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Abstract: A glycoprotein Reelin secreted into the extracellular matrix by Cajal-Retzius cells has
been implicated in the control of neuronal migration and positioning during bran corticogenesis.
In the present study, we observed in E12-16 brain of reelin-deficient reeler mouse that
production of Tbr2-positive intermediate progenitor cells (IPCs) was suppressed in progenitor
compartments (SVZ and 1Z). In addition, expression of Ngn2 which directly activates Tbr2
expression was also delayed. Conversion from IPCs to Tbrl-positive postmitotic neurons in
preplate is markedly decreased in reeler mice. We found that depression of p27kip1 protein, a
CIP/Kip family, was observed in the in the preplate and cortical plate in reeler mice. In
particular, cell culture study showed that depressed level of p27kip1 in reelin deficient condition
was recovered by reelin treatment. Thus we suggest that reelin-induced p27kip1 pathway may be
involved in neuronal differentiation of early-born neurons
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Title: Compound screen on the proliferation and differentiation of neural progenitor cells
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Abstract: Neural progenitor (NP) cells are the multipotent cells that produce neurons and glial
cells in the central nervous system, small molecule compounds promoting their proliferation and
neuronal differentiation are of pivotal importance to regenerative medicine. We carried out a
high-content screen to systematically characterize known bioactive compounds, on their effects
on the self-renewing division, neuronal differentiation and dopaminergic neuronal differentiation
of NP cells. The screen successfully identified major effective pharmacological classes, and
allowed us to compare the pharmacological responsive profiles of several types of widely used
NP cells. This study revealed the potential of several small molecule compounds for use in
regenerative medicine or transplantation therapy. The screening result also provided insight into
the signaling network regulating the neuronal differentiation of NP cells.

Disclosures: X. Xia: None. S.T. Wong: None. D. Gao: None. X. Xu: None. T. Zhou: None.

Poster

116. Embryonic Neurogenesis

Location: Hall A

Time: Sunday, October 18, 2015, 8:00 AM - 12:00 PM
Program#/Poster#: 116.03/A3

Topic: A.01. Neurogenesis and Gliogenesis

Support: EY022030-03

Title: Signaling through gp130 and Jak/Stat regulates the proliferation and neurogenic capacity
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Abstract: Miiller glia can be stimulated to de-differentiate, proliferate and form Miiller glia-
derived progenitor cells (MGPCs) that are capable of regenerating retinal neurons. The capacity
of MGPC:s to regenerate retinal neurons varies considerably across vertebrates. The MGPCs in
zebrafish retina are able to restore fully functional neurons after injury. By contrast, proliferating
MGPCs can be formed in the retinas of birds and mammals, but these cells appear to be biased to
form new glia or remain undifferentiated. Thus, one of the key hurdles to harnessing the



regenerative potential of MGPC:s is to identify means to stimulate neurogenesis from these cells.
In the zebrafish retina, several key cell-signaling pathways have been identified to drive the de-
differentiation of mature Miiller glia and formation of proliferating of MGPCs. One of these key
cell-signaling pathways is the Jak-Stat-pathway. In the retinas of warm-blooded vertebrates, the
Jak-Stat pathway is known to stimulate glial differentiation during development and induce
gliotic phenotypes in mature glia. We investigated whether Jak-Stat signaling influences the
reprogramming of Miiller glia and neuronal differentiation of the progeny produced by MGPCs
in the avian retina in vivo. We observed that pStat3 accumulates selectively in Muller glia in
response to intraocular injections of CNTF, FGF2 and retinal damage. We found that inhibition
of gp130 receptor, JAK2 kinase or Stat3 suppresses the formation of MGPCs in NMDA-
damaged or FGF2-treated retinas. By comparison, activation of Jak-Stat signaling via intraocular
injections of CNTF with FGF2 significantly increased numbers of proliferating MGPCs in the
absence of retinal damage. Evidence is provided that inhibition of Jak-Stat signaling may impact
the formation of MGPCs in the FGF2-treated retina through modulating activation of microglia.
Importantly, when signaling through the gp130 co-receptor is inhibited after the proliferation of
MGPCs, we found a significant increase in neuronal differentiation at the expense of glial
differentiation. Inhibition of gp130 resulted in decreased mRNA levels of notchl, hes1 and hes5,
components of the Notch-pathway which are known to inhibit neuronal differentiation. We
conclude that Jak-Stat signaling plays important roles during the formation of proliferating
MGPCs and differentiation of their progeny. We propose that that targeting gp130 co-receptor
and the Jak-Stat pathway may be a means to increase the neurogenic capacity of MGPCs in
higher vertebrates.
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Abstract: In the developing optic tectum of Xenopus laevis, neural progenitor cells undergo
symmetric proliferative division, asymmetric neurogenic division and direct neuronal
differentiation (Bestman and Cline, 2012). To provide insights into mechanisms that govern
progenitor cell self-renewal and neuronal differentiation, an unbiased analysis on the transcript
profile of neural progenitor cells and immature neurons was conducted. The midbrain of stage 46
animals was electroporated with a plasmid from which turboGFP reporter expression was driven
by sox2/oct4 enhancer and minimal FGF promoter. TurboGFP+ve neural progenitor cells were
enriched from animals reared in dark for 24 hours after electroporation, while turboGFP+ve
immature neurons were enriched from animals reared in enhanced visual stimulation for 24
hours (Sharma and Cline, 2010; Bestman et al., 2015). These GFP+ve cells were isolated, using
Fluorescence-activated cell sorting (FACS), and their mRNA was amplified in order for their
transcripts to be analyzed by RNA-seq. Transcriptome analyses revealed distinct gene expression
profiles in neural progenitor cells and immature neurons. ~70% of the reads were aligned to the
X. laevis genome scaffolds (Xenbase: genome scaffold assembly v7.1 with gff3 v1.6), which
confirms the specificity of the RNA amplification protocol. Out of the aligned reads, ~31% were
intergenic, and ~61% were mRNA, in average. Over 54,000 annotated genes in X. laevis
genome, 724 and 783 of transcripts were differentially expressed between neural progenitor cells
and immature neurons, using Tophat2 and STAR as the aligner, respectively. Of these
differentially expressed transcripts, ~ 60% were up-regulated, and ~ 40% were down-regulated.
Genes with differential expression were clustered into the following categories, based on their
molecular function, using DAVID, a functional annotation tool: voltage-gated ion activity,
calcium binding, protein serine/threonine kinase activity, extracellular matrix structure
constituent, transcriptome co-factor activity, and endoribonuclease activity. Transcriptome
analyses revealed the complexity of transcript profiles between neural progenitor cells and
immature neurons. These studies enhance our understanding the molecular mechanisms that
regulate the fate of neural progenitor cells differentiated into neurons.
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Abstract: Introduction Differentiation of inhibitory interneurons from neural progenitors and
their migration to appropriate regions in the forebrain contributes to maintaining the balance
between excitation and inhibition crucial for proper neural function. DIx homeobox genes
encode transcription factors that specifically bind to homeodomain binding sites in regulatory
regions and regulate target gene expression. In the DIx1/2 double knockout (DKO) mouse,
tangential migration of inhibitory interneurons from the ganglionic eminences to the neocortex is
impaired. Disruption of signaling by the CXCR4 chemokine receptor results in improper
migration of interneurons in the forebrain. We hypothesize that DIx2 promotes interneuron
differentiation and migration by activating Cxcr4 expression. Methods We have used chromatin
immunoprecipitation (ChIP) of embryonic mouse forebrain (E13.5) using a specific antibody to
DLX2 followed by PCR using oligonucleotide primers flanking candidate homeodomain binding
TAAT/ATTA motifs. Targets are characterized using gel shift and reporter gene assays in vitro
and validated by gene expression studies in vivo comparing wild-type and DKO forebrain
tissues. Results ChIP-based PCR demonstrated that DLX2 binds to regions containing putative
DLX2 binding sites upstream of the transcriptional start site of Cxcr4. DIx2 significantly affected
luciferase reporter gene expression in vitro when co-expressed with the regulatory regions of
Cxcr4 occupied by DLX2 in vivo. Furthermore, gel shift assays revealed the critical sites on
Cxcr4 necessary for DLX2 binding. Quantitative RT-PCR showed a decrease in transcript level
of Cxcr4 in the DIx1/2 DKO tissues compared to the WT supporting an activating role for DLX2
on Cxcr4 expression in vivo. Conclusions Our results support the hypothesis that DLX2 directly
activates expression of Cxcr4, thereby contributing to the transcriptional regulation of
differentiating and migrating interneurons in the developing forebrain. This proposed research
study will contribute to the emerging evidence supporting a role for DLX transcription factors in
maintaining the balance of excitation to inhibition during brain development.
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Title: Positive feedback between RNA binding protein HuD and transcription factor SATB1
promotes neurogenesis
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Abstract: The mammalian ELAV-like protein HuD is a neuronal RNA-binding protein
implicated in neuronal development, plasticity, and diseases. Although HuD has long been
associated with neuronal development, the function of HuD in neural stem cell differentiation
and the underlying mechanisms have gone largely unexplored. Here we show that HuD promotes
neuronal differentiation of neural stem/progenitor cells (NSCs) in the adult subventricular zone
by stabilizing the mRNA of special AT-rich DNA-binding protein 1 (SATB1), a critical
transcriptional regulator in neurodevelopment. We find that SATB1 deficiency impairs the
neuronal differentiation of NSCs, whereas SATB1 overexpression rescues the neuronal
differentiation phenotypes resulting from HuD deficiency. Interestingly, we also discover that
SATBI is a transcriptional activator of HuD during NSC neuronal differentiation. In addition,
we demonstrate that NeuroD1, a neuronal master regulator, is a direct downstream target of
SATBI. Therefore, HuD and SATBI form a positive regulatory loop that enhances NeuroD1
transcription and subsequent neuronal differentiation. Our results here reveal a novel positive



feedback network between an RNA-binding protein and a transcription factor, which plays
critical regulatory roles in neurogenesis.
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Abstract: Epidemiological and animal studies have reported that maternal overconsumption of
saturated fats during pregnancy influence on offspring health, ranging from metabolic to
behavioral disorders. However, little is known about the influence of the maternal unbalanced
diet on the development of embryonic brain including neurogenesis of neural stem cells. Here,
we show that maternal high-fat diet (HFD) impact on epigenetic regulation of neural precursors
and alter the differentiation of these cells in fetal cortex of mice. In late-gestational stage,
embryonic cortex exposed maternal HFD exhibited the enhancement of neuronal production and
hyper-acetylation of histone H3 lysine in neural precursors. The analysis of genome-wide gene
expression by RNA-seq revealed that the expression of several genes involved in neuronal and
glial differentiation of neural precursors were significantly altered in these embryonic cortex. We
also found that Hippo pathway effector YAP was inactivated in the cortex. Furthermore,
postnatal young male mice exposed maternal HFD display hyperactivity only at night. Taken
together, these results suggest that an unbalanced diet during pregnancy alters the neurogenesis
in embryonic forebrain through the epigenetic changes and the inactivation of Hippo pathway in
neural precursors, and that it may be as a potent risk factor of neurodevelopmental disorder.
Further analysis of the influence of maternal HFD on fetal brain development is currently
underway.
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Abstract: During early eye development, the retinal pigment epithelium (RPE) is apposed to the
neural retina. As the RPE acquires pigment, retinal ganglion cells (RGCs) are born and specified
into the ipsilaterally- and contralaterally-projecting subpopulations. This divergent RGC
projection is the basis for binocular vision. In mice, the ipsilateral projection arises from the
ventrotemporal (VT) retina from embryonic ages (E) 13.5 and E15.5. Our previous studies
identified genes that specify the two RGC subpopulations, e.g., Zic2 and EphB1 that regulate cell
fate and projection of ipsilateral RGCs. In albino mammals, disruption of pigmentation in the
RPE results in a reduced ipsilateral RGC projection. Our studies showed that in the albino mouse
retina, the peak of RGC birth in the VT retina is delayed by about a day, resulting in fewer Zic2-
positive RGCs that are born between E13 and E14, mirroring the reduction of ipsilateral RGCs.
The RGCs that are born at E17.5, instead, express the contralateral RGC marker Islet2 (Bhansali
et al., 2014). These data suggest that the timing of neurogenesis is linked to RGC subtype
specification. To further probe how the RPE and the pigment pathway regulate RGC



neurogenesis and cell fate specification, we compared features of wild type RPE with albino
RPE during embryonic development. First, using IHC, ISH and EM, we analyzed the
morphological and cell biological features of albino and pigmented RPE at E13.5, 15.5 and 17.5.
Cell shape, melanosome localization, and gap junction protein (Cx43) expression, localization
and phosphorylation state are disrupted in the albino RPE. Second, we are identifying gene
expression differences in albino and pigmented RPE at E13.5. Our microarray data analyzed by
GSEA indicates that more genes are upregulated than those that are downregulated in albino
RPE compared with pigmented RPE. Those genes that are enriched in albino retina include
signaling, cytoskeleton, and cell junction/adhesion genes. Signaling genes more highly expressed
in albino RPE compared with pigmented RPE are related to Wnts, BMPs, Hedgehog, and Notch.
Our results suggest that perturbation of the cell biology of the albino RPE during RGC genesis
may affect the integrity of the RPE and in turn, the transmission of factors affecting RGC
specification. These studies should reveal how the RPE normally affects neural retinal
development, and provide guidelines for directing stem cells into RGCs for replacement in
injured or degenerating visual pathways.
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Title: Role of GDNF/GFRal on neural stem cells development
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Abstract: The cerebral cortex is among the most complex of all biological structures and the
major site of higher cognitive functions specific to our species. During its development,
progenitors proliferate in the ventricular zone and then migrate into the cortical layers where they
differentiate into specific cell types. This timed sequence of the developmental process is
controlled by an intrinsic cellular program, as well as extrinsic environmental cues. Because
impaired regulation of progenitors causes many developmental disorders, it is crucial to
understand the mechanisms underlying the behavior of progenitors, including migration,
proliferation, and differentiation. Glial cell line-derived neurotrophic factor (GDNF) was
originally discovered because of its ability to promote the survival of ventral midbrain
dopaminergic neurons. GDNF signals by binding to the glycosylphosphatidylinositol-anchored
receptor GFRal in complex with the canonic receptor tyrosine kinase Ret or the neural cell
adhesion molecule (NCAM). GDNF and its receptor GFRal have been reported to have an
essential role in cell migration and differentiation in the peripheral and central nervous system.
In particular, GDNF can stimulate migration of precursors of inhibitory interneurons in the
rostral migratory stream, and the cerebral cortex. However the role of GDNF/ GFRal in the
forebrain development is still unknown. In the present work, we set out to investigate new roles
of GDNF in the developing nervous system. In particular, we analyzed the role of GDNF and its
receptor GFRal in the development of cortical precursors. Our results indicate that GDNF and
GFRal control the transition of neuronal glutamatergic progenitors from a proliferative state
towards neuronal differentiation, in a Ret-independent manner. We show that GDNF is able to
arrest the proliferation of cultured neuronal precursors induced by bFGF promoting neuronal
morphological differentiation. The physiological relevance of this system in cell cycle arrest and
differentiation of neuronal precursors is being elucidated in GFRal-conditional mice.
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Abstract: Brain development requires the precise timing and control of progenitor cell divisions
to produce neurons which migrate into the six major cell layers of the neocortex. Excitatory
projection neurons arise from the proliferative epithelium lining the cerebral ventricles. Within
this proliferative zone, post-mitotic neurons can be generated from both radial glial cells (apical
progenitors) present at the ventricular zone and by intermediate progenitor cells (basal
progenitors) found predominantly in the subventricular zone. During cell division, the mitotic
spindle is a polarized, microtubule based structure that acts as a cellular scaffold to facilitate the
proper segregation of genetic material. Previous evidence demonstrates that microtubule plus-
end binding proteins (+TIPs) are essential factors in regulating orientation of the mitotic spindle
through connections between the centrosome and kinetochore. In non-neuronal cells, CLIP-
associating proteins (CLASPs) are +TIPs that have been shown to be enriched at both the
centrosome and kinetochore during mitosis and play an important role in regulating spindle
positioning, pole integrity, and chromosome alignment. However, little is known about the role
of CLASPs during neural progenitor divisions of the developing forebrain. To determine whether
brain-enriched CLASP?2 is directly involved in the timing and control of neurogenesis, we
performed in utero electroporation loss-of-function studies. We electroporated shRNA constructs
of CLASP2 or scrambled control into the lateral ventricle of wild type mice at embryonic day
14.5 and analyzed brain sections 48 hours later. During this time, apical progenitors at the
ventricle are transitioning from symmetric, self-renewing divisions to asymmetric divisions
producing post-mitotic neurons and/or intermediate progenitor cells. We found that CLASP2
knockdown caused a specific increase in the Sox2-positive, apical progenitor population with no
overall change in the Tbr2-positive, intermediate progenitor population. In addition, CLASP2
knockdown produced an increase in the percentage of cells expressing the cell cycle marker Ki67
suggesting that the increased apical progenitor population may be stuck in a proliferative state.
These findings correlated with an increase in the angle of the mitotic spindle following CLASP2
knockdown. Overall, our results suggest that CLASP2 has a specific role in the transition of
apical progenitor cells from symmetric to asymmetric divisions affecting the population of
proliferative cells at the ventricle during early brain development.
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Abstract: Bone morphogenetic protein (BMP) regulates neural stem and progenitor cell
maturation by signaling via its receptor subunits. BMP receptor complexes are composed of two
BMP receptor 11 (BMPRII) subunits and two of either BMP receptor 1a (BMPR1a) or BMP
receptor 1b (BMPR1b) subunits. Although BMPR1a and BMPR1b have been reported to have
some overlapping functions, they appear to have divergent roles in the nervous system during
development and post injury. Previous work in our lab have shown that ablation of B1-integrin in
cultured neural stem cells (NSCs) results in increased BMPR1b and decreased BMPR 1a
recruitment to lipid rafts. Additionally, the levels of downstream BMP signaling targets phospho-
P38 and phospho-SMAD1/5/8, along with Glial Fibrillary Acidic Protein (GFAP), increase in the
absence of Blint. These findings suggest a potential increase in astrocytic cell fate as a result of
BMPR1b signaling. In vitro overexpression of constitutive active and dominant negative forms
of the BMPRI receptors suggest that BMPR1b likely mediates astrocytic lineage commitment by
NSCs, while BMPR 1a inhibits NSC astrocytic differentiation. We hypothesize that BMPR 1a and
BMPR 1b mediate different biologic effects on NSCs, such as quiescence or cell fate decisions,
through different downstream transcriptional targets. These downstream targets are being
analyzed via RNA deep sequencing.
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Abstract: The generation of multiple cell types from progenitor pools requires mechanisms to
achieve specificity of cell fate. Previous studies in the cortex and spinal cord suggest that cell
subtype specification is closely related to the time of neurogenesis. In animals with binocular
vision, retinal ganglion cells (RGCs) are divided into two subclasses by their laterality of
projection: ipsilateral RGCs arise exclusively from the ventrotemporal (VT) retina, and
contralateral RGCs arise from all retinal regions and project to the opposite side of the brain. A
balanced production of ipsilaterally and contralaterally projecting RGCs is essential for
generating proper connectivity. Here we explore whether ipsi and contra RGCs can be
distinguished by their time of birth. We also investigated the role of a cell cycle regulatory gene,
Cyclin D2, in RGC generation and axon trajectory. By using EdU birthdating in combination
with subtype-specific RGC markers, we find that of the RGCs that populate the retina at E15,
ipsilateral RGCs are born between E13 and E14, whereas contralateral RGCs are continuously
produced during a longer interval of time that starts at E11. Moreover contralaterally projecting
RGCs arising from VT retina at later stages of development and usually considered “late-born”,
appear to be generated from E13 to 15, earlier than previously thought. Cyclin D2 was identified
as a VT enriched gene at E11-14 (Wang and Mason, unpublished). Several lines of evidence
suggest that CyclinDs can act as regulators of signaling pathways for cell fate decisions. In mice
lacking Cyclin D2, fewer Zic2+ (ipsi) RGCs are apparent at E15, resulting in a smaller ipsilateral
RGC projection through the optic chiasm. No compensatory increase of “late-born” contralateral
RGCs, as measured by Islet2 expression, is observed in Cyclin D2 mutants; analyses are ongoing
with other contralateral RGC markers. Thus, Cyclin D2, as suggested in other brain regions, may
affect the timing and therefore production of specific RGC subtypes. Cyclin D2 might modulate
ipsilateral RGC neurogenesis by affecting timing of birth and/or cell cycle length. To investigate
theses possibilities, we are performing birthdating and cell cycle measurements in mice that lack
Cyclin D2. Together, these results implicate that specification of ipsi versus contra RGC cell fate



