors and downstream lipid metabolism. We conclude that in
mild to moderate AD patients, 28 days of treatment with CT1812 changes many plasma
metabolites in a therapeutic direction, consistent with a positive effect on disease course and its
mechanism of action. Additional Phase 2 six-month trials in this patient population are currently
underway.
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Abstract: Modulation of the a7 neuronal nicotinic acetylcholine receptor (nAChRs) has become
a prime target for the development of procognitive drugs aiming at counteracting deficits such as
encountered in Schizophrenia or Alzheimer diseases. The finding of a small molecule the
S68890 active at the human a7nAChRs opened new hopes to discover potent new compound
with innovative mechanism of action. Pharmacological characterization conducted at the human
recombinant receptors expressed in Xenopus oocytes allowed to demonstrate that S68890
exhibited much a greater selectivity for a7nAChRs than SHT3a receptors. Moreover, testing the
S68890 across a wide panel of receptors and channels confirmed the absence of detectable cross
reactivity and the excellent safety profile of this molecule. At concentrations superior to the
micromolar, the S68890 inhibited in a voltage dependent manner the a7 responses to agonist
suggesting that, given its small size, the S68890 might enter the a7 ionic pore and caused
blockade by steric hindrance. These effects were, however, clearly distinct from concentrations
efficacious in procognitive testing which are about a thousand fold lower. Experiments
conducted at low concentrations of S68890 revealed that exposure in the nanomolar range
enhanced up to two hundred fold the currents evoked by 40 uM ACh. Reminiscent of the effects
previously reported for enceniclinel!), this suggests that exposure to S68890 in the nanomolar
range causes priming of the a7nAChRs. Procognitive tests using either natural-forgetting
conditions but also amyloidergic-altered memories in rodents revealed that at low concentrations,
S68890 displayed potent cognitive-enhancing properties. The absence of cross-reactivity of
S68890 in pharmacological characterization as well as general behavior in animal testing
confirms the superiority of this molecule over previously discovered compounds. Altogether,
these results indicate that S68890 is a promising candidate for the treatment of cognitive
impairments associated diseases.

[1]Prickaerts et al EVP-6124, a novel and selective a7 nicotinic acetylcholine receptor partial
agonist, improves memory performance by potentiating the acetylcholine response of a7
nicotinic acetylcholine receptors. Neuropharmacology 2011;62:1099-110
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Abstract: Although the use of traditional cigarette smoking has been on the decline, the use of
electronic nicotine delivery systems (ENDS) has increased tremendously, with over three million
users being high school students. The production of ENDS products was initially intended to
improve smoking cessation rates; however, it also targeted a new market of nicotine users among
the adolescent population. With the increased popularity of ENDS, especially among the youth,
flavor additives have become more of a concern due to the endless options available and the
growing use of zero-nicotine flavored e-liquids. Yet, little is known regarding the effects of
tobacco flavors on nicotine addiction and smoking-related behaviors. Previous studies have
shown that menthol, the leading tobacco flavor, enhances nicotine reward and reinforcement.
Similarly, we studied green apple flavor farnesene in a mouse model and observed reward-
related behavior in the presence and absence of nicotine. Using a conditioned place preference
assay we found that farnesene enhances nicotine reward in a sex-dependent manner while also
displaying rewarding effects when administered alone. To examine vaping-related behavior, we
utilized E-vape self-administration to assess the reinforcing effects of the green apple tobacco
flavor with and without nicotine. Here we observed mice will self-administer green apple flavor,
even in the absence of nicotine. Following behavioral assessments, we used confocal microscopy
and o4-mCherrya6-GFP mice to correlate any smoking-related behaviors to potential changes in
a4-containing (04*), a6*, and a406* nAChRs in midbrain neurons. Farnesene treatment
significantly downregulated the expression of a6*, and a406* nAChRs in the dopamine neurons
of the ventral tegmental area, a vital region involved in the rewarding properties of addictive
drugs. These farnesene-induced behavioral and cellular changes display the importance of
investigation into tobacco flavors and their effect on smoking-related behaviors.
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Abstract: Autoimmune diseases affecting the nicotinic acetylcholine receptors (hnAChRs) were
first identified a long time ago with the characterization of Myastenia gravis (1), in which auto-
antibodies (AADbs) are directed against the nAChRs at the neuromuscular junction. More recent
studies have revealed the role of autoimmune disease for the 384 nAChRs expressed in the
parasympathetic ganglionic system (2). However, almost nothing is known about the potential
effects of AADbs that would be directed against nAChRs expressed centrally. We have
characterized human monoclonal AAbs derived from cerebrospinal fluid of patients diagnosed
with NMDA receptor encephalitis (3).

Taking advantage of recombinant human nAChRs expressed in Xenopus oocytes with functional
investigations using very small volume samples, we have examined the effects of a panel of
antibodies at the a7 and 04p2 nAChRs. Probing the effects of a series of AAbs, we observed a
selective inhibition in the low nanomolar range caused by nine monoclonals at the a7 nAChRs.
Additionally, significant activity could be detected by two of those at the heteromeric a4p2
receptors.