occurs through distinct mechanisms involving neurogenic timing, leading to the expression of
factors differentially regulating the phenotype of each subpopulation.
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Abstract: Radial glia-like neural stem cells (RGLs) are known to play a critical role in key
functions for brain development such as extension of their processes to pia mater and guidance
of new born neurons to the proper region in developing cortex. Despite their significant roles,
regulatory mechanisms on RGLs are not well understood. We found that a Ca2+ activated
chloride channel, anoctamin 1 (ANO1) is essential for the RGL function. ANO1 was highly
expressed in RGLs of mouse embryonic brain. The presence of Ca2+-activated currents were
confirmed in RGLs. More importantly, knockdown of ANO1 or ANOI inhibitors suppressed the
process extension and protrusion of RGLs. Furthermore, this phenotype was reversed by
overexpression of ANOI1. More importantly, abnormal processes in RGLs were found in
embryonic brain of Anol-deficient mice. The size of the embryonic brain was significantly
reduced compared to those of wild-type mice. BDNF is known to be essential for neurite
outgrowth in RGLs. Surprisingly, BDNF activated ANO1 in RGLs. Thus, we conclude that
ANOI1 mediates Ca2+ dependent process extension of RGLs during embryonic cortical
development.
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Abstract: The human cerebral cortex depends for its normal development and size on a precisely
controlled balance between self-renewal and differentiation of diverse neural progenitor cells.
Due to their abundance in fetal human cortex compared to other species, a morphologically
distinct progenitor subtype called basal or outer radial glia (ORG) has been suggested to be
crucial to the evolutionary expansion of the human cortex. However, little is yet known
regarding how ORG are molecularly or functionally distinct from other progenitor subtypes. We
first combined progenitor subtype-specific sorting with transcriptome-wide RNA sequencing to
identify genes enriched in human ORG compared to classic ventricular radial glial cells,
including several transcription factors downstream of the key proneural regulator neurogenin, as
well as numerous previously uncharacterized, evolutionarily dynamic long noncoding RNAs.
Next, we performed single-cell transcriptional profiling of progenitors from human, mouse, and
ferret, a gyrencephalic carnivore with abundant ORG, and found that the heterogeneity of
progenitor transcriptional states correlates with size and complexity of the mature cerebral
cortex. We find that a key feature of the diversity of human cortical progenitors is more frequent
co-expression of progenitor and proneural transcriptional programs, suggestive of increased
proliferation and self-renewal of neuronal lineage-committed precursors, which may contribute
to increased neuronal numbers and cortical size. Finally, we have investigated the function of



human ORG-enriched genes in progenitor proliferation and differentiation using the ferret as a
model system. We find that activation of the neurogenin pathway in ferret ventricular radial glial
cells initiates a human ORG-like transcriptional program, and drives delamination of progenitors
from the ventricular surface, a key step in the formation of basal ORG. Altogether, these studies
provide new insights into the molecular drivers of progenitor diversity in human cortex and
suggest genetic mechanisms that may have contributed to the evolution of human cortical
complexity.
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Title: Embryonic ablation of HCN/h current impedes development of the cerebral cortex by
affecting stem cell proliferation and differentiation
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Abstract: The development of the cerebral cortex is a complex process comprising cell division,
differentiation, migration, axonal pathfinding, and synaptogenesis. Impairments in any of these
steps may cause persistent structural and/or functional abnormalities. For all processes involved
in cortical development the spontaneous activity including calcium waves in neurons and its
precursor cells, mediated by intrinsic and extrinsic properties, is of great importance. The
extrinsic properties mainly arise from stimulation of neurotransmitter receptors via synaptic or
volume transmission, whereas the intrinsic biophysical properties of precursor cells and neurons
are defined by their ion channel composition. The hyperpolarization-activated cyclic nucleotide-
gated non-selective cation (HCN) channels mediating the h current (/) shape the biophysical
properties of neurons throughout brain development. HCN channels consist of four subunits that



assemble into homo- or heteromeric tetramers. Our laboratory generated a transgenic mouse line
expressing a dominant-negative HCN subunit (HCN-DN) that led to functional suppression of 7,
independent of the endogenous subunit composition. By expressing the transgene under control
of the EMX1 promoter 7, suppression starts at embryonal day 9.5 (E9.5) in a forebrain restricted
manner. The functional ablation of /, in early prenatal brain development resulted in a severe
phenotype with pronounced microcephalus and reduced neonatal viability, but no alteration in
cell proliferation or apoptosis at postnatal day 0 (PO) could be detected. /n utero electroporation
(IUE) of HCN-DN into the lateral ventricle performed at E15 and analyzed at E19 suggests no
alteration in migration. To assess the impact of 7, blockade on differentiation in vitro, we
pharmacologically blocked I, using ZD7288 in rat cortical stem cells. The preliminary results
show a decrease in proliferation and increased glial and reduced neuronal differentiation of stem
cells upon 7, blockage. Our data support the hypothesis that 7, is an important intrinsic regulator
of the proliferation and differentiation of neural progenitors, and that mutations in HCN channel
genes could lead to severe brain malformations.
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Abstract: Introduction: Deep understanding of human neural stem cell (hNSC) biology is of
primary interest to coax their potential into real cell replacement therapies. NSCs from several
species, including humans, are limited in their proliferative capacity, entering senescence in



culture rather soon. In our lab this issue has been addressed by immortalizing the hNSC with the
best immortalizing gene, viral myc (the p100gag-myc fusion protein between chicken myc and
retrovial gag-pol). Still, another problem remains, the loss of their neurogenic potential with
passaging. Previous work showed that this undesired drift could be overcome by the forced
expression of Bcl-XL transgene. One of the consequences of the forced expression of Bel-XL
was a reduction of GFAP(+) cells during their differentiation, as determined by
immunocytochemistry (ICC). Objective: The role of GFAP in hNSC differentiation has been
largely underexplored. Based on previous studies, it can be postulated that the disruption of
GFAP expression occurring during differentiation of hNSCs might reduce the potential for Glia
generation, and, at the same time, enhance the Neurogenic potential. We examined this
hypothesis in an in vitro model of immortalized hNSC. Methods & Results: Lentiviral particles
encoding shRNAs targeting the GFAP gene have been used to silence protein expression will be
monitored by WB and ICC. A MOI=5 was found to be enough to downregulate GFAP protein
expression. In the differentiated hNSC samples we observed a significantly higher number of
TH(+) cells (p-value < 0.05), indicating that the disruption of GFAP protein expression might
promote acquisition of a neuronal fate. Conclusion: Present data on the silencing of GFAP gene
expression allow to suggest that GFAP protein levels during hNSC differentiation play a role in
neuronal commitment, differentiation or both.
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Title: Histone demethylase LSD1 controls Notch signaling and GABAergic neuronal
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Abstract: Neural stem cells (NSCs) are defined as cells that posses the ability to self renew and
to differentiate into three major cell types, neurons, astrosytes and oligodendrocytes of central
nerves systems (CNS). The fate specification of NSCs in cortex of embryonic mouse brain is
controlled by epigenetic modifications such as DNA methylations and histone modifications.



However, the role of epigenetic modification in fetal NSCs during the development of primate
cerebral cortex, which possesses more elaborate structures and functions compared with those of
rodent, remains largely unknown. To address this issue, we investigate the function of epigenetic
factors in human NSCs (hNSCs) that were derived from cerebral cortex of fetus and are
expanded continuously in monolayer culture. We found that the inhibitor for lysine specific
demethylase 1 (LSD1), which is a histone demethylase of mono- and di-methylated lysine 4 and
9 on histone H3, suppressed the GABAergic neuronal differentiation of hNSC. Furthermore,
LSD1 inhibitor also upregulated several genes, including HESS and HEYL, which are target
genes of Notch signaling, at initial stage of neuronal differentiation. These results implied that
histone demethylation by LSD1 play an important role in the development of GABAergic neuron
through the regulation of Notch signaling in hNSCs.
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Abstract: The cerebral cortex is composed of distinct types of neurons that assemble into
specific circuits during development. While much progress has been made in understanding the
type-specific gene expression of these neurons once they reach the cortex, their early post-
mitotic, pre-circuit biology remains largely unexplored. To investigate these primordial
differentiation processes, we developed a novel technology which allows in vivo labelling of
select time- and phase-locked cohorts of newborn neurons right from the time of mitotic
division. Through the real-time resolution provided by this approach, we were able to
longitudinally characterize cell-type specific primordial transcriptional activity as it was
unfolding in nascent neurons in the crucial 12 hours following cytokinesis. Our results provide a



first insight into the type-specific incipient genetic programs that direct the initial steps of
neuronal differentiation and shed light on the transcriptional dynamics underlying cellular
diversity and plasticity in the developing mammalian neocortex.
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Abstract: During retinal development, retinal progenitors differentiate to give rise to six
neuronal and one glial type. This process requires a fine modulation in gene expression to confer
identity and specific functions to each cell. MicroRNAs have the ability to regulate hundreds of
genes at posttranscriptional level, arising as great candidates of differentiation regulation.
Previous reports have shown the expression patterns of retinal miRNAs, however, is still
necessary to identify patterns of cell-specific miRNAs in order to gain better understanding on
miRNA regulation in each retinal subpopulation. Here, we identify a subset of rod-enriched
miRNAs, which may be implicated in the acquisition of rod phenotype. For this purpose, we
FACS-isolated CD73-positive rods and by miRNA arrays, we analyzed their profile expression;
afterwards, using qPCR, we validated a subset of miRNAs as rod-enriched. Subsequently, we
analyzed the expression levels of those miRNAs in a differentiation protocol towards rod
phenotype. We found a preferential expression of miR-183, 182, 124, 9*, 181c and 301b* in
rods. When Miiller glia-derived progenitors (MGDP) are committed to early neuronal
phenotypes, there is a upregulation of miR-124 expression and these levels of expression are
sustained during acquisition of rod-like phenotype and are accompanied with the upregulation of



mir-9* and 181c. This work makes a progress in the establishment of miRNA signature in rods
and suggests an important role of miRNAs during MGDP acquisition of rod-like phenotype

Disclosures: H. Quintero: None. A.I. Gomez-Montalvo: None. M. Lamas: None.

Poster

116. Embryonic Neurogenesis

Location: Hall A

Time: Sunday, October 18, 2015, 8:00 AM - 12:00 PM
Program#/Poster#: 116.20/A20

Topic: A.01. Neurogenesis and Gliogenesis

Title: Genetic disruption of O-GlcNAcase results in impaired neurogenesis in the developing
mouse brain

Authors: *C. LEE, Y. YANG, J.-H. HUR, E.-K. KIM, P.-G. SUH;
UNIST, Ulsan, Korea, Republic of

Abstract: The monosaccharide N-acetyl-D-glucosamine can be added to serine or threonine
residues of nuclear and cytoplasmic proteins to form O-linked N-acetylglucosamine (O-GIcNAc)
as a post-translational modification. The addition and removal of O-GlcNAc, a dynamic cycling
process, are catalyzed by O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA), respectively.
Importantly, it has been shown that O-GIcNAc level is closely related to a diverse physiological
function such as cell division, cell signaling, metabolism, and apoptosis. O-GIcNAc is abundant
in the brain and O-GlcNAc cycling is crucial for normal brain functions as well as for the
etiology of neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease.
However, the role of O-GIcNAc in the developing brain is not well known. To investigate the
cellular and physiological roles of OGA associated with dysregulation of O-GIcNAcylation, we
previously generated OGA homozygous null (OGA-/-) mice, which have constitutively elevated
O-GlcNAc levels. Here we show that OGA gene was highly expressed in the ventricular zone
(VZ) and subventricular zone (SVZ) of the developing brain. OGA-/- embryonic brain had a
thinner cerebral cortex, most obvious in the cortical plate, and enlarged lateral ventricles. The
number of dividing cells in the VZ was normal in the OGA-/- embryonic brain. OGA-/- mice
exhibited reduced number of postmitotic neurons in the VZ of the ganglionic eminence whereas
similar in the VZ of the dorsal pallium compared with WT. Together, these findings indicate that
the absence of OGA leads to impaired neurogenesis in the developing brain in a region-specific
manner.
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Abstract: The cerebral cortex controls complex human traits such as memory and language.
Neurons of the cerebral cortex are produced during embryonic neurogenesis. During this process,
radial glia cells (RGCs) undergo self-renewal to expand their population and differentiation to
produce neurons and intermediate progenitors (INPs), which also generate neurons. Disruption
of embryonic neurogenesis underlies numerous neurodevelopmental disorders including
microcephaly and autism. Therefore to understand the pathogenesis of these disorders it is
critical to identify genes regulating neurogenesis. Our lab recently discovered that
haploinsufficiency of either Magoh or Rbm8a causes microcephaly in mice. Both Magoh and
Rbmé8a mutants have defective RGC proliferation leading to fewer INPs and ectopic production
of neurons that undergo extensive apoptosis. Magoh and Rbm8a form the exon junction complex
(EJC) with Eif4a3. The EJC bind RNA and mediate RNA splicing, localization, translation, and
non-sense mediated decay. Emerging evidence shows that mutations and copy number variations
in EJC components are associated with human neurodevelopmental disorders. All EJC core
components are highly expressed in the developing brain, indicating that these components may
act together to regulate cortical development. To test this, we generated Eif4a3 conditional
mutants and found that haploinsufficiency of Eif4a3 causes phenotypes similar to Magoh and
Rbmé8a mutants. Using deep RNA-sequencing of all three mutants, we identified overlapping
RNA targets of the EJC, including transcription factors critical for cell fate determination, such
as Tbr2. Using RNA immunoprecipitation (RIP) from embryonic cortices, we also discovered
that core EJC components interact with RNA encoding critical neurogenesis genes. Our data
argue that EJC components work together to regulate RGC proliferation and differentiation.
Future proteomic, electroporation, and genomic experiments will further elucidate how EJC
components impact brain development. Given the strong association of EJC mutations and
human neurodevelopmental disorders, our studies are likely to be of clinical relevance.
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Abstract: In recent years, several key controls over specification and differentiation of
neocortical projection neurons have been identified. These studies have focused on controls that
specifically distinguish one subtype of neocortical projection neurons, e.g. corticospinal motor
neurons (CSMN), from closely related corticothalamic projection neurons (CThPN) or
intracortical callosal projection neurons (CPN). However, these broad subtypes of neurons
exhibit known anatomical heterogeneity. For instance, CSMN somatotopically and precisely
target specific segments along the rostrocaudal axis of the spinal cord, the molecular basis for
which remains unknown. CSMN located rostro-laterally in the neocortex extend axons to
proximal targets, such as the pons and medulla (i.e. hindbrain) and to the cervical cord
(collectively “CSMNc”) and those located caudo-medially extend their axons more distally to the
lumbar spinal cord (“CSMNL”’). We investigated the molecular determinants over CSMN
segmental target specificity. We selectively isolated CSMN¢ and CSMN{ at three critical
developmental times, and identified differentially expressed genes between these two CSMN
subpopulations during development. Using gain- and loss-of function analyses, we identified
molecular controls that function to direct CSMN axon extension to appropriate levels of the
spinal cord (short axon extension by CSMN¢ and long axon extension by CSMNy ). Interestingly,
we find that some of these controls associate with subtype-specific forms of CSMN disease in
humans. We focused our efforts on molecular controls specifically expressed by CSMN, since
this population has undergone substantial expansion through evolution from rodents to primates