Altogether, these data illustrate that human AAs can interact with centrally expressed nAChRs
and can be suspected, as in the case of NMDA receptor encephalitis, to be at the origin of brain
pathology.
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Abstract: The dorsal raphe nucleus (DRN) is the main source of serotonin (5-HT) to the
forebrain. Previous studies in our laboratory have demonstrated that nicotine increases the firing
rate of 5-HT DRN neurons by promoting the release of glutamate through the stimulation of
presynaptic 04-p2 nicotinic acetylcholine receptors (nAChRs) (Gardufio et al., 2012).
Surprisingly, other works have suggested that mecamylamine (Mec), a non-specific and non-
competitive blocker of nAChRs also increases the activity of 5-HT DRN neurons and induces
serotonin release (Mihailescu et al., 1997; Kenny et al., 2000; Reuben and Clark 2000).
Moreover, behavioral studies have reported that Mec produces antidepressant effects in rats
(Rebenstein et al., 2006). These contradictory data suggest that Mec could have other effects
than blocking nAChRs in the DRN. This study was aimed to determine the mechanisms by
which Mec increases the excitability of 5-HT DRN neurons. We used midbrain slices obtained
from male Wistar rats (21-25 postnatal days). The electrical activity of 5-HT DRN neurons was
recorded by using whole cell voltage and current clamp techniques. Besides, we performed
calcium imaging experiments to record the activity of dozens of 5-HT neurons simultaneously
with single cell resolution. We found that Mec (3-6 uM) increased the firing rate (=30%) and
decreased the GABAergic sIPSCs recorded from 5-HT DRN neurons. The firing frequency
increase was mimicked by RJR-2403 (100nM), a highly selective agonist of a4-32 nAChRs, and
blocked by dihydro-B-eritroidine (DHBE, 100 nM) a specific antagonist of these receptors. On
the other hand, the administration of PNU-28298 (100nM) a specific agonist of a7 nAChRs
produced a 65% decrease of 5-HT DRN firing rate and an increase in the frequency of
GABAergic sIPSCs and mIPSCs. Calcium imaging experiments showed that Mec increased the
activity of the majority of DRN neurons. This increase was reversed by the bath perfusion of
serotonin or the selective 5-HT1A receptor agonist, 8-OH-DPAT (5uM) suggesting that the



effect of Mec is mainly exerted on serotonergic neurons. Our data also demonstrate that Mec
increases the activity of 5-HT neurons by stimulating a4-f2 nAChRs which increases glutamate
release (Gardurio et al., 2012) and by decreasing the inhibitory tone produced by GABA release
in the DRN.
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Abstract: Nicotinic acetylcholine receptors (nAChRs) localized to the medial prefrontal cortex
(mPFC) are hypothesized to be substrates for pro-attentional and working memory effects of
nicotine. The goal of this research was to investigate the effects of nicotine on mPFC neuronal
activity with single-cell resolution in freely-moving animals. In order to achieve this, we
employed miniaturized microscope and GRIN-lens-based imaging techniques. GCaMP6s
expression in the mPFC of male C57BL6 mice (6+ weeks postnatal) was driven by AAV viral
vectors, targeted to excitatory neurons using a CaMKII promotor, while imaging lenses were
chronically implanted near the injection site to visualize (layer 5-6) neurons. After recovery (6
weeks) and habituation to imaging conditions, animals were imaged during free exploration of a
novel open field arena at baseline, following subcutaneous injection of nicotine (0.5 mg/kg) or
vehicle, and during a washout period. After a minimum of several days, animals were retested
with reversed nicotine/vehicle exposure. Behaviorally, nicotine induced a robust, but reversible
hypolocomotion. Prior exposure to the arena did not significantly impact either baseline or
nicotine-induced changes in locomotion. Calcium dynamics were evaluated at the level of bulk
fluorescence, as well as for single cells. A range of fluorescent readouts were assessed to
compare the effects of nicotine and vehicle, including frequency, amplitude, and area under the
curve. Single- cell and bulk fluorescence readouts were also compared to behavioral patterns.
Preliminary results indicate a relationship between bulk fluorescence and locomotor activity.
Patterns of activity in bulk fluorescence were, however, unaffected by nicotine administration.
At the single-cell level, the effects of nicotine could be revealed. A network effect that includes
both the relative activation and deactivation of single cells compared to vehicle could be



observed, as well as an overall increase in area under the curve of single-cell fluorescence traces.
These findings point to an effect of nicotine on neuronal ensemble dynamics in the mPFC.
Further analyses and experiments are ongoing to assess behavioral relevance and circuit
specificity of nicotine-driven network alterations.
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Abstract: The pyramidal cell circuits in dorsolateral Prefrontal cortex (dIPFC) are afflicted in
Schizophrenia. Studies in primate have shown that these circuits excite each other through
glutamatergic, NMDA receptor synapses on dendritic spines to generate the persistent neural
representations needed for working memory, which plays a fundamental role in cognition
function. Our research has shown that the stimulation of nicotinic-a7 acetylcholine receptors
(a7-nAChR) enhances persistent activity of Delay cells in primate dIPFC, and is permissive for
NMDAR actions, rescuing neuronal firing from NMDAR blockade. Immunoelectron microscopy
data has revealed that in addition to a7-nAChR, muscarinic M1 acetylcholine receptors (M1R)
are also localized in dIPFC glutamatergic-like synapses. Our new data show that M1R also plays
a critical role in persistent Delay activity in primate dIPFC. Activation of M1R enhances delay-
related firing within a narrow, low dose range. However, over-stimulation of either a7-nAChR or
M1R impaired working memory function, potentially limiting clinical utility. We hypothesize
that combined low dose stimulation of M1R and a7-nAChR will synergize to greatly enhance
Delay cell firing. In this study. We iontophoretically applied low doses of the a7-nAChR agonist
PHA 543613 (PHA) and the M1R positive allosteric modulator VU 0357017 (VU) to Delay cells
in primate dIPFC as monkeys performed an oculomotor delayed response task. The preliminary
data suggest that the same dIPFC neuron can respond to both VU or PHA and can show