and humans, and potentially represents an evolutionarily "newer" CSMN sub-population. We
identified a previously unstudied molecular control, that acts, at least in part, as a transcriptional
regulator to suppress expression of CSMNL genes in CSMNg, to limit their axon extension to the
cervical cord. This provides a potential mechanism that might have allowed for the expansion of
this subpopulation during evolution. Further, analysis of recently available transcriptome of the
developing human brain indicates that its spatiotemporal expression is conserved in humans.
Together, these newly identified controls constitute new, bi-directional mechanisms directing
CSMN axonal targeting, and lay the foundation for more in-depth studies of mechanisms
directing CSMN subtype-specification, as well as the development, regeneration, and evolution
of precise corticospinal circuitry.
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Abstract: Adult hippocampal neurogenesis is a process generating new functional neurons from
adult neural stem/precursor cells (NSCs) that has a critical role in memory formation and
cognitive functions. It is currently accepted that a combination of neurogenic niche signals and
cell intrinsic programs orchestrate the transition from undifferentiated NSC state to a progenitor
cell committed to the neuronal fate. In particular, the neurogenic process depends on the
expression of the basic helix-loop-helix (bHLH) transcription factors, finally resulting in the
activation of a neuronal gene cascade. Compelling evidence shows that among the molecules
released by the neurogenic niche, D-serine represents an important co-agonist of N-methyl-D-
aspartate (NMDA) receptors whose activation has been shown to enhance NSC proliferation in
vitro and adult neurogenesis in vivo. Moreover, abnormal levels of D-serine have been reported
in aging and Alzheimer’s disease, conditions in which dysregulation of glutamatergic system is
associated with impaired neurogenesis. Here we investigated the effects of exogenous
administration of D-serine on cultured adult hippocampal NSCs to identify the molecular
mechanisms underlying its neurogenic effect. To this aim we performed real-time RT-PCR on



cellular extracts obtained from NSC cultured under both proliferative and differentiating
conditions. Our findings demonstrated that addition of D-serine to the culture medium
significantly increased the proliferation of undifferentiated NSCs and this effect was associated
with a marked enhancement (+217% of control cells, p<0.05) of the pro-proliferative Hes1 gene
expression. In differentiating NSCs cultured in the presence of D-serine expression of the
determination gene Mash1 was higher than controls (+50%, p<0.05) and it reached a peak circa
24h earlier, thus suggesting early cell commitment to the neuronal fate. It has been recently
demonstrated that activation of NMDA receptors increases proliferation and differentiation of
NSCs (Joo et al., 2007). In light with this evidence we evaluated whether the addition of D-
serine in NSC culture medium also affects the expression of NMDA receptor subunits. Our real
time PCR data demonstrated an earlier and increased expression of the NR1, NR2A and NR2B
subunits (+300%, +500%, +75% respectively, p<0.05) in differentiating NSCs cultured in the
presence of D-serine. Collectively, these results suggest that D-serine positively modulates
neurogenesis by accelerating NSC commitment to the neuronal phenotype and the expression of
NMDA receptor subunits.
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Abstract: Remodeling of the larval nervous system during development is necessary for the
development of adult specific behaviors in the fruit-fly Drosophila melanogaster. During
metamorphosis, five pairs of abdominal nerves fuse together to form a terminal nerve trunk
(TNT) as they exit the CNS. The nerves later defasciculate from the TNT at appropriate
segmental levels to innervate the body wall. Glial cells are likely to play a significant role in this
process, as we have determined by following the remodeling of four ensheathing layers. The



most external layer, the neural lamella and the most internal wrapping glial layer are absent
during the entire process of TNT formation. However, the two other glial layers- the perineural
glia (PG) and the sub-perineural glia (SPG) persist during this process. Confocal microscopy
analyses have been substantiated by transmission electron microscopy (TEM) to study the
ultrastructural changes that take place during peripheral nerve reorganization. The present study
focuses on the role of the PG and SPG glial layers in TNT formation. A three-fold increase in the
glial population was observed during the first day of metamorphosis (25% of development),
when 75% of the cells comprises of perineural glia. Induction of perineural glial cell death by
targeting Diphtheria Toxin (DT), results in abnormal defasciculation patterns in 100% of animals
(n=15). TEM studies are currently underway to identify the nature of ultrastructural changes in
these mutants. Cells of the SPG layer will also be manipulated by targeting Diphtheria Toxin
(DT), and the TNT will be examined using confocal analyses and TEM. The study of glial
remodeling in Drosophila will lay the groundwork for future studies on the role of glia- neuron
communication during TNT formation, and could lead to the establishment of a model system to
study gliopathies.
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Abstract: abstract:cholinergic neuron systems which regulate the acetylcholine signal underlies
specific aspects of cognitive functions and behaviors, and involved in the pathophosiology of
some neuropsychiatric disorders. We focused on the inducible cholinergic system inhibition
model based on transgenic mice and a nobel phenomenon was observed during our previous
experiments: intensively inhibited individual showed smaller quantity of weight growth ranged
from induction period. So we accumulate abundant (n=396) data of induced transgenic model
(inductive agent tamoxifen) and we first classifying the inhibition degree as control (without
inhibition gene), slight(less than 30% cholinergic neuron inhibited), medial(30%--60%inhibited



), intensive( more than 60% inhibited). There exists no differences in weight growth between
those groups except intensive group which in analogous original weight with other groups
manifest remarkable lower weight growth compared with them. The phenomenon showed than
there might be a indirect pathway of cholinergic system participated in the growth and
development of mice which might be compensatory via other neuronal system when cholinergic
system is partly restricted. Yet highly restriction to the function of cholinergic system would
interfere with the weight growth of young mice which indicate that cholinergic system could
indirectly impact the growth of young mice. Keywords: cholinergic system, tamoxifen, weight
growth
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Abstract: The embryonic patterning and development of the CNS rely on the combinatorial
effect of secreted factors, such as sonic hedgehog (Shh) and wingless (Wnt) that establish gene
regulatory networks which in turn, will guide the basic developmental processes including cell
proliferation and specification. These molecules display a distinct expression pattern; Wnts are
expressed dorsally and guide the neuronal progenitors into glutamatergic fate whereas the
ventrally secreted Shh specifies GABAergic inhibitory cell population. Thus, a fine co-
ordination of Wnt and Shh signaling pathways is required for the proper development of the
forebrain. Despite the importance of these molecules, little is known about their expression
pattern during the human fetal brain development. A possible reason is the limited availability of
human embryonic tissue and the difficulty to detect secreted factors by immunohistochemistry
(IHC). Thus, we used in situ hybridization (ISH) to determine the spatiotemporal expression
pattern of Shh and Wnts in a wide range of developmental stages of human fetal brain (15-
24gw). Combining ISH with IHC, we identified the Shh and Wnt-expressing cells in the human



dorsal and ventral telencephalon. We also assessed the expression pattern of the major members
of Shh and Wnt signaling, such as the receptors and the downstream effectors that lead to
transcriptional activation. Interestingly, we detected differences between mouse and human that
can be due to the species-specific cis-regulatory elements controlling gene expression.
Evolutionary changes in cis-regulatory elements have been associated with the presence of a
primate-specific interneuron progenitor pool in the cortical VZ/SVZ, which we previously
showed, that can be modulated by Shh (Radonjic et al., 2014). Here, to study the role of Wnt
signaling in the specification of human telencephalic progenitors, we performed pharmacological
in vitro experiments in enriched radial glial cell (RGC) cultures isolated from fetal human dorsal
and ventral brain. We studied the effects of Wnt agonist (CHIR99021) and antagonist (XAV939)
on cell proliferation and differentiation of human RGCs and found that, in accordance with
mouse studies, activation of Wnt signaling in human RGCs mainly promotes increased cell
proliferation and induction of glutamatergic neurogenesis.
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Title: Hyaluronic acid-based hydrogels designed to direct oligodendrocyte differentiation
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Abstract: Introduction: Many disorders of the central nervous system (CNS) cause extensive
death of highly specialized cells, such as motor neurons and oligodendrocytes. Although neural
stem/progenitor cells (NS/PCs) are capable of differentiating into these specialized cells, this
process is inefficient and has failed to mediate substantial repair of CNS function. In order to
effectively employ cell-based therapies clinically in the CNS, it is imperative to develop
strategies to direct differentiation of large numbers of NS/PCs. NS/PCs can differentiate into
neurons, astrocytes and oligodendrocytes; however, this work focuses on the process of
oligodendrocyte lineage (OL) differentiation. We posit that coordination of extracellular matrix
and growth factor cues is necessary for OL maturation. Thus, we have developed 3D, culture



microenvironments in which the combinatorial effects of soluble and substrate-mediated cues on
OL differentiation can be evaluated independently and in combination. Materials and Methods:
Sodium hyaluronate (~700 kDa) was modified with thiol groups and cross-linked with 20 kDa 4-
arm PEG-maleimide. Cysteine-terminated, integrin-binding peptides were added to facilitate
NS/PC attachment and differentiation. NS/PCs derived from human H9 embryonic stem cells
were cultured in 3D, hyaluronic acid (HA) hydrogels for 3 weeks in media formulated for stem
cell proliferation or OL differentiation. After 3 weeks, cell/hydrogel constructs were fixed and
characterized by immunolabling of OL markers. Results and Discussion: After culturing for 3-
weeks in 3D, HA hydrogels in differentiation media, NS/PCs showed increased expression in OL
markers (NG2, PDGR-alpha, CNPase) and decreased expression of markers for pluripotency
(nestin, Sox2) than those cultured on laminin-coated glass coverslips in otherwise identical
conditions. Addition of differentiation promoting factors to the medium further enhanced this
effect. Cells grown in HA hydrogels also expressed higher levels of the HA receptor CD44 than
those grown on laminin-coated coverglasses. Finally, proliferation of NS/PCs embedded in HA
hydrogels was dependent on the identity of adhesive peptides incorporated. Specifically, peptides
containing the RGD binding motif increased proliferation. Conclusions: These novel hydrogels
mimic the HA-rich, native spinal cord environment, can be easily modified with biomolecules,
such as adhesive peptides, and provide a means for biocompatible, 3D culture. Results
demonstrate that 3D culture of human NS/PCs in HA-based hydrogels increases efficiency of OL
differentiation compared to standard, 2D cultures.
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Title: Single-cell analysis reveals that endogenous retrotransposons generate somatic mosaicism
in the neurons and non-neuronal cells
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Abstract: It has long been thought that neuronal genomes are invariable; however, recent studies
have demonstrated that mobile elements actively retrotranspose during neurogenesis, thereby
creating genomic diversity between neurons. In addition, mounting data demonstrate that mobile
elements are misregulated in certain neurological disorders, including Rett syndrome and
schizophrenia. The unique composition of genetic mosaicism present in the brain may contribute
to disease and also the behavior differences observed between genetically identical organisms.
Many questions remain regarding the regulation of retrotransposition, the full characterization of
other mobile elements and the functional significance of retrotransposition during neurogenesis.
Because each individual neuron has the potential to have a unique genome, single-cell
approaches are essential to measure and observe this genomic diversity, which is obscured in
bulk samples. I will present data using single-cell genome and transcriptome sequencing to
characterize the nature and regulation of neuronal genome mosaicism. In order to address the
question whether somatic retrotransposition occurs in other tissues and, more generally, how it
impacts human development and function, we developed a targeted sequencing approach to
identify Alu and L1 retrotransposition events in single cells and bulk tissues. We applied this
method to cortex, hippocampus, heart and liver postmortem samples from four non-diseased
young adults. We confirm that somatic L1 retrotransposition occurs in hippocampal neurons, and
we also found evidence of somatic Alu retrotransposition in the liver as well as somatic L1
retrotransposition in non-neuronal cells in the cortex. We did not observe any cell-type specific
difference in estimated rates of retrotransposition. These findings suggest that somatic
retrotransposition is not restricted to neurons but occurs as part of the normal condition of human
somatic cells. We also apply single-cell transcriptomic approaches to quantify the level of
diversity present in cells with retrotransposition and identify regulators of somatic
retrotransposition.
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Abstract: Transcription-regulating long non-coding RNAs (IncRNAs) have the potential to
control site-specific gene expression of thousands of targets. Previously, we showed that Evf2,
the first described ultraconserved IncRNA, increases association of transcription activators (DLX
homeodomain proteins) to key DNA enhancers, but represses gene expression. Loss of Evf2
results in GABAergic interneuron defects, reducing GABAergic synaptic inhibition in the adult
hippocampus. Here, mass spectrometry shows that the £vf2/DLX1 ribonucleoprotein (RNP)
contains SWI/SNF related chromatin-remodelers, Brahma related gene 1 (BRG1, SMARCA4)
and Brahma-associated factor (BAF170, SMARCC?2) in developing forebrain. The importance of
BRGI1/RNA and BRG1/homeodomain interactions in neurodevelopmental disorders is
underscored by the finding that mutations in Coffin Siris Syndrome, a human intellectual
disability disorder, localize to the BRG1 RNA binding and DLX1 binding domains. /n vitro
studies show that both RNA/BRG1 binding and RNA inhibition of BRG] ATPase/remodeling
activity is promiscuous, suggesting that context is a critical factor in RNA-dependent chromatin
remodeling inhibition. Together, these experiments support a model where RNAs convert an
active enhancer to a repressed enhancer by directly inhibiting chromatin-remodeling activity,
revealing a novel regulatory mechanism in GABAergic interneuron precursors.
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Abstract: Cellular prion protein (PrP®) is a glycosylphosphatidylinositol (GPI)-anchored
membrane glycoprotein that plays several roles in cellular homeostasis and neuroprotection.
However, its conformational change may lead to loss of function and accumulation of protein
aggregates. It is plausible to speculate that the conformation of PrPC can be easily altered by
reactive oxygen species (ROS) due to its high expression level and the presence of repetitive
octapeptide sequences (PHGGGWGQ) which are enriched of amino acids that are more
susceptible to oxidation. Thus, PrPC can neutralize ROS, but the modified PrPC would be
degraded. ROS are produced as byproduct in several metabolic pathways. Oxidative metabolites
can also be generated from autoxidation of dopamine (DA) or from enzymatic deamination.
Therefore, our purpose was to characterize the PrP® turnover during the N2a differentiation into
dopaminergic neurons. The differentiation was effectively accomplished using 1 mM dibutyryl
cAMP, which induced the expression of tyrosine hydroxilase (TH) and the production of
DOPAC, a dopamine metabolite. Despite the effective differentiation, we could not observe
enhanced production of ROS, which was assessed by DCFDA and CellRox. However, the
differentiation reduced the level of total PrPC as well as the membrane fraction. This reduction
was not triggered by increased degradation, indicating that the PrPC expression was down-
regulated while TH expression was induced by dibutyryl cAMP. Knockdown of PrP® by sSIRNA
also increased TH levels. Our data suggest that PrP® participates in regulation of TH expression
as its suppressor.
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Abstract: Accumulating evidence from work on ion-regulatory proteins (IRPs), such as ion
transporters and carbonic anhydrases (CAs), show that they are of fundamental importance in a
wide spectrum of molecular and cellular mechanisms controlling brain development, plasticity,
and disease'. We have recently shown that the neuron-specific chloride transporter KCC2 is, in
addition to its well-known role in chloride extrusion, a multifunctional protein which has an
important structural factor in the generation of dendritic spines in cortical neurons'. The present
work focuses on another neuron-specific IRP, CA isoform VII (CA VII) and demonstrates that in
addition to its previously known role in neuronal pH regulation’, and thereby in the modulation
of ionic plasticity in GABAergic synapses, CA VII has a structural role via direct interaction
with filamentous actin (F-actin). We have shown that mouse hippocampal neurons are endowed
with two catalytically highly active cytosolic CA isoforms (VII and II) and that these isoforms
are fully responsible for CA-dependent modulation of somatic and dendritic pH. In the present
study, the subcellular localization of CA VII and II was studied by overexpressing them in rat
cortical neurons in vitro and in vivo and in cultured fibroblasts. In cell cultures, CA VII, but not
CA 1I, showed strong co-localization with F-actin. Direct interaction of CA VII and actin was
confirmed with actin pull-down assay. In cortical neurons, both in cultures and in vivo, CA VII
localized strongly to dendritic spines. To address the CA VII-actin interaction we did molecular
modelling and constructed CA VII mutants. We identified domains that were crucial for CA
VII’s interaction with F-actin and probably for its spine targeting. Spine density analysis of WT



and CA7 KO mouse cortical layer 2/3 neurons, performed as described before?, showed
increased spine number in the CA VII KO mice. Together with the distinctive over-expression
phenotype of CA VII transfected neurons in WT mice, these results provide further support to a
novel morphogenic role of CA VII in neurons. References: 1. Kaila K, Price TJ, Payne JA,
Puskarjov M, Voipio J (2014) Nat Rev Neurosci 15:637-654 2. Puskarjov M, Seja P, Heron SE,
Williams TC, Ahmad F, Iona X, Oliver KL, Grinton BE, Vutskits L, Scheffer IE, Petrou S,
Blaesse P, Dibbens LM, Berkovic SF, Kaila K (2014) EMBO Rep. 15:723-729 3. Ruusuvuori E,
Huebner AK, Kirilkin I, Yukin A, Blaesse P, Helmy M, Jung Kang H, El Muayed M,
Christopher Hennings J, Voipio J, Sestan N, Hiibner CA, Kaila K (2013) EMBO J. 32: 2275-86
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Abstract: Sigma-1 receptors (Sig-1Rs) are ligand-regulated membrane proteins which function
as molecular chaperones in the endoplasmic reticulum (ER) that plays important roles in the
proper folding and quality control of proteins. Our recent works indicate that Sig-1Rs not only
exist at the ER and plasma membrane but also exist in the nuclear envelope (NE). NE is a
contiguous structure of the ER network that provides bidirectional nucleo-cytoplasmic transport
of macromolecules through the nuclear pore complex (NPC). The NPC is comprised of multiple
copies of 30 different proteins that facilitate transport of karyopherin-cargo complexes through
the nuclear pore. We test the hypothesis that Sig-1Rs at the NE may at least in part associate with
the NPC and thus participate in the functioning of NPC. We found that Sig-1Rs exist in the
isolated fractions of NE and NPC by using nuclei sub-fractionation procedures. Sig-1Rs also



partly co-localize and interact with NPC as seen from the immunostaining and
immunoprecipitation assays. Sig-1R depletion in HeLa cells slightly attenuates the nuclear
import of the nuclear factor of activated T cell (NFAT), suggesting that Sig-1Rs are involved in
the control of nuclear transport. The post-translational modifications (PTMs) of proteins may
also occur as they are translocated between the cytoplasm and the nucleus. The modification
includes SUMOylation which covalently adds small ubiquitin-related modifier (SUMO) to lysine
residue of its substrates by an enzymatic cascade. It has been shown that SUMO-conjugating
enzyme UBC9 as well as the de-SUMO enzyme sentrin-specific proteases (SENPs) is also
localized in the cytoplasmic filaments of NPC and NE. The results from our
immmunoprecipitation assay and in vitro pull-down assay revealed that Sig-1Rs interact with
UBCO9. Those results together suggest that Sig-1R may be modified by SUMO. To investigate
the PTM of Sig-1R by SUMO, we generate recombinant glutathione S-transferase (GST)-tagged
proteins including full-length and three truncated fragments of mouse Sig-1R. The in vitro
SUMOylation assay revealed that full-length (amino acids 1 to 223) and truncated (amino acids
80 to 173) of recombinant Sig-1Rs can be conjugated by SUMO-1, which belongs to a subtype
of SUMO family. In addition, mutation of the lysine residue of Sig-1R at amino acid 142 to
arginine completely abolished the conjugation by SUMO-1 using either in vivo or in vitro
SUMOylation assay. In this study, we demonstrated a novel PTM of Sig-1R chaperone that may
occur at the NPC. Our results suggest that SUMOylation status of Sig-1R at the NPC may play
potential roles in the nucleo-cytoplasmic transport of macromolecules.
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Title: DNA polymerase B activity in neural progenitors is required for postmitotic neuronal
survival in the developing cortex
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Abstract: DNA repair is essential to maintain the genome stability in all cell types including
neuronal cells. It has been demonstrated that lack of DNA polymerase 8 (Polf}), an enzyme of the
base excision repair (BER) pathway, results in neuronal apoptosis in the developing cortex (Sugo
etal.,, EMBO J, 19, 1397-1402, 2000). However, how Polf functions on cortical cells during
development is totally unknown. We addressed this issue by investigating phenotypic differences
between two distinct forebrain-specific Polp conditional knockout mice, Emx1-CRE/Polp™" and
Nex-CRE/Polp™ mice. In Emx1-CRE/Polp™" embryos, in which Polp function is inactivated in
all excitatory cortical cells including progenitor cells, the majority of cortical plate (CP) cells but
not ventricular zone (VZ) cells showed cleaved caspase3-positive apoptosis in E14.5, similarly to
the phenotype of Polp”” embryos. In Emx1-CRE/Polp™" embryos, yH2AX-foci
immunopositivity was also increased in the majority of both CP and VZ cells, indicating the
occurrence of DNA double-strand breaks (DSBs). In contrast, E14.5 Nex-CRE/Polp™" embryos,
in which Polf becomes inactivated after the final mitosis, showed such abnormalities in neither
CP nor VZ cells. To further investigate the influence by the lack of the BER pathway, cultured
PolB-deficient cortical progenitors were treated with a base-damaging agent, methyl
methanesulfornate. This treatment increased occurrence of not only DNA single-strand breaks
but also DSBs during S phase. Taken together, our results suggest that Polf contributes to
neuronal survival in the developing cortex by reducing the catastrophic risk of conversion from a
base damage into DSB in neural progenitors.
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Title: Overexpression of human gata-1 and gata-2 interferes with spine formation and produces
depressive behavior in rats
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Abstract: Functional consequences to which vertebrate GATA transcription factors contribute in
the adult brain remain largely an open question. The present study examines how human GATA-
1 and GATA-2 (hGATA-1 and hGATA-2) are linked to neuronal differentiation and depressive
behaviors in rats. We investigated the effects of adeno-associated viral expression of hGATA-1
and hGATA-2 (AAV-hGATA1 and AAV-hGATA?2) in the dentate gyrus (DG) of the dorsal
hippocampus on dendrite branching and spine number. We also examined the influence of AAV-
hGATA1 and AAV-hGATA?2 infusions into the dorsal hippocampus on rodent behavior in
models of depression. Viral expression of hGATA-1 and hGATA-2 cDNA in rat hippocampal
neurons impaired dendritic outgrowth and spine formation. Moreover, viral-mediated expression
of hGATA-1 and hGATA-2 in the dorsal hippocampus caused depressive-like deficits in the
forced swim test and learned helplessness models of depression, and decreased the expression of
several synapse-related genes as well as spine number in hippocampal neurons. Conversely,
shRNA knockdown of GATA-2 increased synapse-related gene expression, spine number, and
dendrite branching. The results demonstrate that hGATA-1 and hGATA-2 expression in
hippocampus is sufficient to cause depressive like behaviors that are associated with reduction in
spine synapse density and expression of synapse- related genes.
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Title: The ErkS5 signaling cascade and its possible role in modulating nurr] transcriptional
activity in the mouse developing midbrain
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Abstract: The nuclear receptor nurrl (NRA4A?2) is an essential player in the development and
maintenance of gene expression in developing midbrain dopamine neurons and seems to confer
neuroprotection to these neurons. Differently from other members of the nuclear receptor
superfamily of transcription factors, nurrl transcriptional activity does not seem to be under the
control of a ligand. In addition, the quest for nurrl modulators has provided no specific insights
into the mechanisms governing the activation and inactivation of this important developmental
transcription factor. However, the identification of regulators would be extremely useful to
clarify the mechanisms by which nurrl confers neuroprotection to dopamine neurons. The
Extracellular Signal-Regulated Kinase 5 (ErkS) signaling pathway is implicated in neuronal
differentiation and cell survival in response to environmental stressors in different cell types.
Interestingly, Erk5 can interact and enhance the activity of nurrl in vitro. However, no clear
evidence exists of the presence of Erk5 in midbrain neurons. In the present study, we wanted to
address the possible implication of the Erk5 signaling cascade in the development of midbrain
dopamine neurons in mice. We have undertaken the systematic analysis of mRNA and protein
expression of Erk5 and the main components of the signaling cascade in the midbrain during
dopamine neuronal development. Preliminary data suggests that some components of the Erk5
signaling cascade are expressed during midbrain development. The goal is to determine if nurrl
and Erk5 are coexpressed in developing dopamine neurons to further explore the role of this
signaling cascade in regulating nurrl transcription activity and mediating neuroprotection.
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Title: Role of reactive oxygen species and NADPH oxidases in the action of NMDA and high
potassium in developing cerebellar granule neurons
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Abstract: Increasing evidence reveals a fundamental role of reactive oxygen species (ROS) in
physiological and developmental processes. However, the mechanisms underlying such
influence remain unclear. NADPH oxidases (NOX) are thought to be one of the main sources of
these ROS, and the inhibition of NOX negatively affects neural differentiation, axon growth, and
neurogenesis. On the other hand, in previous studies we demonstrated that depolarizing
conditions (25 mM KCI, K25) and N-methyl-D-aspartate (NMDA) promote neuronal survival
and maturation of cultured rat cerebellar granule neurons (CGN). It has also been shown that
NMDA receptors are implicated in neuronal migration of CGN. Besides, it has been proposed
that the activation of the NMDA receptor produces ROS from NOX2. Thus, all these evidences
suggest that ROS and NOX may play an important role as mediators of some trophic conditions
such as potassium depolarization and NMDA receptor activation during cerebellar development.
In this work, we evaluated whether ROS and NOX are involved in the trophic actions of NMDA
and K25 in CGN. In order to evaluate this possibility, we cultured CGN from 0 to 7 days in vitro
(DIV) under physiologic concentrations of KCI (5 mM, K5) with or without 150 uM NMDA
(NMDA) or depolarizing concentrations of KCI (25 mM, K25) that are believed to mimic the
presynaptic trophic action on CGN. Cells were treated also with the antioxidants MnTMPyP and
EuK-134, as well as the NOX inhibitors apocynin and AEBSF, and cell ROS levels, cell viability
and neuronal migration were measured. Under these conditions, we observed that CGN cultured
under all three conditions showed a marked increase in the ROS levels during 0-2 DIV, but from
3-5 DIV, CGN in K25 reduced ROS levels, while K5 and NMDA maintained a relatively high
concentration of ROS. Under these conditions, K25 markedly reduced cell death that was
observed at 3-7 DIV under K5 or NMDA conditions. Both, MnTMPyP and apocynin, reduced
the effect of K25 on CGN survival. In addition, only NMDA significantly increased the rate of
neuronal migration and all antioxidants and NOX inhibitors tested markedly reduced CGN
migration. These results suggest that ROS could play a critical role in some developmental
processes of CGN and that the trophic actions of potassium depolarization and NMDA receptor
activation seem to be mediated by ROS probably produced by a NOX. At early times of
development, the production of ROS seems to be critical for neuronal maturation. During a
second stage of CGN development, ROS levels reach a low basal state to allow cell survival,
otherwise this would lead to the activation of the programmed cell death
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Abstract: The generation of complexity and diversity in the nervous system throughout
evolution has been a fundamental area of research in neuroscience. It has been proposed that
differences in gene regulation (epigenetic, transcriptional, post transcriptional, translational and
post translational) could be responsible for the complexity and diversity in nervous systems.
More recently evidence has shown that there is a trend in increased splice variants in the nervous
system from reptiles to primates during development. Suggesting that splice variants may allow
for increased complexity and diversity during evolution. However, due to the complexity of the
nervous system, testing these hypotheses is difficult. Using the nematode, Caenorhabditis
elegans, these hypotheses can be examined at a single neuron level. Previous studies have shown
that evolutionarily conserved transcription factors are both necessary and sufficient for the post
mitotic differentiation of different motor neurons. By examining the transcriptional regulation of
one such factor, the COUP-TFII homolog, UNC-55, mechanisms of both differential
transcription and isoform specific regulation of the expression of UNC-55 can be examined
between motor neuron subtypes. Utilizing bioinformatics, putative transcription factor binding
sites (cis sites) of the MEIS domain transcription factor, UNC-62 were found on the unc-55
promoter. Different classical mutant alleles and newly generated CRISPR/Cas9 alleles of UNC-
62 repress, activate or have no effect on UNC-55::GFP expression. Dissection of the unc-55
promoter identified multiple regions that correlate with the UNC-62 mutant expression patterns.
Using epistasis experiments, we found further evidence that different isoforms of UNC-62 work
through different regions of the unc-55 promoter. Furthermore we provide evidence that the
differentiation of GABAergic motor neurons is required in part by different UNC-62 isoforms in
different sub classes. MEIS/UNC-62 and COUP-TFII/UNC-55 both appear to have conserved
roles in development of the nervous system in other model systems. Thus, isoform specific
regulation of gene expression and differentiation via conserved genes could provide a
mechanism throughout evolution to generate diversity and complexity. Isoform specific
transcriptional regulation of differentiating neurons is a relatively unexplored area of research.



Further research into this new exciting area could help to answer fundamental questions about
evolution of the nervous system.
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Abstract: Specific interactions between cis- and trans-transcriptional regulatory factors underlie
distinct gene expression profiles, which in turn dictate the morphogenesis and functionality of
various cell types. It is, however, challenging to study such interactions because many regulatory
factors are yet to be identified and because the principles that govern these interactions are
complex and remain elusive. Here, we report the identification of three members of the rainbow
enhancer family that control restrictive gene expression in the red, green, and blue (RGB) cone
photoreceptors in the zebrafish retina: the enhancers of apicobasal polarity genes ponli and crb2b
and the enhancer of an unknown gene. These rainbow enhancers share teleost-conserved
sequence motifs that are critical for their RGB cone specific transcriptional regulation. We
propose that a common or similar cis-regulatory mechanism(s) may underlie restrictive
expression of a set of genes in RGB cones and consequently underlie proper RGB cone
development and functions.
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Abstract: Ketamine, an antagonist of the N-methyl-d-aspartate (NMDA)-type glutamate
receptors, is a pediatric anesthetic. Cytochrome P450 (CYP) mixed-function mono-oxygenase
superfamily members include enzymes that not only metabolize endogenous molecules such as
hormones, retinoids and lipids, but also biotransform xenobiotics. Deregulated
activation/suppression of these CYP enzymes can cause physiological and developmental
complications. Our studies show that ketamine causes developmental toxicity (neurotoxicity and
cardiotoxicity) in zebrafish embryos. We have also shown that ketamine alters steroid hormone
levels (endocrine disruption) and down-regulates CYP aromatase (CYP19A1a) gene expression
in zebrafish larvae. In mammals, xenobiotics are known to induce the expression of their own
metabolic enzymes. In this study, we explored whether ketamine alters the expression of its own
metabolic enzyme CYP3A65 (zebrafish ortholog of the mammalian CYP3A4) gene in a dose-
dependent manner in zebrafish larvae. Additionally, we also assessed ketamine-induced changes
in the expression of CYPIA. CYP1A is induced by the carcinogenic polyaromatic hydrocarbons
and halogenated aromatic hydrocarbons, compounds metabolically activated by this enzyme.
Zebrafish larvae at three days post-fertilization (3 dpf) were exposed to ketamine for 24 h.
Quantitative real-time reverse transcription polymerase chain reaction (QRT-PCR) analyses
revealed that ketamine, at various concentrations (including doses equivalent to human sub-
anesthetic and anesthetic doses), significantly induced CYP3A65 mRNA expression in a dose-
dependent manner. In contrast, a sub-anesthetic dose of ketamine did not change CYP1A mRNA
expression, whereas anesthetic doses significantly reduced its expression. These results,
compliant with reported mammalian data, reinforce the suitability of modeling anesthetic-
induced toxicity in zebrafish larvae in vivo.
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Abstract: Neurons become polarized as they develop specialized structures called axons and
dendrites. These structures, or neurites, are made up of a network of microtubules which are used
to transport cargo containing vesicles from the neuron soma. The cargo transported in these
vesicles is necessary for the polarization and survival of the neuron. CRMP2 is a cytosolic
phosphoprotein involved in the specification of neurites and regulates vesicular transport through
an array of additional binding proteins. Disruption in CRMP2 signaling has been implicated in a
host of neurological disorders, including variant late infantile neuronal ceroid lipofuscinoses
(VLINCLs). vLINCL is a childhood neurodegenerative disease with age of onset between 2 and 6
years and results in seizures, motor dysfunction, retinopathy, and premature death. vLINCL
results from mutations in CLN6, an ER-membrane and vesicular associated protein found to
complex with CRMP2 and Kinesin light chain 4 (KLC4). We hypothesize that CLN6 forms a
complex with CRMP2, a microtubule binding protein, and KLC4, a kinesin microtubule motor
protein, to form the CCK complex which works to shuttle vesicular cargo along the network of
microtubules in axons and dendrites. The trimeric CCK complex regulates initial neuronal
outgrowth and delivery of vital cargo to the distal end of the growing neurite using CLN6 on an
ER-derived vesicle, serving as a “molecular tag” for cargo transport. Our lab has shown that
mutations in Cln6 can disrupt the formation of the CCK complex, affecting both neurite
outgrowth and vesicular transport. To assess the role of Cln6 in neuritogenesis and vesicle
transport, primary neuronal cultures were prepared from E15.5 timed pregnant wild type and

Cln6 mutant mice. Early neurite outgrowth was measured and the number of ER vesicles was
counted in the presence and absence of Lanthionine ketimine ethy! ester (LKE), a molecule
shown to stabilize CRMP2 interactions and promote neurite outgrowth. Live images were
captured and the velocity of ER vesicles was measured. Disruption of the CCK complex in the
Cln6 mutant mice resulted in reduced initial neurite outgrowth, which was rescued with LKE



treatment. C/n6 mice had fewer ER derived vesicles in their processes, which was also recovered
with LKE treatment. Our findings suggest that mutations in Cln6 can alter the stability of the
CCK complex, reducing the proper transport of ER-derived vesicles from the cell soma to the
distal portion of the neuron and that treatment with CRMP2 stabilizing compounds are able to
partially restore these defects in intracellular transport and may provide therapeutic benefit in
VLINCL patients.
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Abstract: Optimal and adequate nutrition early in life is important for healthy growth and
development. Especially brain development depends on supply of lipids and fatty acids. Studies
have shown that Docosahexaenoic Acid (DHA), for example, plays an important role in infant
brain development and it has been added to infant formula. It is of great interest to explore
whether additional nutrients, in concert with DHA, are beneficial for the early brain
development. In this context, we developed a brain-on-chip platform integrating multielectrode
array (MEA) chips and neuronal tissue culture to dissect the nutritional impact on the neuronal
network maturation, and asked whether the synergistically beneficial effects of nutritional
combination of a bioactive whey protein (BWP), natural bovine complex lipids and DHA on
neuronal maturation. Our newly developed “EARLY BRAIN DEVELOPMENT INDEX” is the
measure for compound effects on early neuronal network maturation into complex neuronal
circuits. We used primary neuronal cell cultures from mice (E15 cortex) which form actively
communicating networks within a week when growing on micro electrode arrays (MEA). This
spontaneous activity maintains for at least four weeks in vitro. We used the MEA technology



(Axion12 well MEAs, Maestro recording system, Axion Biosystems, Inc.) to record extra-
cellular action potentials (i.e. spike trains) of single neurons of the network which were recorded
at 7, 14, 21 and 28 days in vitro. These spike trains were analyzed by proprietary multi-
parametric data analysis methods computing over 200 functional parameters describing the
activity patterns for each recording day. This in-depth analysis allows following functional
neuronal maturation from neurons of embryonic status to mature neuronal cells for 4 weeks in
vitro and investigating of compound-induced effects on this maturation. The results show that
combining DHA, BWP and natural bovine complex lipids together accelerates functional
neuronal maturation above all other combinations and does not exhibit the late decline shown for
the single components. In conclusion, natural bovine complex lipids as well as BWP in
combination with DHA significantly accelerate functional neuronal maturation in vitro.
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Title: Dmrt genes differentially participate in Cajal-Retzius cell development of the cerebral
cortex
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Abstract: For the development of the central nervous system, a large variety of neuronal cell
types are needed to be generated at defined times and locations. Cajal-Retzius (CR) cells are the
first neurons generated during corticogenesis and are essential pioneer neurons that control
neuronal migration in the cortex. CR cells are derived from specific regions within the cortex,
i.e., the pallial septum (PS), pallial-subpallial boundary (PSB), and cortical hem (CH). However,
the molecular mechanism underlying the generation of CR cell subtype in distinct CR cell
origins is poorly understood. We have previously shown that Dmrtal (double-sex and mab-3
related transcription factor like family A1) is expressed in neural stem/progenitor cells in the
neocortex and regulates proneural genes downstream of Pax6 (Kikkawa et al., 2013). In this
study, we found that Dmrtal was expressed in the PS, PSB, and a part of the CH, whereas Dmrt3
was strongly expressed in the CH. To reveal functions of Dmrtal and Dmrt3 in the production of
CR cells from distinct origins, we observed CR cells in Dmrtal and Dmrt3 knockout (KO) mice
(Konno et al., 2012). We found that Dmrt3 ablation decreased the number of p73-positive CR
cells derived from the CH compared with wild type (WT) mice, which may be reflection of the
abnormal CH structure of Dmrt3 KO mice. However, there were no differences between WT and
Dmrtal KO mice in the numbers of p73-positive CR cells in the caudal cortex. These results
suggest that Dmrt3 is involved in the development of the CH-derived CR subtype. To further
explore differential functions among Dmrt family members in CR cell development, we are
currently analyzing the PS- and PSB-derived CR subtypes using Dmrtal and Dmrt3 KO mice.
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Title: Studying the function of human hippocampal neurons in a dish
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Lab. of Genetics-Gage, The Salk Inst. For Biol. Studies, La Jolla, CA