synergistic enhancing effects on neuronal firing. These data suggest a potential treatment
strategy to facilitate the beneficial actions of cholinergic treatments.
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Abstract: Homomeric alpha7 nicotinic acetylcholine receptor (nAChRs) is a ligand-gated
pentameric ion channel expressed in the central nervous system, notably in cognition-relevant
areas including the prefrontal cortex, the hippocampus and other subcortical limbic structures.
Numerous studies indicate that a variety of NAChR ligands have the potential to improve
multiple domains of cognition, including memory and attention. Despite extensive efforts in the
NAChR field in clinical trials with orthosteric agonists, effective and durable treatments for
neurocognitive disorders remain an unmet need. Therefore, we have sought and developed series
of novel alpha7 nAChR selective positive modulator compounds. Modulators were selected
based on their enhancing effect on intracellular Ca?* responses to a selective alpha7-nAChR
agonist using plate-based fluorometry and by their effect on current kinetics evoked by choline
using automated patch clamp in recombinant human alpha7 nAChR-expressing cells. Selected
compounds were characterized by manual patch clamp in recombinant cells and by patch clamp
and multiphoton Ca?*imaging in interneurons from rat hippocampal slices. Compounds varied
broadly in terms of their effects on current kinetics as well as positive modulatory and agonist
potencies. A representative compound was selected to display the decelerating effect on the
decay of choline-induced currents from 100 nM without agonistic effect. From 1 uM it evoked
an inward current and showed pronounced current decay-decelerating effect with rapid onset and
offset. This compound elicited a significant increase in choline-evoked responses for both
potency and efficacy. Using multiphoton microscopy, it significantly enhanced choline-evoked
intracellular Ca?* elevation at the site of choline injection in the dendritic processes of
hippocampal interneurons. Both electrophysiology and [Ca?*]i imaging data indicated
compound-induced enhancement of spontaneous activity of hippocampal interneurons. All these



effects could be blocked by the alpha7 nAChR-selective antagonist methyllycaconitine (MLA).
The above in vitro data uncover unique and promising properties of this novel alpha7 nAChR
positive modulator and deepen our understanding of nicotinic actions at the receptor level.
Further development of these compounds may provide an efficient strategy for treatment of
cognitive disorders.
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Abstract: Corticothalamic neurons in layer 6 of the medial prefrontal cortex (PFC) participate in
attention, but this aspect of cognition is known to mature relatively late in development. Does
this pattern of delayed development also hold true for the cholinergic modulation of layer 6
neurons which has been implicated in controlling attention? In adulthood, layer 6 neurons are
modulated by acetylcholine through activation of nicotinic and muscarinic cholinergic receptors,
but how the contributions of these receptors interact during postnatal development is not well
understood. To survey the layer 6 neurons in medial prefrontal cortex, we used a BAC transgenic
mouse line capable of expressing a genetically-encoded calcium indicator in this population
(Syt6-Cre:GCaMP6s). In acute brain slices, we used multiphoton microscopy to detect increases
in intracellular Ca2+ that occur when acetylcholine excites layer 6 neurons to fire a train of
action potentials. Since there are prominent changes in the expression of nicotinic and
muscarinic receptors across postnatal development, to date we have examined male and female
mice from the juvenile period to adulthood. Different concentrations of exogenous acetylcholine
were applied to test concentration response, and cholinergic receptor blockers were applied to
test receptor specificity. We found that in juvenile mice, layer 6 neurons showed a greater
response to lower concentrations of acetylcholine than the adult mice. Pharmacological
examination showed that, while there were prominent nicotinic and muscarinic receptor-
mediated components to the layer 6 cholinergic response across the postnatal stages tested, the



left-shifted concentration response curve was attributable to a nicotinic mechanism. To
investigate the role of an early-expressed but pharmacologically-intractable subunit of the
nicotinic receptor in this early postnatal cholinergic sensitivity, we have created a compound
transgenic mouse with Syt6-Cre:GCaMP6s expression together with a global deletion of a5 as
well as littermate controls for examination across a range of developmental stages. This work
suggests that cholinergic modulation may shape the maturation of prefrontal executive circuitry
as well as modulating it in adulthood.
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Title: Investigating the role of a7 nicotinic acetylcholine receptors (NAChRS) in the formation of
alcohol-withdrawal induced anxiety within the basolateral amygdala (BLA)
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Abstract: The lateral/basolateral amygdala (BLA) is a brain region involved in the progression
of alcohol-withdrawal induced anxiety. Nucelus basalis magnocellularis (NBM) cholinergic
projections to the basolateral amygdala (BLA) modulate neuronal activity and are involved in
fear conditioning, memory formation, and synaptic plasticity (Jiang et al., 2016; Aitta-aho et al.,
2018). Nicotinic acetylcholine receptors (nAChRs), especially a7z NAChRs, are intimately
involved in these processes. Located presynaptically on glutamatergic terminals and GABAergic
interneurons, a7 NAChRs facilitate GABA and glutamate release. Previous laboratory
publications suggest that alterations in GABA and glutamate release occur following chronic
intermittent ethanol (CIE) exposure. Three days of CIE exposure significantly decreases the
paired-pulse ratios in BLA pyramidal neurons; this effect is indicative of an increase in
glutamate release probability onto BLA pyramidal neurons (Morales et al. 2018). In the present