Abstract: Hippocampus is the site of learning and memory in the brain and a growing body of
evidences suggest some dysfunctions in hippocampal circuitry in the pathophysiology of many
psychiatric and neurodegenerative diseases. More specifically, deficits in synaptic transmission
in the hippocampal neurons have already been implicated in schizophrenia, major depression
disorder and bipolar disorder. The availability of human ES and pluripotent stem cells (hPSCs)
offers the opportunity to generate lineage-specific cells to investigate mechanisms of human
diseases in brain regions such as the hippocampus. In this study, we investigated the
development and functioning of a human neuronal circuitry in vitro consisting of hippocampal
neurons derived from human ES cells. We utilized a two-step human stem cell based, directed
differentiation protocol to generate hippocampal cultures. In the first step, we have used HUES6
cells to generate neuronal progenitor cells (NPC) with forebrain specific identities. In the second
step, we further differentiated these NPCs to generate a neuronal culture enriched in mature
hippocampal neurons. These neurons express appropriate cell fate and synaptic markers, and
proved to be functionally active by the presence of mature spontaneous and evoked action
potentials. We then used a microfluidic device based compartmentalized platform to study the
synaptic connectivity between neurons. To identify the hippocampal neurons, we have also been
able to utilize a promoter specific lentiviral reporter for live cell imaging. We demonstrated the
establishment of functional neuronal network with time-lapse calcium imaging and extracellular
electrophysiology recordings on these neurons at multiple time-points during differentiation. We
demonstrate that this model recapitulates many of the features of hippocampal neuronal circuitry.
The ability to mimic the developmental process of disease-relevant cell types in an in vitro
setting is important for providing insights into the mechanisms of neurodevelopmental disorders.
Furthermore, this lineage-specific model may provide important insights into the functioning of
human hippocampal neurons from patients with various neurological disorders.
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Abstract: Corticogenesis relies on proper temporal and spatial regulation of progenitor cell
division to create a highly organized six-layer cortex. Premature differentiation of cells,
disruption of cell cycle timing, excessive apoptosis, or incorrect migration signals can have
devastating effects, resulting in a number of congenital disorders. Though genes encoding many
key players in cortical development have been identified, our understanding remains incomplete.
We found that Akirin2, a small nuclear protein with no known protein domains, DNA/RNA
binding motifs or catalytic activity, is expressed in the embryonic telencephalon. Akirin2 has
been reported to bind to 14-3-3 proteins, to regulate the NF-kB pathway, and to play roles in
immune function, skeletal myogenesis, and meiosis. Little else is known, though Akirins have
been postulated to control gene expression by acting as an interface between transcription factors
and chromatin remodeling machinery. To study the role of Akirin2 in cortical development, we
generated cortex-restricted knockout mice by crossing Emx1-Cre and floxed Akirin2 (Goto et al.,
Nature Immunol., 2008) lines. Most mutants do not survive past birth, and exhibit a massive
reduction in cortex size, with very little dorsomedial telencephalon present. At embryonic day
(E)12, when neuronal differentiation has just begun, the mutant telencephalon is already
noticeably reduced in size. As the Emx1-Cre driver is active at E9, it appears that Akirin2 is
required for the proliferation or survival of progenitors, or for prevention of premature neuronal
differentiation. In support of this, we find disorganized and reduced EdU staining, following a 2
hour exposure, in the cortical ventricular zone of E12-14 mutants compared to controls.
Interestingly, the Emx1-Cre transgene is also active in the limb epithelium, and we observe a
soft-tissue syndactyly in Akirin2 mutant paws. Cleaved caspase-3 staining is decreased, and EAU
staining is increased, in interdigital tissue at E13-14, implying that disrupted developmental
apoptosis and/or proliferation leads to fusion of digits in Akirin2 mutants. We are currently
analyzing cell-type specific markers during early corticogenesis and using a TdTomato Cre-
reporter allele to directly visualize mutant progenitors and their behavior. We are also generating
Akirin2/Bax double knockout mice to genetically block apoptosis and assess whether Akirin2 is
required for survival of cortical progenitors. Elucidating Akirin2’s mechanism of action will
contribute to our overall understanding of cortical development and shed light on the cellular
roles of this still-enigmatic protein.
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Abstract: Imidazole-based small molecules that promote neurogenesis in pluripotent
cells** Debasish Halder, Jinhong Park, Wan Namkung and Injae Shin" Abstract: Several lines
of evidence suggest that P19 cells are appropriate in vitro models for studies of neurogenesis.
Herein we describe two small molecules termed neurodazine (Nz) and neurodazole (Nzl), which
induce neuronal differentiation of P19 cells. Their ability to induce neurogenesis of P19 cells is
comparable to that of retinoic acid. However, Nz and Nzl were found to be more selective
neurogenesis inducers than retinoic acid owing to their unique ability to suppress astrocyte
differentiation of P19 cells. Our results show that Nz and Nzl promote production of
physiologically active neurons because P19 cell-derived neurons induced by these substances
have functional glutamate responsiveness. The present study suggest that Nz and Nzl could serve
as important tools to induce formation of specific populations of neuronal cell types from P19
cells as part of studies aimed at uncovering the molecular mechanisms that determine cell fate
and developing new cell therapies. ~ Corresponding author e-mail: injac@yonsei.ac.kr ** This
work was supported financially by grants from National Creative Research Initiative (2010-
0018272, 1.S.) and Basic Science Research programs (2012R1A1A1040142, N.W.) (NRF).
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feedback signaling
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Abstract: The retina is comprised of one glial and six neuronal cell types that are all derived
from a common pool of multipotent retinal progenitors during development. Generating proper
numbers of each of these cell-types is essential to establish a functional neural network. Pten is a
protein and lipid phosphatase that negatively regulates PI3K signaling and controls progenitor
cell proliferation as well as cell differentiation in several cell lineages. Here we asked whether
Pten plays a role in controlling cell proliferation and differentiation in the developing retina. To
better understand how Pten might function in the developing retina, we first performed a detailed
spatio and temporal analysis of its expression, comparing the distribution of Pten to that of
phosphorylated, activated forms of Akt, which are reduced when Pten is active. We found a
general trend towards higher pAkt levels over developmental time, with Pten and Akt expressed
at low levels in retinal progenitors, and at higher levels in postmitotic retinal cells in the inner
and ganglion cell layers. To assess Pten function, we generated a retinal-specific conditional
knock-out. The loss of Pten resulted in a transient increase followed by a decrease in progenitor
cell proliferation. Consequently, fewer amacrine cells and rod photoreceptors were produced. We
further pursued Pten function in regulating amacrine cell production, demonstrating that Pten is
not required in amacrine cells to regulate negative feedback signaling. Instead, we found that
Pten is required in retinal progenitor cells, where it regulates pSmad2/3 levels and
responsiveness to Tgfb2 negative feedback signaling. Taken together, this study has revealed that
Pten is a key regulator of proliferation and differentiation in the retina, acting in part by
controlling responsiveness to Tgfb2 negative feedback signaling.
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Abstract: Adverse childhood experience leads to adult mental and physical health problems.
Our hypothesis is that these outcomes are in part due to epigenetic changes that alter patterns of
expression in the brain and impact brain circuitry. Yet there are no existing biomarkers to
witness these epigenetic events. Our over-arching goal is to discover and develop biomarkers to
detect and measure such epigenetic changes. For epigenetic analysis, we focus on DNA
methylation because basic science has developed the tools for detection and analysis, and
because clinical studies of specific methylation sites correlate with emotional outcomes. DNA
methylation is currently detected by three approaches: 1) bisulfite conversion and sequencing,
with or without reduced representation; 2) Infintum HM450K BeadChip; and 3) Methyl binding
domain (MBD) pulldown followed by sequence analysis of DNA fragments. For analysis of
methylation events in the brain, we are limited to either peripheral tissue in the living subject or
post-mortem brain. Hence correlation of peripheral methylation patterns with brain is a necessary
step to identify biomarkers for diagnosis. Here we report whole genome methylation patterns in
children with and without ASD, compare methods for analysis, and compare DNA methylation
patterns in saliva with post-mortem brains. We found a subset of specific genes with significant
changes in both brain and saliva compared to normal controls. These studies identified a subset
of methylation sites in saliva that correlate with those brain in these children with ASD. We are
now applying these techniques to children referred for therapy after documented maltreatment.
As a first pass to determine chronic stress objectively, we measure hair cortisol, and for impact
we analyze whole genome DNA methylation patterns. We expect that methylation patterns will
be a useful biomarker to identify children at risk for future psychosocial disorders, facilitating
earlier interventions than are now possible. Supported by NIMH RO1IMH087660 and UL1
TR000041 pilot project (ELB).
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morphology and leads to behavioural abnormalities
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Abstract: Neuroserpin, a functional inhibitor of tissue plasminogen activator, is involved in the
pathophysiology of stroke, schizophrenia, depression and fear disorders. Neuroserpin expression
is restricted to the central and peripheral nervous system, mainly in hippocampus, amygdala,
olfactory bulb and neocortex, and is particularly high at late developmental stages and
perinatally. In neurons and neuroendocrine cells neuroserpin is stored in large dense core
vesicles from where it is secreted in a regulated manner. Neuroserpin’s expression suggests a
function in development and maintenance of the nervous system. Indeed, experiments performed
with cultured cells demonstrate a role for neuroserpin in neuritogenesis and synaptogenesis. In
order to elucidate the function of neuroserpin in vivo, we analysed neuroserpin-deficient mice. In
particular, we investigated neuroserpin’s function in neurogenesis, neuritogenesis and
synaptogenesis, and the behaviour of neuroserpin-knock out mice. We found that absence of
neuroserpin leads to reduced neuronal precursor cell proliferation and premature neuronal
differentiation in the neurogenic subgranular zone of the hippocampus during developmental
neurogenesis, resulting in decreased cellularity in the dentate gyrus of adult mice. Golgi
impregnation and diolistic labeling of brains from neuroserpin-deficient mice show differences
in neuronal morphology in knock out animals. Behavioural testing indicates impairment in social
behavior, spatial learning and memory and contextual memory in neuroserpin-deficient mice. In
conclusion, we found that absence of neuroserpin impairs developmental neurogenesis and alters
neuronal morphology in vivo. Neuroserpin’s role in neurodevelopment may account for the
behavioural changes observed in neuroserpin deficient mice, pointing to a role for neuroserpin in
development of neuropsychiatric diseases.
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Title: Magnetic nanoparticles for manipulating neuronal growth and differentiation
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Abstract: The ability to manipulate neuronal organization and growth has extensive implications
in neuronal regeneration and tissue engineering. It has been shown that physical forces play a
key role in shaping neuronal structure and in interactions between neurons and their vicinity. In
the present study we use magnetic nanoparticles (maghemite, y-Fe203) as mediators to apply
physical forces locally and as carriers of neuronal growth factors. We use these nano-complexes
in order to locate cells, promote neuronal growth and affect growth orientation. We designed and
generated magnetic fields with controlled magnetic flux densities at multiple scales of size and
strength. In addition to strong permanent bar magnets and electromagnets we fabricated a unique
device, embedded with micro-patterned pads that can be magnetized selectively. First, we
incubated, prior to plating, the treated cells, PC12 cells and primary neurons, in medium enriched
with iron oxide nanoparticles conjugated to fluorescent tag. Both types of cells uptake the
nanoparticles and turned sensitive to the magnetic stimulation with no cytotoxic effect. We
successfully improved the cells motility and attracted the cells to one magnetic pole or the other
or towards magnetic 'hot spots'. Plating PC12 cells atop the micro-patterned device has led to an
organized network of clusters of cells. After cells adhered to the plate the magnetic field affected
the neuronal outgrowth orientation, combining the normal chemical signaling with the applied
physical forces. Currently we are mathematically modelling nanoparticles uptake by cells and the
organization of magnetized cells in response to various external magnetic fields. In addition, we
found that covalent conjugation of the magnetic nanoparticles to Nerve growth factor (B-NGF)
which is a critical component in nerve tissue development and repair enhanced the typical effect
of NGF. Morphometric and molecular measurements revealed that treatment with the
nanoparticle-NGF complex leads to a promoted differentiation progression and to more complex
dendritic trees. Even low doses were sufficient to trigger the promoted differentiation process.
Moreover, stability and signaling pathway assays suggest conjugation to NPs as a method to
extend the half-life of NGF, thereby increasing its availability and efficiency. Our study presents



an emerging magneto-chemical method for the manipulation of neuronal migration and growth
opening new directions in non-invasive neuronal repair.
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Abstract: The SH-SYS5Y human neuroblastoma cell line is an appropriate model system in
which to examine FGF2-mediated signal transduction. Coupling of the FGF receptor (FGFR) to
the extracellular signal-regulated kinase (ERK1/2) pathway in these cells results in rapid ERK1/2
phosphorylation in response to FGF2 that is blocked by the FGFR inhibitor, PD 173074. SH-
SYSY cells are of the N (neuron)-type and they can be further differentiated to a mature
catecholaminergic phenotype by the combination of FGF2 and a phorbol ester that activates
protein kinase C (PKC). Cells differentiated in this manner assume a phenotype characterized by
increased expression of tyrosine hydroxylase (TH) and of GAP-43, a neuron-specific protein that
is a major PKC substrate. Induced morphological changes include elaboration of long processes
with varicosities and growth cone-like terminals. Increased GAP-43 expression is primarily
caused by activation of PKC while that of TH is more responsive to FGF2. Thus, it is of interest
to determine whether and how the ERK1/2 and PKC pathways interact to mediate the cell
signaling underlying such effects and to compare these interactions in undifferentiated and
differentiated cells. Either FGF2 or the phorbol ester, phorbol 12, 13-dibutyrate (PDB), increases
ERK1/2 phosphorylation in SH-SYS5Y cells but not in an additive manner. Preincubation of cells
with the PKC inhibitor, GF 109203X, not only reduces PDB-stimulated ERK1/2 phosphorylation
to basal levels as expected, but also causes a nearly-complete inhibition of ERK1/2
phosphorylation elicited by FGF2. These results suggest a considerable degree of cross-talk



between the ERK1/2 and PKC pathways. Cells differentiated with FGF2 and PDB contain higher
levels of phosphorylated ERK1/2 than control cells. However, once differentiated, SH-SY5Y
cells lose the ability to activate ERK1/2 phosphorylation upon retesting with FGF2, an alteration
that is only seen when cells are differentiated with the combination of PDB and FGF2. The
overall conclusion derived from these experiments is that both ERK1/2 and PKC activities are
essential components of normal FGF2-mediated signaling in SH-SYS5Y neuroblastoma cells and
during the differentiation process.

Disclosures: L.A. Dokas: None. S.J. Watson: None. H. AKil: None.

Poster
117. Molecular Mechanisms of Neural Differentiation
Location: Hall A
Time: Sunday, October 18, 2015, 8:00 AM - 12:00 PM
Program#/Poster#: 117.30/A51
Topic: A.01. Neurogenesis and Gliogenesis
Support: NIH Grant DC008955
Burke Medical Research Institute

Title: A shared molecular mechanism regulates transcription of tyrosine hydroxylase and
glutamate decarboxylase 1 in the olfactory bulb

Authors: *M. WANG', E. CAI', N. FUJIWARA', H. BAKER'?, J. W. CAVE"?;
"Burke Med. Res. Inst., White Plains, NY; *Brain and Mind Res. Inst., Weill Cornell Med. Col.,
New York, NY

Abstract: The molecular mechanisms responsible for the preferential co-expression of tyrosine
hydroxylase (Th) and glutamate decarboxylase 1 (Gadl) in glomerular layer interneurons of
olfactory bulb are not understood. In this study, we show that transcription of Th and Gadl in the
olfactory bulb is regulated, in part, by a shared mechanism mediated by conserved G:C-rich
regions within the proximal promoter. These G:C-rich regions form single-stranded DNA
secondary structures. In addition, they also recruit heterogeneous nuclear ribonucleoproteins
(hnRNP) K and/or LL, which preferentially bind C-rich single stranded DNA and up-regulate
promoter activity. Stabilization of DNA secondary structures with small molecules, such as
TMPyP4, block hnRNP protein binding and modulate gene promoter activity. These findings
suggests that G:C-rich region secondary structures are novel targets for pharmacological
modulation of the dopaminergic and GABAergic phenotypes. We also describe studies that test



if either DNA secondary structure formation or recruitment of hnRNP proteins is modulated by
synaptic activity, which is known to regulate Th and Gad1 transcription levels in the olfactory
bulb. Together, these findings show that conserved G:C-rich regions in Th and Gadl proximal
promoters mediate similar transcription regulatory functions and provide novel insight into the
molecular mechanisms underlying the specification and potential modulation of dopaminergic
and GABAergic phenotypes.
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Abstract: The hippocampus is the major brain structure that plays an important role in memory
formation; it receives sensory inputs from the cortex during memory encoding while transferring
the temporary hippocampal information back to the cortex during memory consolidation. It has
been shown that acetylcholine (ACh) stimulates memory encoding while inhibiting the memory
consolidation process, but the underlying mechanism is yet unclear. Given that memory
encoding and consolidation are mutually exclusive processes, we hypothesized that ACh
suppresses the hippocampus to the entorhinal cortex (EC) circuit, which is the gateway to the
memory consolidation pathway. The CA1 pyramidal neurons in the hippocampus are the final
output of the hippocampus and receive feedback inhibition from the GABAergic interneurons
oriens lacunosum-moleculare (OLM) cells which express high levels of ACh receptors (AChRs).
Our previous study has shown that cholinergic inputs stimulate OLM interneurons, which
increases GABAergic inputs to CA1 pyramidal neurons. To study how ACh regulates the
circuits, we used electrophysiological recordings with optogenetics. The blue light-sensitive
channelrhodopsin ChR2 was selectively expressed in cholinergic neurons by injecting AAV9-
dfloxed hChR2 to cultured slices from the choline acetyltransferase (ChAT)-cre mice.



Photostimulation of cholinergic neurons caused a decrease in depolarizing step-induced firing in
CAL1 pyramidal neurons. To examine whether the inhibition of CA1 pyramidal neurons
modulates the hippocampal output to the EC, we recorded from the layer V EC (ECV) neurons
with stimulation of CA1 pyramidal neurons. We used the retrograde monosynaptic tracing
method using G-deleted rabies viruses. For this experiment, the red-shifted channelrhodopsin
C1V1 was expressed in ChAT neurons to allow the expression of ChR2 specifically in CA1
pyramidal neurons that are presynaptic to ECV neurons. Red light-stimulation of cholinergic
neurons caused a decrease in blue-light evoked currents in ECV. The cholinergic suppression of
the evoked currents in ECV was blocked by the M1 muscarinic receptor pirenzepine. We also
tested whether cholinergic inputs affect hippocampal theta modulation of ECV neurons. Theta
burst stimulation in the CA1 pyramidal layer caused an increase in firing activity in ECV
neurons. Photostimulation of cholinergic neurons suppressed the theta burst stimulation-induced
increase in firing in ECV neurons. Our data demonstrate that ACh may inhibit the memory
consolidation process by suppressing the hippocampal output via the OLM-mediated feedback
inhibition onto CA1 pyramidal neurons.
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Abstract: Mild hypothermia following intrapartum asphyxia has been widely used as a standard
therapeutic intervention. However, the exact molecular mechanisms whereby hypothermia
improves outcomes remain unclear. To investigate underlying mechanisms responding to the
hypothermic intervention, we employed a two-step approach; metabolomics to target metabolic
pathways responding to lowering temperature, and quantitative imaging mass spectrometry to
reveal spatial alterations in targeted metabolites at specific regions of the brain. Seven-day male



Sprague-Dawley rats underwent surgical ligation of left common carotid artery, followed by
systemic hypoxia with 8% oxygen for 2.5 hours. Subsequently, rats were returned to 21%
oxygen at either 38°C (normothermia) or 30°C (hypothermia) for 3 hours. Brain metabolic states
were rapidly fixed by in-situ freezing. Neurobehavioral outcome was assessed using objective
scale of posturing during the reoxygenation period. Non-targeted metabolomics of 107
metabolites showed that hypothermia causes not only decreases but also increases in metabolites.
Specifically, hypothermia diminishes the carbon biomass related to acetyl-moieties such as
pyruvate and acetyl-CoA. Conversely, it increases deacetylated metabolites such as carnitine and
choline. Quantitative imaging mass spectrometry showed that hypothermia decreases
acetylcholine contents in hippocampus and amygdala. In the same anatomical regions, there was
an inverse increase in carnitine. Collectively, these findings suggests that hypothermia after
hypoxia-ischemia exhibits neuroprotection by altering cellular acetylation status with
coordinated suppression of acetyl-CoA which resides at metabolic crossroads of glycolysis,
amino acid catabolism and ketolysis.

Disclosures: T. Takenouchi: None. Y. Sugiura: None. T. Morikawa: None. T. Nakanishi:
None. Y. Nagahata: None. T. Sugioka: None. K. Honda: None. A. Kubo: None. T. Hishiki:
None. T. Matsuura: None. T. Hoshino: None. T. Takahashi: None. M. Suematsu: None. M.
Kajimura: None.

Poster

118. Brain Cholinergic Mechanisms

Location: Hall A

Time: Sunday, October 18, 2015, 8:00 AM - 12:00 PM

Program#/Poster#: 118.03/A54

Topic: B.01. Neurotransmitters and Signaling Molecules

Support: NIH / NIDA RO1 DA033811

Title: Insulin increases striatal cholinergic interneuron excitability and enhances dopamine
release via nAChRs

Authors: *J. C. PATEL', C. R. LEE', M. A. STOUFFER', P. WITKOVSKY? R. P.
MACHOLD’, M. E. RICE';

'Dept. of Neurosurg., *Dept. of Ophthalmology, *Smilow Neurosci. Program, NYU Sch. of
Med., New York, NY

Abstract: Insulin in the brain can act on reward-related circuitry to regulate feeding behavior.
Previous studies have focused on insulin actions at the level of mesolimbic dopamine (DA)



neurons via insulin receptors (InsRs) that enhance DA transporter activity and induce long-term
depression of excitatory inputs. We reported previously that insulin increases evoked
extracellular DA concentration [DA], detected by fast-scan cyclic voltammetry in the striatal
complex by enhancing DA release (Stouffer et al. SFN, 2011, 732.16). However, whether this is
a direct effect on DA axons or indirect via local circuitry is not known. Using
immunohistochemistry on rat striatal sections we indeed found striatal InsRs on DA axons.
Strikingly, we also found abundant InsR expression on large cell bodies identified as cholinergic
interneurons (Chls) by co-immunostaining for choline acetyltransferase (ChAT), the primary
acetylcholine (ACh) synthesizing enzyme. Using whole-cell current-clamp recording in striatal
slices we examined the effect of insulin on Chl excitability using a series of 3 s depolarizing
current pulses (200, 300 and 400 pA). Each pulse elicited a train of action potentials that
exhibited spike frequency adaptation, often with loss of spiking by the end of the current pulse.
In the absence of insulin, Chls showed little change in the number of action potentials evoked by
each stimulus over time (n = 12 stimulus pairs, 4 cells; p > 0.05). By contrast, insulin (30 nM)
attenuated spike frequency adaptation, resulting in an increase in spike number for each current
step (from 12.7 £3.1 to 19.1 £4.6 at 200 pA; 15.6 £ 3.9 t0 23.7 £ 5.6 at 300 pA; 18.7+ 5.2 to
27.3 £ 6.7 at 400 pA; n = 7 stimulus pairs each; p < 0.05), with an overall increase in spike
number from 15.7 + 2.3 to 23.4 + 3.2 (n = 21 stimulus pairs; p < 0.001). Importantly, the effect
of insulin on spike number was prevented by HNMPA (5 uM), a selective InsR inhibitor, but not
by picropodophyllin (1 uM), an inhibitor of IGF-1R (insulin-like growth factor 1 receptor).
Given that Chls potently regulate striatal DA release via nicotinic ACh receptors (nAChRs) on
DA axons, we tested their role in the effect of insulin on evoked [DA],. Indeed, the effect of
insulin on elevating evoked [DA], in rat striatum was prevented by nAChR antagonists,
mecamylamine (5 pM) or DHBE (1 uM). Moreover, insulin failed to enhance evoked [DA], in
mice with genetic ablation of forebrain ChAT vs. controls. Thus, abundant InsR expression on
Chls, enhancement of Chl excitability with acute insulin, and the nAChR-dependence of insulin-
enhanced DA release implicate Chls as novel insulin targets that can enhance striatal DA release,
and thereby influence food reward.
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Abstract: Decline in cholinergic neurotransmission is associated with normal and pathological
aging. However, the precise role of changes in acetylcholine (ACh) release in mediating
behaviors, such as locomotion, and learning and memory remain poorly understood. The
vesicular acetylcholine transporter (VAChT), found in many organisms including worms, flies
and humans, is responsible for the packaging and transport of acetylcholine for exocytotic
release. A complete loss of VAChT function is lethal, while severe mutations cause decreased
locomotor performance in Drosophila. To understand the effect of cholinergic release on
behavior, we are studying four developmentally lethal point mutation alleles (Vachtl, Vacht2,
Vacht4 and Vacht8) of varying severity. Here we report an adult rescue of this developmental
lethality through the expression of a <50% expression of wildtype VAChT in each of the
mutations analyzed. Analysis of locomotive behavior in the rescued adults shows a differential
effect corresponding to the severity of these point mutations. In addition, this genetic rescue
analysis reveals a distinction in the level of ACh required for the rescue of lethality and that
needed for the restoration of normal locomotion behavior. To further determine the mechanism
through which these mutations disrupt the function of the transporter, we generated the point
mutant alleles described above in vitro and assessed the effects of these mutations on trafficking
of VAChT and the transport of ACh by VAChHT in the Drosophila S2 cell line. Together these
studies reveal the importance of central acetylcholine release in regulating survival and synaptic
activity and underscore the role of point mutations in dissecting neurotransmitter transporter
function.
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Abstract: Striatal cholinergic interneurons (Chls) are involved in motor coordination, cognition,
motivated behavior, as well as the pathophysiology of several neuropsychiatric disorders. They
make up about 1% of the striatal neuron population, and are the source of all striatal
acetylcholine. Despite their integral role in striatal function, a modern stereological analysis of
the number and their density has not been performed in the mouse, and there is a lack of
knowledge regarding the regional density of Chls within striatal subdomains. To gain a more
comprehensive understanding of neuronal function, researchers are now utilizing optogenetics to
selectively drive action potential firing with channelrhodopsin (ChR2) or inhibit action potential
firing with halorhodopsin (NpHR). Crucial to optogenetic experiments, we need to know what
percent of target cells express the desired opsins and are therefore subject to photostimulation.
Here, using unbiased stereological methods, we found that the regional density of Chls was
relatively uniform across striatal subdomains, specifically the nucleus accumbens (NAc), medial
dorsal striatum (medial Str), and lateral dorsal striatum (lateral Str). Within NAc subregion, Chl
density may be higher in the NAc shell than the NAc core. To address the potential for
optogenetic modulation of ChI’s, we bred conditional transgenic mice choline acetyl transferase
(ChAT) cre driver mice to express ChR2 or NpHR in Chls (Ai32 mice and Ai39 mcie
respectively). We found that transgenic expression of ChR2 or NpHR in Chls was highly
specific and efficient in the NAc, medial Str, and lateral Str. In summary, Chls are relatively
uniformly distributed in the mouse striatum, reliably express ChR2 or NpHR in conditional
transgenic mice and should thus be susceptible to reliable optogenetic modulation.
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Abstract: The uptake of choline by the hemicholinium-3 (HC-3)-sensitive high affinity choline
transporter (CHT) has been described as the rate-limiting step for acetylcholine (ACh) synthesis.
We previously demonstrated that the capacity of the CHT to sustain ACh synthesis and release
primarily reflects the density of CHTs in synaptosomal plasma membrane. Limitations in the
intracellular availability of CHTs for mobilization and surface expression, such as modeled by
CHT heterozygosity, diminish the capacity of cholinergic neurons and cause associated
impairments in attentional performance. As decline in cholinergic functions greatly contributes
to the severity of cognitive impairments we have been exploring the potential usefulness of
therapies designed to enhance CHT function. To this end, we demonstrated that cholinergic
neurons of mice overexpressing the CHT (CHT-OXP) show a 2 to 3-fold elevation of CHT
densities in synaptic plasma membrane and intracellular domains and that CHT-mediated choline
uptake is more than 2-fold higher than in wild type (WT) mice (Holmstrand et al., 2013). Here
we employed choline-sensitive microelectrodes to measure choline currents in the presence of
the CHT blocker HC-3 or the negative modulator ML352 (Ennis et al., 2015). To evoke
presynaptic ACh release events (“transients”), we pressure-ejected an a4f2* nAChR agonist into
the recording area (see Parikh et al., 2008, 2010). In the absence of a CHT ligands, the
amplitudes of evoked transients in CHT-OXP were smaller than in WT mice, reflecting the
superior rate of clearance of choline and the underlying, relatively high density of surface CHTs
in CHT-OXP. Three pressure ejections of one of the CHT ligands were followed by repeated
assessment of evoked currents over the next 40 min. In WT mice, HC-3 and ML352 both
reduced the amplitude of evoked transients. This finding is consistent with the pharmacological
classification of HC-3 or ML352, indicating that these compounds interfered with choline uptake
and thus ACh synthesis and eventually release. In contrast, evoked transient amplitudes in CHT-
OXP remained initially unaffected by the CHT ligands but later increased over baseline. These
results are consistent with the hypothesis that CHT-OXP models a gain in cholinergic function
and suggest that interference with CHT function enhances CHT surface density in over-
eXpressors.
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Abstract: We investigated the role of acetylcholine in the Drosophila melanogaster larval CNS
to identify how this neuromodulator regulates locomotion and feeding behaviors. We combined
pharmacological and genetic approaches in order to deduce acute changes in behaviors upon
altering the activity of the cholinergic system. Genomic screens have revealed that there are ten
receptors in Drosophila that are very similar to the nicotinic acetylcholine receptors (nAchRs) of
mammals. In Drosophila, acetylcholine is a neurotransmitter within the CNS and is the
excitatory neurotransmitter for sensory neurons but not motor neurons, as in mammals. It has
been found that this system is important in regulating specific behaviors including medial fiber
escape response; however, the integration of cholinergic signaling within the CNS and regulation
of motor output in this model organism is not well-known. Thus, we are investigating the role of
cholinergic neuronal activity in regulating distinct motor behaviors. In addition, a distinctive
advantage of Drosophila larvae is the short developmental time (~4 days) in which the
development of the CNS can be investigated. Genetic and pharmacological techniques will be
employed, including temperature-sensitive silencing and activation of cholinergic neurons in
transgenic flies and acute and long-term feeding of cholinergic agonists and antagonists in order
to investigate activity based modulation of specific behaviors. Analysis has shown that silencing
cholinergic neurons, genetically, decreases body wall contractions significantly, reducing
crawling speed. Preliminary pharmacological analysis shows that Drosophila larvae fed high
concentrations of nicotine for 20 minute displayed a decrease in body wall contractions. Thus, it
is evident that this system is integral in regulating two distinct motor behaviors. In addition, the
proposed experimental design allows for a multitude of options for future experimentation
including investigation of regulation of olfaction and response to light upon altering the
cholinergic system. All of these are testable for proof of concept and will provide the degree of



inhibition in sensory-motor responses. This study will help to establish the role of acetylcholine
in regulating simple motor behaviors.
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Abstract: Background: Nucleus accumbens (NAc) is a terminal area of mesolimbic
dopaminergic neurons that project from the ventral tegmental area. We have shown that local
administration of the putative endogenous mu receptor agonists endomorphin (EM)-1 and EM-2
into NAc increased accumbal dopamine (DA) efflux with and without stimulating accumbal mu
receptors, respectively (Okutsu et al., 2006). Accumbal cholinergic neurons express mu receptors
that are thought to inhibit neural activity. We have shown that intra-accumbal administration of
EM-1 and EM-2 reduces accumbal acetylcholine (ACh) efflux. Mu receptors are divided into
mul and mu2 receptors based on sensitivity to the mu receptor antagonist naloxonazine. In order
to study involvement of mu receptor subtypes in regulation of accumbal cholinergic activity, we
analysed effects of the mu receptor antagonist CTOP and selective mul receptor antagonist
naloxonaize on EM-1- and EM-2-induced reduction of accumbal ACh efflux of freely moving
rats using in vivo microdialysis. We also investigated antagonist effects on EM-1- and EM-2-
induced accumbal DA efflux as the perfusate contains a low concentration of physostigmine (50
nM) that may affect EM's effects on accumbal DA efflux. Methods: Male Sprague-Dawley rats
were used. ACh and DA levels in accumbal perfusates, taken every 15 and 20 min, were
determined by HPLC-ECD, respectively. CTOP, EM-1 and EM-2 were administered



intracerebrally through the dialysis probe. Doses of these compounds indicate total amount (mol)
over a 30-min infusion time. CTOP was infused just before and naloxonazine given
intraperitoneally 24h before local administration of EM-1 and EM-2, respectively. Results and
Discussion: CTOP (3 nmol) inhibited EM-1 (30 nmol)- and EM-2 (30 nmol)-induced reduction
of ACh levels. CTOP (3 nmol) also inhibited EM-1 (15 nmol)-induced DA efflux, but failed to
alter EM-2 (30 nmol)-induced DA efflux. While naloxonazine (15 mg/kg ip) did not alter EM-1
(30 nmol)- and EM-2 (30 nmol)-induced reduction of ACh levels, it inhibited EM-1 (15 nmol)-
induced of DA efflux. The present study shows that locally administered EM-1 and EM-2 into
NAc reduce accumbal ACh efflux through mu2 receptor activation. The present results support
our reports that EM-1 increases accumbal DA efflux by mul receptor stimulation and EM-2
enhances accumbal DA efflux through mechanisms independent from opioid receptor activation
(Okutsu et al., 2006). The present study also implies that mul receptors play a stimulatory role in
regulating accumbal dopaminergic activity and mu2 receptors play an inhibitory role in
regulating accumbal cholinergic activity.
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Abstract: Introduction: Insomnia is one of the most common sleep disorders in humans. Due to
ethical and methodological difficulties involved in human research we use mice models to

evaluate what has been called Paradoxical Sleep Deprivation (PSD) which is selective for Rapid
eye movement (REM) sleep. By other hand brainstem cholinergic neurotransmission is involved