study, we sought to determine whether alterations in a7 NAChR activity contributes to CIE-
induced synaptic pathology during alcohol withdrawal. Male Sprague-Dawley rats were exposed
to CIE in vapor chambers or ambient air for 10 days. Following 24 hours of withdrawal, rats
were sacrificed for electrophysiological studies. We recorded electrically stimulated paired-pulse
ratios as a measure of presynaptic function in AIR and CIE animals. We found that application
of PNU-292987 and MLA (a7 nNAChR agonist and antagonist, respectively) differentially
affected the release probability of AIR and CIE animals. Application of PNU-282987
significantly decreased the paired-pulse ratio in AIR, but not CIE animals. Conversely,
application of MLA significantly increased the paired-pulse ratio of CIE animals to control
levels, and caused no significant change in AIR animals. Taken together this data suggests that
a7 NAChR activity may be upregulated during alcohol withdrawal. This effect might be a
consequence of increased acetylcholine release from NBM terminals following CIE exposure.
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amygdala for complex anxiety- and fear-related behaviors
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Abstract: Anxiety, in response to stressors, is thought to be advantageous but both erroneous or
overgeneralized stress assessment and the continuation of anxiety past the stressor can lead to
negative consequences. Not all stress-exposed individuals experience negative outcomes, but
some do develop disorders, suggesting underlying factors can influence the ability to navigate
stressors. Individual differences in biological factors such as genetics and the efficacy of
neurotransmitter systems can act to modulate responses and predispose some to anxiety disorder
development.The cholinergic system, a widespread modulatory neurotransmitter system, has
been highly implicated in the regulation of anxiety- and fear-related behaviors. Specific nicotinic



acetylcholine receptor (NAChR) subtypes of the cholinergic system have been implicated in
regulating the network excitability of the amygdala, the brain region widely implicated as the
mediator of the emotional output of fear and anxiety phenotypes across species. Cholinergic
modulation, therefore, is a mechanism for the investigation of anxiolytic strategies. Regulation of
cholinergic signaling can be influenced by genetic factors. The lynx2 gene, which encodes a
negative nicotinic protein modulator, affects anxiety and fear circuits. Mice lacking lynx2,
lynx2KO mice, display heightened anxiety-like behaviors across assays and increased neuronal
excitability. We hypothesize that lynx2 modulation of nAChRs within the amygdala acts to
regulate responses to salient behavioral paradigms. We predict the loss of lynx2 and subsequent
nNAChR hyperactivity will lead to the development of altered anxiety-like and fear-like responses
in the fear extinction paradigm and in response to chronic social defeat stress. To address this,
we are pairing site specific focal replacement and knockdown studies with electrophysiology to
study these behaviors and potential underlying mechanisms. Functional comparative studies are
in progress to understand how the knowledge of lynx2 functioning in the mouse can be applied
to humans. We hypothesize further investigation into lynx2 and cholinergic pathway modulation
can aid in understanding the biological basis of divergent stress responses.

Disclosures: K.R. Anderson: None. K.M. Hoffman: None. J.M. Miwa: E. Ownership Interest
(stock, stock options, royalty, receipt of intellectual property rights/patent holder, excluding
diversified mutual funds); Ophidion.

Poster

201. Nicotinic Acetylcholine Receptors: Physiology and Function
Location: Hall A

Time: Sunday, October 20, 2019, 1:00 PM - 5:00 PM

Program #/Poster #: 201.11/B36

Topic: B.02. Ligand-Gated lon Channels

Title: Pathogenic beta amyloid 1-42 alters intracellular signaling through the alpha7 nicotinic
receptor

Authors: *P. L. SINCLAIR?!, K. ARORA?, R. A. NICHOLS?, N. KABBANI*;
Interdisciplinary Program in Neurosci., George Mason Univ., Fairfax, VA; 2Cell and Mol. Biol.,
John A Burns Shool of Medicine, Univ. of Hawaii, Honolulu, HI; 2Cell and Mol. Biol., Univ. of
Hawaii, Honolulu, HI; #Interdisciplinary Program in Neurosci., Krasnow Inst., Fairfax, VA

Abstract: Alzheimer’s disease (AD) is a neurodegenerative disease inflicting more than 5.8
million people in the United States leading to a growing public health crisis that burdens
individuals, families, and society. Current pharmacological treatments for AD center on
prolonging activity of cholinergic mechanisms that underlie cognitive and memory impairments
in AD. Ongoing efforts to develop better medications are stymied by a gap in understanding how
the disease pathophysiology impacts cholinergic (and other forms) of neural signaling. Based on



previous findings that indicate an interaction between the a7 nicotinic acetylcholine receptor (a7
nAChR) and various amyloid proteins, we examined the ability of beta amyloid AB1-42 at
100nM and 500nM concentrations to modify a7 nAChR signaling in cultured neural cells.
Specifically, we measured changes in a7 nAChR-mediated cytoskeletal growth, intracellular
calcium release, and G-protein associated downstream signaling in the presence of AB1-42 and a
smaller derivative peptide, ABcore, which contains amino acids 10-15 of the protein. Our
findings suggest an effect of both molecules on local calcium increases and changes in neurite
growth which may be related to changes noticed in surface expression of the a7 nAChR and
point to a role for AB1-42 in regulating aspects of a7 nAChR intracellular signaling.
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Abstract: The 15g13.3 microdeletion (MD) syndrome consists of a variable phenotype, but is
most commonly associated with intellectual disability, epilepsy, schizophrenia, and autism. The
15q13.3MD consists of six genes: CHRNA7, OTUD7A, FAN1, MTMR10, TRPM1, and KLF13.
CHRNA7, which codes for the a7 nicotinic acetylcholine receptor (a7 nAChR) subunit, is
considered a potential driver gene for the behavioral manifestations. A translationally relevant
mouse model with a homologous deletion on mouse chromosome 7qC, Df(h15q13)/+, was
created, and displays behavioral features of the 15q13.3MD syndrome. The a7 nAChR
assembles as homomeric cation channels with high calcium permeability. Studies have shown
functional expression of a7 nAChRs on hippocampal astrocytes where they regulate astrocytic
release of d-serine. In this study, we used young adult male wild-type (WT), heterozygous (HT,
Df(h15qg13)/+), and homozygous (KO, Df(h15g13)/-) mice to determine a7 nAChR mediated
astrocytic responses, and if calcium dynamics of astrocytes were altered between genotypes. To
visualize the intracellular calcium activity, an AAV5 viral vector containing the genetically
encoded calcium indicator, GCaMP6f with an astrocyte specific promotor (GfaABC1D), was
injected into the dorsal hippocampus. Two weeks after injection, hippocampal astrocytes in the



CAL1 stratum radiatum from acute brain slices were imaged, and the somatic calcium transients
were quantified. Spontaneous calcium oscillations were observed in the soma of astrocytes
without any genotypic difference. The majority of astrocytes showed a significant increase over
basal calcium activity in response to bath application of the a7 specific agonist choline (10 mM)
(n= 31 cells, p=0.01), and further enhancement with co-application of the a7 specific positive
allosteric modulator, PNU-120596 (5 uM) (n=37 cells, p=0.001) (Choline vs Choline +PNU:
p=0.002). Effects of choline+PNU were blocked by the a7 nAChR antagonist, MLA. There was
a significant genotype-drug interaction with choline+PNU application (p=0.006), with the
positive response in the WT compared to the absence of a response in the KO (p=0.019). While
HT mice were not significantly different from either WT or KO mice, the average change in the
calcium dynamics in HT mice to choline+PNU was decreased by ~37% compared to responses
in WT. In conclusion, we were able to detect a7 nAChR mediated responses in astrocytes from
WT and HT but not KO mice, along with significant genotype-drug interactions between WT,
HT, and KO Df(h15913) mice. Thus, altered a7 nAChR-mediated astrocytic responses may
contribute to neurological deficits associated with the 15913.3. MD.
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Abstract: The interpeduncular nucleus has been linked to nicotine aversion after exposure, a
phenomenon potentially protective against further nicotine use. This region is the target of
cholinergic neurons in the ventromedial habenula, and interpeduncular neurons express both
nicotinic and muscarinic acetylcholine receptors (Arvin et al., 2019). Of note, the
interpeduncular nucleus is the site of highest expression of the a5 nicotinic receptor subunit
encoded by the Chrnab gene aversion and its neurons participate in the formation of aversive
connections in a nicotine-sensitive manner (Morton et al., 2018). A transgenic mouse has
recently been created to permit the selective labelling of a5-containing interpeduncular neurons



with Cre-recombinase sensitive reporters (Morton et al., 2018). In Chrna5cre/Ai96 mice, we
examine the cholinergic response of these a5-containing interpeduncular neurons as a population
with multiphoton imaging in acute interpeduncular brain slices. This approach allows the
investigation of neuronal activity in the interpeduncular nucleus from mice without prior surgical
interventions in vivo. This permits the examination of the pharmacological profile of supra-
threshold excitatory responses within a5-positive neurons in both sexes across a range of
postnatal developmental ages from juvenile to adulthood. Strong and coherent stimulation of this
population is seen in response to cholinergic stimulation, yet the dose response profile changes
across development. Given the heterogeneity of nicotinic receptor subunits expressed in the
interpeduncular nucleus, we were surprised to observe the sensitivity of the excitatory responses
across the population of Chrna5-positive neurons by dihydro-B-erythroidine (DHBE)-mediated
blockade of f2-containing nicotinic receptors. Ongoing experiments are probing further the
pharmacological modulation of Chrna5-positive interpeduncular neurons with the goal of
understanding developmental changes in the sensitivity of this population in nicotine-naive
subjects.
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Abstract: “If you don’t attend, you can’t encode.” (Romberg et al., 2013) Disruption of attention
and deficits in executive function occur early in Alzheimer’s disease (AD) pathology and can
contribute to the decline of memory and other cognitive processes. Improving the early
disruption of attention in AD is a potentially high-impact treatment goal. Cholinergic signalling
in the prefrontal cortex is vital for attentional control and executive function, yet much remains