in the generation and maintenance of rapid eye movement (REM) sleep. There is strong evidence
that pontine cholinergic and cholinoceptive neurons, interacting in coordination, trigger and
maintain REM sleep. So, for investigate Acetylcholine activity we used Raman spectroscopy
which is a technique who involves shining a monochromatic light source on a sample and
detecting the scattered light with automated system to manipulate the Raman and locate each
sample to bring the same focal length with the intention of bringing the same conditions in each
of the samples, this procedure allows to know the active molecules in sleep vs PSD offering the
opportunity to know the mechanism of neuronal functioning under these conditions. Thus,
Raman spectroscopy provides information about molecular vibrations that can be used for
sample identification and quantitation. Objective: Measure the content of acetylcholine and
serotonin by Raman spectrophotometry and western blot technique in cerebral cortex. Material
and Methods: Adult male Balb-C mice, bred in in the animal house of University Center of
Health Sciences of the University of Guadalajara, weighting 23-26g. Mice were housed in
groups of 5 and kept in a room with a controlled light-dark cycle (lights on from § a.m. to 8 p.m.)
and temperature (22 = 20C). Groups were 1. Control, 2. PSD. REM sleep deprivation started at 9
a.m. Animals were placed individually in water tanks on a small flower-pot for 96 h. The control
mice were kept individually in their home cages at the same room. Results: We found by Raman
spectroscopy and western blot technique major content of acetylcholine neurotransmitter in brain
cortex of animal exposed to PSD.
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Abstract: The role of cholinergic dysfunction in the cognitive decline associated with
neurological diseases such as Alzheimer’s disease is well known. The key elements required for
presynaptic acetylcholine (ACh) release and post-synaptic signaling have also been described in
detail. However, the precise relationship between alterations in ACh neurotransmission and
downstream changes in behavior in the nervous system remain poorly understood. One critical
element of cholinergic signaling is the vesicular acetylcholine transporter (VAChT) which is
required for the transport of ACh from the cytoplasm into synaptic vesicles for exocytotic
release. A complete loss of Vacht is lethal in flies, worms and mammals. Here we hypothesize
that subtle changes in Vacht will uncover important roles of ACh release in behavior. Using
point mutations to disrupt VAChT function, we report that a series of Vacht mutations impair
two locomotion circuits, baseline and touch response locomotion. In particular, Vacht mutants
display a deficit in the timing of the response to touch stimulus in a manner corresponding to
severity of the mutant alleles studied. We categorized the resulting allelic series as mild,
moderate and severe with respect to acetylcholine release. We further report the genetic rescue of
Vacht mutant deficits using wildtype VAChT. Interestingly, here too, we find that the expression
of the same level of wildtype VAChT in the different mutant backgrounds produces a differential
effect on locomotion behavior corresponding to the severity of those mutations. In addition, we
conducted a pharmacological rescue study using agonists of the dopaminergic and cholinergic
pathways, using dopamine and brucine respectively, and found that both drugs partly rescue the
locomotion deficits in the mutants. Together, this report supports a key role for acetylcholine
signaling in regulating the timing of the response to a mechanical stimulus and underscores the
utility of point mutations that compromise VAChT activity in vivo as tools to elucidate the
complex relationship between altered ACh release and behavioral deficits.
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Title: An essential role of acetylcholine-glutamate synergy at habenular synapses in nicotine
dependence
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Abstract: Disturbances in transmitter co-release may contribute to a variety of disorders,
including drug addiction. Despite the evidence that medial habenula (MHb) neurons regulate
nicotine craving and intake, and co-release acetylcholine (ACh) and glutamate, the contribution
of ACh to nicotine dependence is not well understood. Here we conditionally deleted the ACh-
synthesizing enzyme choline-acetyltransferase (ChAT) in MHDb neurons. Postsynaptic recordings
revealed that the absence of ACh reduces the glutamate content of synaptic vesicles and
eliminates presynaptic facilitation. Electron microscopy and immuno-isolation analyses
demonstrated colocalization of ACh and glutamate vesicular transporters. Glutamate reuptake
was stimulated in the presence of ACh, indicating vesicular synergy. Mice lacking CHAT in
habenular neurons were insensitive to nicotine-conditioned reward and withdrawal. These data
demonstrate that ACh controls the quantal size and release frequency of glutamate at habenular
synapses, and suggest that the synergistic functions of these neurotransmitters are generally
important for modulation of cholinergic circuit function and behavior.
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Abstract: Acetylcholine and Norepinephrine modulate neural plasticity. The Locus Coeruleus
(LC) and Nucleus Basalis (NB) produce these neuromodulators and their projections supply the
cortex. Vagus Nerve Stimulation (VNS) paired with motor training has been shown to drive
robust, specific neural plasticity in the motor cortex. Eliminating cholinergic input to the cortex
blocks the plasticity-enhancing effects of VNS. VNS may act to enhance cortical plasticity by
engaging a neuromodulatory system associated with plasticity. Indirect evidence suggests that
VNS acts through noradrenergic and cholinergic function. The plasticity-enhancing effects of
VNS have an inverted U function based on stimulation intensity, suggesting that the systems
engaged by VNS may display a non-linear response to stimulation. Here we directly measure
activity in the LC and NB with simultaneous neurophysiological recordings in response to VNS.
In addition we vary the amplitude, duration, frequency, and inter stimulus interval of the
stimulations. We find that VNS directly drives neural activity in both the LC and NB. Varying
the parameters of stimulation drives differential activity patterns. Understanding the dynamics of
neural responses in these brain regions will allow optimizing stimulation parameters for
therapeutic purposes.
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Abstract: Activation of M| muscarinic acetylcholine receptors leads to activation of
phospholipase C and hydrolysis of phosphatidylinositol 4,5-bisphosphate (P1(4,5)P,), generating
the signaling molecules diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP;). Binding of
IP; to IPs receptors activates these ion channels and causes release of Ca** from intracellular
stores into the cytoplasm. In many cell types cytoplasmic Ca®* concentrations rise significantly
due to this mechanism, however, in superior cervical ganglion (SCG) neurons only small rises in
cytoplasmic Ca®" levels have been observed upon muscarinic stimulation. Here, we analyzed the
dynamics of PI(4,5)P, depletion, IP; generation and Ca”" release from intracellular stores in SCG
neurons by FRET measurements, Ca>" photometry, and mathematical modeling. We found that
upon depletion of PI(4,5)P, by activation of muscarinic receptors, high levels of IP; are
generated, but again only small increases in cytoplasmic Ca>* levels were observed.
Measurements of IP; receptor levels by Western blot showed strong expression of the proteins,
ruling out low expression levels of the receptors as the reason for the small Ca®* signals. We
used the kinetics of IP3 generation and degradation measured with the FRET probe LIBRAVIII to
adapt a kinetic model of phosphoinositide metabolism upon muscarinic stimulation, which we
had previously developed for tsA201 cells, to study the diffusion of IP; in the soma of SCG
neurons. This new three-dimensional spatial model showed rapid diffusion of IP3 throughout the
entire soma, demonstrating the ability of IPs to reach IP; receptors before its degradation. Our
findings led us to postulate a modulation of IP3 receptor activity by IPsR-binding proteins like
IRBIT (IP3;R binding protein released with inositol 1,4,5-trisphosphate). IRBIT has been shown
previously to be expressed in SCG neurons by immunofluorescence analysis, and to modulate
IP; receptor activity in these cells. We found expression of IRBIT in SCG neurons by Western
blot and included modulation of IP; receptor availability for IP; binding by a protein with
IRBIT’s properties into our kinetic model. This allowed for successful reproduction of observed
kinetics and amplitudes of Ca®" signals in SCG neurons. Our model for phosphoinositide
metabolism in SCG neurons indicates that interaction of proteins like IRBIT with IP; receptors
will restrict release of Ca®" from intracellular stores despite generation of high levels of IP;. The
extended model can be used to analyze the effects of muscarinic stimulation on Ca®" signaling in
SCG neurons.
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Title: Calcium regulation of sustained cholinergic excitation of prefrontal executive circuitry in
the TgCRND8 mouse model of Alzheimer’s disease
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Abstract: The cholinergic modulation of the prefrontal cortex is essential to working memory
and attention. In particular, acetylcholine exerts robust excitation of prefrontal layer 6 pyramidal
neurons to achieve optimal performance on challenging attention tasks. From an integrated
approach of electrophysiology, pharmacology and multi-photon calcium imaging, we
demonstrate that nicotinic and muscarinic acetylcholine receptors work together to sculpt the
excitation of these prefrontal output neurons in a calcium-dependent manner. We further
characterize and pharmacologically reverse a disruption of this signaling in the TgCRNDS
mouse model of Alzheimer’s Disease. Taken together, our results point to a trade-off between
excitation and spiking fidelity in pyramidal cells of the major corticothalamic layer of prefrontal
cortex, a compromise that may ultimately have important ramifications for the regulation of
excitability of prefrontal executive circuits.
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Abstract: Background: [18F]fluoroethoxybenzovesamicol ([18F]FEOBYV) is a PET radiotracer
with high selectivity and specificity to the vesicular acetylcholine transporter (VACHT). It has
been shown to be a sensitive in vivo measurement of changes of cholinergic innervation densities
following lesion of the nucleus basalis of Meynert (NBM) in rat. The current study used
[I8F]FEOBYV with PET imaging to detect the effect of a highly selective lesion of the
pedunculopontine (PPTg) nucleus in rats. Methods: Twenty-five male Long-Evans rats (body
weight: 250 - 500 g) were used for this study. Eighteen rats underwent stereotaxic surgery to
induce either a selective lesion of the PPTg cholinergic neurons (Lesion group; N = 12) or no
lesion (Sham group; N = 6). Another group of rats (Control group; N = 7) was used for
comparison with the two experimental (Lesion & Sham) groups. After bilateral and selective
lesions of the PPTg cholinergic neurons, rats were scanned using [18F]FEOBYV, then sacrificed,
and their brain tissues collected for immunostaining and quantification of the VAChT. Results:
Comparisons with control rats revealed that cholinergic losses can be detected in the brainstem,
lateral thalamus, and pallidum by using in vivo imaging methods with [18F]JFEOBV. Similarily,
comparisons with shams revealed that comparable losses can be detected in the same regions
using standard ex vivo measurements. In the brainstem PPTg area, significant correlations were
observed between in vivo and ex vivo measurements, while this was not the case in the thalamic
and pallidal projection sites. Conclusions: These findings support PET imaging with
[I8F]FEOBYV as a reliable in vivo method for the detection of neuronal terminal losses resulting
from lesion of the PPTg. Moreover, quantification of cholinergic losses using [18F]JFEOBV with
PET was compared here with ex-vivo immunocytochemistry, allowing to corroborate cholinergic
losses in the same brain regions. Useful applications can be found in the study of
neurodegenerative diseases in human, such as Parkinson’s disease, multiple system atrophy,
progressive supranuclear palsy, or dementia with Lewy bodies.
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Abstract: Introduction: Gamma rhythms are a physiological feature of the mammalian
hippocampus and play an important role in memory processing. However, such oscillations have
not been explored in the avian hippocampal formation (HF) whose neuroanatomy is unlike its
mammalian counterpart. We therefore investigate how divergent structures perform convergent
functions. If similar microcircuitry underlies the avian HF, then we would predict that similar
network properties should be detectable. Aims: We investigate the existence of gamma
oscillations in avian HF, the underlying mechanisms of rhythmogenesis and the role of different
receptors in this activity. Methods: We euthanized newly hatched chicks by cervical dislocation.
We employed in vitro electrophysiology to record local field potentials in chick brain slices (400
um). Bath application of various agonists and antagonists allowed us to elucidate the receptor
pharmacology of avian hippocampal gamma oscillations in vitro. Results: In PO - P4 chick HF
brain slices, persistent gamma frequency oscillations (peak power: 64 + 24.8 uV2/Hz; peak
frequency: 36 + 1.4 Hz; n = 27 slices) were induced by the bath application of the cholinergic
agonist, carbachol (10 uM). However, the bath application of kainate (50 - 800 nM), a glutamate
receptor agonist, did not elicit gamma. Similar to other species, carbachol-evoked gamma
oscillations were sensitive to GABAA, AMPA/kainate and muscarinic (M1) receptor
antagonism. Conclusions: We conclude that in juvenile chick HF, gamma rhythmogenesis is
cholinergic in nature. This is unlike in adult mammals where both cholinergic and glutamatergic
mechanisms are known to exist. However, similar to mammalian species, muscarinic



acetylcholine receptor (mAChR) activated avian HF gamma oscillations are likely to arise via a
pyramidal-interneuron gamma (PING) based mechanism.
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nonhuman primate species
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Abstract: Cholinergic innervation of the basal ganglia is important in learning and memory, and
striatal cholinergic neurons have been implicated in the integration of cognitive and motivational
states with behavior. Further, deficits in acetylcholine have been correlated with loss of cognitive
function in Alzheimer’s disease and schizophrenia. These lines of evidence suggest a potentially
important role for this subcortical innervation in the evolution of human cognitive functions. The
present study quantified axons and interneurons immunoreactive for choline acetyltransferase
(ChAT) in regions of the executive and motor loops of the basal ganglia of humans, great apes



(chimpanzee and gorilla), Old World monkeys (macaque and baboon), and one New World
monkey (capuchin). Stereologic methods were used to quantify ChAT-ir axon length density to
neuron density (ALv/Nv) and the percentage of cholinergic neurons in striatal regions. The
repeated-measures ANOVA for ChAT-ir ALv/Nv revealed significant main effects of species
(Fs,23=40.26, p < 0.05) and area (F3 23 = 248.92, p < 0.05), with a significant interaction (Fs, 23
=31.65, p > 0.05). Post hoc tests showed that apes had the highest ALv/Nv in both executive and
motor loops. For the percentage of ChAT-ir neurons within the striatum, there was a significant
main effect of species (Fs, 2s=35.19, p < 0.05), with gorillas displaying the highest percentage,
followed by capuchins. Interestingly, humans did not possess the highest or lowest density of
cholinergic innervation, as expressed by axons or neurons. The phylogenetic differences
observed were unexpected and indicated that a relative increase in cholinergic innervation was
not required to support human cognitive abilities.
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Abstract: Making a choice among alternatives requires assigning them a value. This exploitation
of known reward sources is under control of dopaminergic (DA) transmission. The firing of DA
neurons is tuned by nicotinic acetylcholine receptors (nAChRs), in particular by f2-containing
receptors, yet their contribution in value-based decisions remains unclear. Experimental data
have implicated VTA B2*nAChRs in slow exploratory locomotion in open-fields without
rewards. In the context of decision-making, exploration is opposed to the exploitation of a known
reward source. We thus tested whether B2*-nAChRs expressed at the level of the VTA are
implicated in the motivation to explore. We developed a mice-adapted multi-armed bandit task,



in which mice had to explore three locations associated with intracranial stimulation (ICSS). We
compared the behavior of mice under different settings of the ICSS-bandit task: a certain setting
where all locations deliver an ICSS, an uncertain setting where the rewarding locations are
associated with different ICSS probabilities, and a dynamic setting where the places delivering
ICSS change over time. Two forms of exploration were monitored: exploratory choices,
expressed as a proportion of choices between the ICSS-associated locations; and exploratory
locomotion, expressed as the time needed to reach the rewarding goals. We used computational
models of reinforcement learning and decision-making to assess exploratory strategies in these
different settings. We found that both exploratory choices and locomotion were affected by the
expected uncertainty of the reward locations. This suggests that mice assigned a positive
motivational value to expected uncertainty. Model-based analysis showed that mice lacking the
nAChR B2-subunit lacked uncertainty-driven exploration, resulting in lesser adaptive strategies
in a dynamic environment. Re-expression of f2*-nAChRs in the ventral tegmental area (VTA)
restored uncertainty-driven exploration. Finally, we used electrophysiological recordings to
correlate exploratory decisions with DA activity. Overall, our results implicate the nicotinic
regulation of the VTA in the translation of expected uncertainty into motivation to explore.
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Abstract: Cholinergic pathways play an important role in cognitive function, and impaired
cholinergic neurotransmission is considered to underlie the pathogenesis of schizophrenia and
Alzheimer’s disease. Lesions of cholinergic neurons in the forebrain or pharmacological