unknown about the cellular mechanisms of attentional dysfunction in early to mid-disease AD.
Here, we investigate the TgF344 rat model of AD. In comparison to previous rodent models of
AD, this model more closely recapitulates the molecular and behavioural trajectory of human
AD. To understand the underlying changes occurring in prefrontal circuits, we use whole cell
electrophysiology in acute brain slices to probe the cell properties and cholinergic modulation of
the pyramidal neurons that are the major output neurons of the prefrontal cortex. For perspective,
TgF344 AD rats start to exhibit deficits in executive function after 9 months of age relative to
non-transgenic littermates. In electrophysiological experiments at the equivalent of mid-stage
disease (18 months), there do not appear to be effects of genotype on the intrinsic cellular
properties of prefrontal pyramidal neurons. Yet, there is a striking difference in the effect of
cholinergic stimulation on the excitation of these pyramidal neurons. This genotype difference
appears most profound in layer V, but is also evident in layer VI. The TgAD rat neurons show
less precise timing and greater heterogeneity in their cholinergic excitation, with a greater
proportion of neurons failing to respond and others showing delayed and/or extended excitation.
Ongoing experiments are probing the time course of the emergence of the dysfunction(s) relative
to the onset of the behavioural symptoms and investigating the cholinergic receptor
pharmacology and the underlying cellular and circuit mechanisms. We hope these findings will
improve our understanding of how attention is disrupted in AD and provide insight into potential
treatment targets to ameliorate prefrontal cholinergic dysfunction in a high-fidelity model of
human AD.
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Abstract: The degeneration of cholinergic neurons in the Nucleus Basalis of Meynert (NBM) is
responsible for the gradual cognitive decline in Alzheimer's disease (AD). To date no resolutive
therapies exist. Understanding the mechanisms driving human neuroblast differentiation towards



the cholinergic phenotype could help identifying efficient therapies aimed at preventing neuronal
loss in neurodegenerative pathologies, including AD. We recently characterized a primary
culture (p4-p25) of human fetal NBM cells (hfNBM), isolated from 12-week old fetuses (Morelli
etal., 2017, Front Cell Neurosci 11:339), as a population of cholinergic neurons expressing
muscarinic and nicotinic receptors, as well as enzymes essential for acetylcholine (Ach)
synthesis, degradation and vesicular transporter. By patch-clamp experiments, we report here
two different functional responses, induced by Ach in these cells. A first effect consisted in an
Ach (0.1-100 pM)-dependent increase in voltage-dependent K™ currents evoked by a voltage
ramp protocol (from -120 to +150mV; 1 s). This effect was mimicked by carbachol (Cch: 0.1-
100 uM), prevented by the muscarinic antagonist atropine (atr: 100 nM), by the K* channel
blocker TEA (3 mM) and by pertussis toxin pre-incubation (PTX: 1 pg/ml), demonstrating the
involvement of Gi-protein-coupled M2/M4 receptors effects. The second effect induced by Ach
(0.1-100 uM) was an atropine-sensitive decrease of voltage-gated Na* currents. This effect was
mimicked by Cch and prevented by intracellular neomycin (500 pM), a phospholipase C
inhibitor, demonstrating the involvement of M1/M3/M5 muscarinic receptors. Finally, when
recorded in the current-clamp mode, these cells exhibited a novel, high frequency (50-80 Hz),
oscillatory activity evoked by positive current injection (500-800 pA). This activity was
insensitive to TTX (1-30 uM), Cd?* (1 mM) or cholinergic ligands but was impaired by
intracellular BAPTA (10 mM) or tapsigargin (1 pM) and blocked by extracellular TEA (200
UM), iberiotoxin (200 nM), a selective BK channel blocker, and by Ba?* (2 mM), indicating the
involvement of intracellular Ca?* and of BK and Kir channel opening. This study provides the
first description of a novel, high frequency and Ca?*-dependent, voltage activity in human
neuroblasts and adds novel insight into the comprehension of cholinergic modulation of NBM
neurons during development. These notions could provide a useful tool to assess disease
modeling and drug screening in neurodegenerative disorders.
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Abstract: The midbrain habenulopeduncular pathway has been implicated in the development of
aversion and appears particularly relevant for nicotine aversion (Morton et al., 2018), but the
neural mechanisms of this phenomenon remain unclear. This pathway involves cholinergic
neurons in the ventral medial habenula (vMHDb) innervating interneurons in the interpeduncular
(IP) nucleus. The IP presents a remarkably diverse set of nicotinic acetylcholine receptor
(nAChR) subunits; including the strongest expression of the a5 nAChR subunit in the mouse
brain. This subunit is encoded by the Chrna5 gene, in which a genetic polymorphism has been
linked in both human and mice to decreased nicotine aversion. Yet, the habenulopeduncular
pathway is not exclusively cholinergic, its vMHD neurons express VGIuT2 and use glutamate as
their primary fast neurotransmitter (Ren et al., 2011). Here, we use whole cell electrophysiology
and optogenetics in acute brain slices to analyze neurotransmission from the vMHb onto
interneurons in the IPN of adult ChATChR2 mice either expressing (a5SWT) or deleted for
Chrna5 (a5K0O). We find that optogenetic activation of habenulopeduncular afferents induces
excitatory postsynaptic currents (EPSCs) in the majority of rostral IP neurons from both
genotypes. In ongoing work, we are examining responses to 5 second trains of optogenetic
stimuli, with 10-20 Hz stimulus frequencies selected to simulate peak firing seen in vMHb
neurons in response to acute stimulation (Morton et al., 2018) and higher stimulus frequencies
thought to preferentially elicit cholinergic release (Zhao et al., 2011; Ren et al., 2011). Short-
term changes in the frequency and amplitude of evoked excitatory postsynaptic currents
(evEPSCs) are seen across the 10-20 Hz stimulation trains, with initial depression followed by
facilitation, and these EPSCs are suppressed by the glutamatergic antagonist DNQX. The 50 Hz
trains elicit slow-rising, prolonged and repeatable inward currents, which differ from currents
evoked by nicotine or acetylcholine in their insensitivity to DHBE. We have created an
additional compound transgenic mouse to examine the optogenetic fast evEPSC and slow inward
current responses in brain slices with labeled Chrna5-positive neurons.

Disclosures: S. Sivakumaran: None. Y. Liu: None. T. Chen: None. D.W. Sparks: None. E.E.
Turner: None. E.K. Lambe: None.

Poster

201. Nicotinic Acetylcholine Receptors: Physiology and Function
Location: Hall A

Time: Sunday, October 20, 2019, 1:00 PM - 5:00 PM

Program #/Poster #: 201.17/B42

Topic: B.02. Ligand-Gated lon Channels



Support: CIHR MOP 89825

Title: Prefrontal alpha5 nicotinic receptor: Essential for a rapid cholinergic response and its
protection from nicotine

Authors: *S. VENKATESAN?, E. E. TURNER?, E. K. LAMBE?;
!Dept. of Physiol., Univ. of Toronto, Toronto, ON, Canada; Ctr. for Integrative Brain Res.,
Seattle Children's Res. Inst., Seattle, WA

Abstract: Cholinergic neuromodulation of layer 6 corticothalamic neurons in the prefrontal
cortex (PFC) is important for top-down control of attention. Layer 6 pyramidal neurons in the
PFC express the a5 nicotinic acetylcholine (ACh) receptor subunit encoded by Chrna5 which is
critical for performing demanding attention tasks. Here, RNAscope demonstrates a substantial
population of layer 6 neurons in prelimbic and cingulate cortex express a5.Yet the cellular
mechanisms by which the a5 subunit influences attention remain unclear. To investigate these
mechanisms in the context of endogenous acetylcholine signaling, we use optogenetic release of
acetylcholine in brain slices and measure cholinergic responses in layer 6 PFC neurons in WT
and a5 mice. Both male and female mice were used, and no obvious sex differences were
observed in the cholinergic responses to trains of light stimuli. Our results show that neurons
lacking the a5 subunit show light-evoked cholinergic responses that are of similar magnitude to
the WT neurons but are slower to respond p<0.05) and take longer to decay (p<0.01, unpaired t-
test). This pattern suggests that there may be genotype differences in the localization of nicotinic
receptors relative to their presynaptic release sites. Consistent with this hypothesis, encouraging
spillover of light-evoked acetylcholine by blocking acetylcholinesterase with DFP significantly
increased peak responses in the WT. Yet there was no detectable increase in the peak response in
the a5, raising a question about the response potentially being limited by desensitization. To
test this last hypothesis more directly, we examined light-evoked cholinergic responses before
and during application of a low concentration of nicotine. Responses in WT neurons were
resistant to application of 100 nM nicotine, whereas, in the 057", nicotine abolished the
cholinergic responses due to desensitization of nicotinic receptors lacking the a5 subunit. Taken
together, these findings point to an important role for the a5 nicotinic receptor subunit in
allowing a rapid cholinergic response but also in allowing this response to be sustained when
challenging or stressful conditions greatly elevate prefrontal acetylcholine levels.
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Abstract: Acute poisoning with organophosphorus (OP) insecticides can be a life-threatening
condition and is treated with high doses of atropine to block muscarinic receptor (mMAChR)
overactivation by acetylcholine (ACh) that accumulates due to OP-induced irreversible inhibition
of acetylcholinesterase (AChE). Yet, despite therapeutic intervention, poor health outcomes have
been reported among OP-poisoned patients, including pregnant women. Earlier studies have
shown that R,S-trihexyphenidyl (THP), a drug approved for treatment of Parkinson’s disease and
dystonia, is more effective than the non-selective mAChR antagonist atropine in suppressing
acute OP poisoning in adult rodents (Epilepsy Res 38:1-14, 2000). We are currently comparing
the effectiveness of atropine and THP to treat acute OP intoxication during pregnancy in guinea
pigs. In contrast to atropine, THP more selectively inhibits M1 and M3 than M2 mAChRs. By
sparing presynaptic M2 mAChRs, THP can safeguard a negative feedback mechanism in which
ACh limits its own release. However, it has also been reported that THP inhibits as-of-yet
unidentified subtypes of neuronal nicotinic ACh receptors (NnAChRs). Here, the whole-cell mode
of the patch-clamp technique was applied to hippocampal neurons to define the pharmacological
profile of THP on well-defined nAChR subtypes. THP (1-50 puM), time and concentration
dependently, inhibited rapidly decaying whole-cell currents evoked by the a7 nAChR agonist
choline (10 mM) in interneurons of the stratum radiatum (SR) of the CA1 field of the guinea pig
hippocampus. By contrast, non-a7 nAChR currents evoked by 1 mM ACh in CA1 SR
interneurons were found to be insensitive to inhibition by as much as 50 uM THP. This is the
first demonstration that THP inhibits a7 nAChRs in hippocampal neurons. Experiments are
currently underway to determine the mechanism of action of THP on a7 nAChRs and the
potential involvement of these receptors on THP’s ability to counter the neurotoxic effects of the
OP insecticide chlorpyrifos (CPF) in primary hippocampal cultures. Inhibition of specific
nAChRs by THP may be an important determinant of its effectiveness as a therapeutic
intervention to counter the acute toxicity of CPF and other OP insecticides.
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Abstract: Nicotine exposure produces long-lasting changes at synapses that remodel neural
circuits, causing addiction. The mechanisms underlying this process remain poorly understood.
Nicotine exposure causes upregulation of nicotinic acetylcholine receptors in the brain. Here, we
report that long-term nicotine exposure altered the secretory pathway of a4p2-type nicotinic
acetylcholine receptors (a4p2Rs) by dispersing and redistributing the Golgi apparatus. Using
fluorescently tagged Golgi resident proteins we demonstrate the dose-dependent effect of
nicotine on Golgi dispersal in HEK cells stably expressing 04p2Rs. Characterization in vitro,
demonstrated that dispersal was reversible and that fragmented Golgi membranes were
functional. The onset and reversal of nicotine-induced Golgi dispersal coincides with our
previous measurements on the time course of nicotine upregulation of a4p2Rs. The dispersed
Golgi fragments were heterogenous in size with smaller vesicles originating from larger
“ministacks” similar to dispersal by Nocadazole. However, unlike Nocadozole, nicotine had no
effects on microtubule distribution and acts through a different mechanism. Larger Golgi
ministacks contained both cis/medial and trans Golgi proteins whereas the smaller fragments and
only contained trans-Golgi glycan modifying enzymes. Similar effects of nicotine were only
observed in cultured neurons expressing a4B2Rs, and the dispersed Golgi membranes were
observed in somata without nicotine exposure. The smaller fragments lacking cis-Golgi markers
were widely distributed throughout dendrites while larger fragments containing cis-Golgi
markers (Golgi outposts) were sparsely distributed. A significant increase (2-fold) in small Golgi
vesicle density was observed in the dendrites with nicotine exposure. Our results reveal that
Golgi dispersal and its distribution throughout dendrites is nicotine-dependent resulting in
regulated placement of membranes that can function in secretion at local subdomains.
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Abstract: The canonical Golgi elements that mediate the last steps in the processing of secreted
and membrane proteins have not been observed in axons. Here, we report on the observation and
initial characterization of a dispersed Golgi compartment in axons, whose distribution and
number can be regulated by exposure to nicotine. We used fluorescently-tagged, Golgi marker
proteins, and antibodies (Abs) to immunostain for their endogenous counterparts, to test for
dispersed Golgi membranes in the axons of cultured neurons. Golgi membranes were observed
throughout most axons. Larger, dispersed Golgi elements that contained cis-, medial-, and trans-
Golgi markers found in somata and dendrites were not observed in axons. Only smaller sized
fragments containing trans-Golgi markers were observed, and at a lower density than in dendrites
(~3-fold less). In cultured neurons expressing a4p2-type nicotinic acetylcholine receptors
(04P2Rs), a ~2-fold increase in the axonal density of these small Golgi structures was observed.
Similar changes were observed in vivo, in mice exposed to nicotine in the drinking water. Brain
sections from midbrain were stained with tyrosine hydroxylase-specific Abs to identify ventral
tegmental area (VTA) dopaminergic terminals in the mouse nucleus accumbens, which are
known to express 04p2Rs. Co-staining the sections with trans-Golgi markers validated in
cultured neurons, we observed dispersed Golgi membranes in the VTA dopaminergic terminals
with a density similar to that of the axons of cultured neurons. We observed an almost 2-fold
increase in the axonal density of the Golgi membranes when nicotine was added to the drinking
water. Our findings reveal a nicotine-regulated Golgi compartment in axons that appears to
function in secretion at local subdomains and contribute to the molecular mechanisms underlying
drug-induced plasticity.
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Abstract: We have found that long-term nicotine exposure both in vivo and in vitro induces a
dispersal and redistribution of the Golgi apparatus throughout somata, dendrites and axons, but
only in neurons expressing a4B2-type nicotinic acetylcholine receptors (04p2Rs). In cultured
neurons, we find that Golgi dispersal occurs in the absence of nicotine exposure and a432R
expression, and the degree of Golgi dispersal is variable. In a previous study, the degree of Golgi
dispersal in the soma was demonstrated to be a function of the levels of synaptic activity in the
dendrites (Thayer et al., PNAS, 2013). Therefore, we tested whether similar treatments altered
Golgi dispersal in dendrites and axons of cultured neurons. Specifically, we treated with the
GABA-A receptor antagonist bicuculline and examined the number and distribution of vesicles
containing the trans-Golgi marker proteins. Bicuculline trea