blockade of muscarinic acetylcholine receptors have been shown to impair cognitive function in
humans and animals. Administration of donepezil, a reversible acetylcholinesterase inhibitor,
increases cholinergic neurotransmission and improves cognitive function and the drug is
approved for the symptomatic treatment of mild and moderate cognitive impairments in
Alzheimer’s disease. In this study, we investigated the impact of acute administration of
donepezil on c-Fos expression, a surrogate biomarker for neuronal excitation, in specific
forebrain regions known to be involved in cognition. Furthermore, we investigated to what
extent this activation was mediated via muscarinic receptors by pre-administration of
muscarinic receptor antagonists. Adult male Wistar rats were treated with donepezil
hydrochloride (5 mg/kg; p.o.) alone or pre-treated with either the non-selective muscarinic
antagonist scopolamine hydrobromide (0.1 mg/kg; s.c.), or the scopolamine analogue
methylscopolamine (0.1 mg/kg; s.c.). Methylscopolamine is also a non-selective muscarinic
receptor antagonist, but is in contrast to scolopamine unable to cross the blood-brain barrier. One
hour after donepezil treatment, the animals were perfused and sections of the forebrain were
processed for c-Fos-immunohistochemistry. A single dose of donepezil significantly increased
the number of c-Fos positive neurons in the medial prefrontal cortex and nucleus accumbens
(both shell and core region). While scopolamine pre-treatment prevented the donepezil-
stimulated c-Fos induction in the prefrontal cortex and the nucleus accumbens,
methylscopolamine pre-treatment blocked donepezil-induced c-Fos expression only in the
nucleus accumbens. These studies further support that cholinergic neurotransmission is increased
in the prefrontal cortex responsible for improvement of cognitive function. Because scopolamine
and methylscopolamine administration differently inhibited donepezil-stimulated c-Fos induction
in the brain, this suggests both indirect and direct effects of scopolamine on cholinergic activity
in the brain.
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Abstract: In the central nervous system, acetylcholine levels are associated with attention,
learning, memory, consciousness, sleep, and control of voluntary movements. Detection of basal
(sub-nanomolar) levels of acetylcholine in brain microdialysate samples, requires an optimized
method. The recent release of the new DECADE Elite (electrochemical detector) in combination
with the ultra-sensitive SenCell with a platinum working electrode make it possible to quantify
basal acetylcholine levels in brain microdialysates. For the measurement of acetylcholine an
Immobilized Enzyme Reactor (IMER) was used to convert acetylcholine into hydrogenperoxide,
which can be detected either on a glassy carbon electrode coated with Horse Radish Peroxydase
(HRP) or directly on a Pt working electrode. The HRP method needs laborious regular
preparation of electrodes. The application of a Pt electrode is more user friendly. The robust
method is shown to be sensitive and applicable to measure acetylcholine levels in brain
microdialysates.
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Abstract: The striatum serves as a major relay unit for the basal ganglia, and receives
dopaminergic inputs from the substantia nigra pars compacta and glutamatergic inputs from the
cerebral cortex and thalamus. The interaction between dopamine (DA) and glutamate (Glu)
strongly determines striatal output and regulation of motor function. Reversal of
hyperlocomotion induced by the dopaminergic stimulants (i.e. amphetamine), is a widely used
animal model of for assessing antipsychotic-like activity of pharmacological agents. D1 receptor
(D1R)-mediated activation of the Gaolf/adenylyl cyclase (AC) and protein kinase A (PKA) in
striatonigral SPNs (D1-SPNs) is involved in the hyperlocomotor response to psychostimulants,
through increase in DARPP-32 phosphorylation and potentiation of NMDA receptor currents
(INMDA). The M4 subtype of muscarinic acetylcholine receptor (mAChR), is known to play an
important role in the modulation of DA activity in striatum. We have shown that M4 positive
allosteric modulators (PAMs) play a pivotal role in the inhibition of in vivo responses to
amphetamine, suggesting that M4 could represent a novel therapeutic target for the treatment of
schizophrenia. However, while these behavioral effects are likely to be partially due to M4-
mediated inhibition of DA release, we now show that the novel M4 PAM VU0467154 reverses
the increase in locomotor activity induced by the direct-acting D1R agonist SKF82958. This
suggests that M4 PAMs could also reduce DA signaling acting downstream from inhibition of
DA release. Interestingly, M4 couples to Gai/o, which inhibits AC and could directly antagonize
the effects of D1R activation on the Gaolf/AC/PKA pathway. Consistent with this, mAChR
agonists inhibit D1R-mediated activation of striatal AC and phosphorylation of DARPP-32.
Furthermore, by monitoring INMDA in SPNs from acute slices we found that M4 activation can
prevent the D1-mediated enhancement of INMDA in D1-SPNs. We are also investigating the
effects of treatment with VU0456154 on DIR agonist-mediated hyperlocomotion in mice
lacking M4 selectively on D1-SPNs. These results demonstrate that M4-mediated antipsychotic
effects could also result from direct postsynaptic actions of M4 onto D1- SPNs.
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Abstract: Application of carbachol (CCh) can lead to concentration dependent long-term
depression (LTD) in the layer 2/3 to layer 5 excitatory synaptic transmission of the mouse
prefrontal cortex (PFC). PFC LTD induced by 50uM CCh (mLTD) can be completely blocked
by the M1 orthosteric antagonist VU0255035, is absent in M1-KO mice, and can be potentiated
by an M1-selective positive allosteric modulator (PAM) when a lower threshold concentration of
CCh is used. These data indicate that this mLTD is mediated by the M1 muscarinic subtype. In
addition, we demonstrated that mLTD is absent in a mouse model of schizophrenia, achieved by
repeated administration of phencyclidine (NMDA receptor antagonist). In the present study we
further elucidated the mechanism of mLTD in the mouse PFC. Using slice electrophysiology, we
recorded changes of field excitatory post synaptic potentials (fEPSPs) in layer 5 PFC following
CCh application under different conditions. When fEPSPs were recorded in presence of GABAA
antagonist bicuculline (20uM), 50uM CCh failed to induce any mLTD in the drug-naive mice,
indicating that GABAA receptors play an important role in the induction of mLTD. In contrast,
pretreatment with NMDA receptor antagonist AP-V (50uM) failed to block CCh-induced
mLTD, suggesting that mLTD is NMDA receptor independent. However, pretreatment with the
metabotropic glutamate receptor 5 (mGlu5) negative allosteric modulator, MPEP (30uM) 10 min
before and during CCh application completely blocked the induction of mLTD. The involvement
of mGlu5 in mLTD was further evident in studies that included the mGlu5 positive allosteric
modulator (PAM) VU0409551. 10uM VU0409551 was able to potentiate a threshold form of
mLTD (induced by 10uM CCh) into a robust mLTD in the mouse PFC of drug-naive mice.



Additionally, mGlu5 PAMs were also able to fully rescue mLTD deficits in the PCP-treated
mice. Thus, acute pretreatment of 10uM VU0409551 prior to S0uM CCh led to robust LTD in
the PCP-treated mice. These studies, taken together, convincingly show that mLTD is NMDA
receptor independent but is dependent on inhibitory neurotransmission as well as concurrent
activation of mGlu5 receptors. We are currently performing additional whole cell
electrophysiology experiments to determine the nature of interactions between muscarinic,
metabotropic glutamatergic and GABA receptors in inducing mLTD in the PFC.
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Abstract: Two seminal clinical studies have demonstrated that the M1/M4 preferring agonist
xanomeline can provide significant therapeutic efficacy in treating psychosis in patients with
Alzheimer’s disease or schizophrenia. Unfortunately gastrointestinal side-effects, likely mediated
by M2/M3 receptors, have removed xanomeline from consideration for clinical use. However,
these studies suggest that compounds that selectively modulate M1 and/or M4 could be
therapeutically beneficial in treating psychosis. Recent reports utilizing novel subtype-selective



M4 positive allosteric modulators (PAMs) have demonstrated efficacy in several preclinical
models of psychosis. However, the mechanism whereby M4 can mediate these antipsychotic-like
effects is not well understood. Here, we utilize a novel M4 PAM (VU0467154) and genetically
modified mice to elucidate the role of M4 in regulating striatal dopamine release and dopamine-
dependent behaviors. Application of the non-selective muscarinic receptor agonist Oxo-M
decreased electrically-evoked striatal dopamine release in a concentration-dependent manner as
monitored via fast scan cyclic voltammetry in acute brain slices. The inhibition of dopamine
release induced by sub-maximal Oxo-M concentrations was potentiated by inclusion of
VU0467154, demonstrating that M4 activation can negatively regulate dopaminergic signaling.
In the striatum M4 is found primarily on direct pathway medium spiny neurons but is also
expressed on cholinergic interneurons and cortical afferents. Interestingly, VU0467154-mediated
reductions in dopamine release were completely absent in conditional knock-out mice in which
M4 was selectively deleted from D1-expressing neurons. Additionally, the effects of
VU0467154 were blocked by pretreatment with the CB2 antagonist AM630. Collectively, these
results suggest that M4 activation attenuates dopamine release via endocannabinoid production
in direct pathway medium spiny neurons, a signaling pathway that may be of therapeutic interest
to developing novel treatments for schizophrenia.
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Abstract: In the central nervous system histamine Hj3 receptors (Hs;Rs) regulate the synthesis and
release of histamine, and the release of other neurotransmitters and neuromodulators. The globus
pallidus (GP) belongs to the basal ganglia, a rich neural network involved in the control of motor
behavior. The high expression of H3;Rs and the very low levels of the corresponding mRNA in
GP strongly suggest that H3;Rs are located on the synaptic afferents to the nucleus, mainly on the
terminals of striato-pallidal neurons. These neurons also express high levels of adenosine Aja
receptors (A2aRs), coupled to Gs proteins and whose stimulation modulates GABA release from
GP synaptosomes and slices. H3Rs couple to Gai/o proteins, and in slices from rat striatum and
substantia nigra pars reticulata their activation decreases K -evoked ["H]-GABA release by
opposing the stimulatory action of dopamine D, receptors, coupled to Gs proteins. The high
expression of the H3Rs and A;aRs on GP synaptosomal membranes (1327 and 454 fmol/mg
protein, respectively) was confirmed with radioligand binding assays. AzaR activation with the
selective agonist CGS-21680 (3 nM) enhanced K -evoked [*H]-GABA release from perfused GP
synaptosomes (153 + 20% of controls), and this effect was reduced by the H3R selective agonist
immepip in a concentration-dependent manner (ECsp 5.2 nM). In turn, the inhibitory effect of
immepip (100 nM) was prevented by the H;R antagonist/agonist inverse clobenpropit (3 uM).
These results indicate that through H3;Rs histamine modulates GABA release from striato-
pallidal neurons and that this effect is selectively exerted on the component of release regulated
by adenosine A,aRs. A;aR-mediated facilitation of GABA release depends on the cAMP/PKA
pathway, and one plausible explanation for the H3R selective effect is thus an action on the same
signaling pathway. In GP slices A,aR activation increased cAMP accumulation (295% of basal,
ECs 3.2 nM) and H3R activation reduced by 50% this effect in a concentration-dependent
manner (ICso 5 nM). Further, direct activation of the cAMP/PKA pathway by forskolin (10 pM)
mimicked the effect of A,sR activation on K'-evoked [’H]-GABA release. An alternative
explanation for the H3R effect is the formation of H3R-A,AR heteromers, and preliminary
experiments with rat GP synaptosomal membranes showed the H3R agonist immepip to reduce
in a modest (2-fold) but significant manner the A;sR affinity for the agonist CGS-21680,
whereas CGS-21680 increased the HsR affinity for immepip, suggesting that H3R/AssR
dimerization does take place and modulates the affinity of these receptors for their respective
agonists.
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Abstract: In the central nervous system histamine modulates the synthesis and the release of
several neurotransmitters through the activation of pre-synaptic H3 receptors (H3Rs). These
receptors are widely expressed in the striatum, the main input nucleus of the basal ganglia, and in
striato-pallidal neurons and cortico-striatal afferents H3Rs are co-expressed with adenosine A2A
receptors (A2ARs), which increase glutamatergic cortico-striatal transmission and reduce
GABAergic intra-striatal transmission. Although A2ARs and H3Rs canonically activate
antagonistic signaling pathways, their modulatory role on assembled striatal synaptic
transmission has remained largely unassessed. In this work we set out to determine the effect of
A2AR and H3R co-activation on the function of collaterals of GABAergic striato-pallidal
neurons. We first studied GABA uptake by striatal isolated nerve terminals (synaptosomes) and
found that activation of either A2ARs or H3Rs reduced in a modest but significant manner
GABA transport (-8 + 2% and -12 + 3%, respectively), and that their co-activation results in
additive inhibition (-22 + 3%). In order to explain these results we have addressed the possibility
for these receptors to form a functional heterodimer, and herein we show that H3R activation
diminishes A2AR affinity for the selective agonist CGS-21680 (increase in Ki value from 9 to 20
nM) and prevents cAMP accumulation induced by the same agonist. In contrast, A2AR
activation had no effect on H3R affinity for the agonist RAMH. Further, co-immunoprecipitation
assays suggest that A2AR/H3R interaction may occur on the striatal synapses, presumably on
both the collaterals of GABAergic projection neurons and cortico-striatal terminals. A2A and H3
receptors have been proposed as new targets for the treatment of cognitive and motor disorders,
and our results suggest an interaction that might bear relevance for the regulation of basal
ganglia transmission and therefore for the design of drugs useful for the treatment of some of
such disorders.
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Abstract: Histamine Hj receptors (HsR) couple to Gi/o proteins and are primarily found as pre-
synaptic receptors in the central nervous system, where they regulate the synthesis and release of
histamine and the release of other neurotransmitters. Alternative splicing of the human H;R
(hH;R) originates 20 isoforms, and in addition to the receptor of 445 amino acids (hH3Russ), an
isoform of 365 aa (hH3R365) is abundantly expressed in several brain regions. Desensitization is a
major mechanism to regulate the functional response of G protein-coupled receptors (GPCRs).
Homologous desensitization is triggered by the phosphorylation of activated receptors by GPCR
kinases (GRKs), and we previously showed that the hH3R445 stably expressed in CHO-K1 cells
experiences homologous desensitization. The hH3R 3¢5 lacks 80 residues in the third intracellular
loop (i3), an important region for GPCR coupling to G proteins, as well as for the
phosphorylation by GRKs and the subsequent binding of B-arrestins in the homologous
desensitization mechanism. In this work we therefore set to study whether the hH3;R 345 also
experiences homologous desensitization and the possible differences with the hH3;R445. Both
hH3R isoforms were stably expressed in CHO-K1 cells, and receptor levels were determined by
[’H]-N-a-methyl-histamine binding assays in membranes and whole cells. Functional
desensitization was evaluated in cells pre-incubated with the HsR agonist R-a-methyl-histamine
(RAMH). The lack of 80 aa in the hH3;R365s had no effect on the expression by CHO-K1 cells, the
affinity for selective ligands or the presence in the cell surface. Pre-incubation for 30 min with
RAMH (1 pM) reduced by 58 + 8% hH;3R 365 signaling through Gi/o proteins and resulted in the
loss of receptors from the cellular surface (-64 + 10%). In contrast to the 445 aa isoform, the
hH3R 3¢5 affinity for the agonist immepip (pKi 8.65 + 0.23) was not significantly reduced by
RAMH pretreatment (pKi values 8.10 £ 0.15 and 8.20 + 0.13 for pre-incubation with agonist for
30 and 60 min, respectively). Maximal desensitization differed in both the extent (96 15% and 58
+ 8% for hH3R44s5 and hH3R365, respectively) and length of exposure required (60 and 30 min).
Further, at 60 and 120 min of RAMH pre-incubation the hH3R345 showed partial re-sensitization,
whereas the hH3;R445 remained desensitized. These results suggest that the hH3R345 experiences



homologous desensitization, but the process differs from the hH3R445 in time-course, magnitude
and re-sensitization.
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Abstract: Increasing evidence suggests that metabotropic glutamate (mGlu) receptors including
mGlu7 receptor are important in the pathophysiology of stress-related psychiatric disorders such
as anxiety and major depression. It has also been shown that mice deficient in mGlu7 receptors
have an antidepressant-like behaviour and altered stress response. On the other hand, the role of
adrenergic signalling in the modulation of mood and depression-related behaviour has also been
pointed out both in clinical studies and in animal models. It has been shown that a1 A-adrenergic
(AR) signalling, but not a1B-AR signalling, produces antidepressant-like behaviour in the mouse
and that prolonged stimulation of a1 A-AR induces a reduction in anxious and depressive
behaviour in animals (Doze et al, Brain Res, 2009, 1285:148-57; Doze et al, Mol Pharmacol,
2011 80:747-58). In the present study, we investigated the cross-talk between a1 A-AR and
mGlu7 receptors essentially using 3 different approaches. First, we performed experiments in
HEK293 cells that were transiently transfected to express a1 A-AR and mGlu7. We demonstrated
that phenylephrine (PE)-induced polyphosphoinositide (PI)-hydrolysis was significantly reduced
by both L-2-amino-4-phosphonobutanoate (L-AP4) and L-serine-O-phosphate (L-SOP), which
activate mGlu7 receptors at high concentrations. Co-expression of the 2 receptors with the GRK2



C-terminal tail, completely prevented the mGlu7 effect. This demonstrates that mGlu7 effect on
alA-AR signalling is mediated by Gfy. Accordingly, we further show that the mechanism of
mGlu7 inhibition of a1l A-AR-signalling requires MAPK activation because both L-AP4 and L-
SOP inhibition of PE-induced PI hydrolysis was reduced in the presence of both UO126 and
PD98059. Second, we used brain slices from the mouse cerebral cortex, in which we fully
confirmed the ability of high concentrations of L-AP4 and L-SOP to inhibit noradrenaline-
stimulated PI hydrolysis. Third, biochemical experiments have been integrated by behavioural
and endocrinological experiments. We demonstrated that i.c.v. PE injection induced an anti-
depressant behaviour in rats, as measured by the forced swimming test, and this effect was
reduced by L-SOP administration. To study the responsiveness of the HPA axis, we collected
trunk blood to measure plasma corticosterone levels, 30 min after i.c.v. injection of PE or L-SOP
+ PE. L-SOP strongly reduced the increase in corticosterone levels induced by PE. Our data
demonstrate that mGlu7 receptors negatively modulate a1 A-AR signalling and that the interplay
between these 2 receptor systems may play a role in the pathophysiology of mood disorders.
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Abstract: Metabotropic and ionotropic glutamate receptors are closely clustered in postsynaptic
membranes and are believed to interact actively with each other to control excitatory synaptic
transmission. Metabotropic glutamate receptor 5 (mGIluRSY), for example, has been well
documented to potentiate ionotropic NMDA receptor activity, although underlying mechanisms



are poorly understood. In this study, we investigated the role of mGIuRS in regulating trafficking
and subcellular distribution of NMDA receptors in adult rat striatal neurons. We found that the
mGluR1/5 agonist DHPG concentration-dependently increased NMDA receptor GluN1 and
GluN2B subunit expression in the surface membrane. Meanwhile, DHPG reduced GluN1 and
GluN2B levels in the intracellular compartment. The effect of DHPG was blocked by an
mGluRS selective antagonist MTEP but not by an mGluR1 selective antagonist 3-MATIDA.
Pretreatment with an inhibitor or a specific inhibitory peptide for synapse-enriched
Ca*'/calmodulin-dependent protein kinase IT (CaMKII) also blocked the DHPG-stimulated
redistribution of GluN1 and GluN2B. In addition, DHPG enhanced CaMKIla activity and
elevated GluN2B phosphorylation at a CaMKII-sensitive site (serine 1303). These results
demonstrate that mGIuRS regulates trafficking of NMDA receptors in striatal neurons.
Activation of mGIluRS appears to induce rapid trafficking of GluN1 and GluN2B to surface
membranes through a signaling pathway involving CaMKII.
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Abstract: Glutamate is the major excitatory neurotransmitter in CNS acting via ionotropic
(NMDA, Kainate and AMPA) and metabotropic glutamate receptors (mGlu). During neuropathic
pain, glutamatergic neurotransmission becomes elevated and impairs the antinociceptive effects
of opioid drugs. It has been reported that spinal mGluRs can modulate nociception and mGluR
antagonists can potentiate effects of morphine. To analyze the anatomical substrate underlying
the interactions between mGluRs and mu-opioid receptors, we have employed multi-color
immunofluorescence histochemistry on tissue sections of rat spinal cord and dorsal root ganglia
(DRGQG). Polyclonal and mouse monoclonal antibodies were raised against recombinant mGluR 1



(Group I), mGluR2/3 and mGluR2 (Group II), and mGIuR8 (Group III) proteins. Rabbit
monoclonal antibodies against the rat mu-opioid receptor (OPRM1) were raised against a peptide
immunogen from the N-terminal portion of the receptor. There was an overlap in distribution of
mGluRs and mu-opioid receptors in spinal cord dorsal horn and we observed co-localization in
some punctate profiles. In spinal cord dorsal horn, mGluRs were distributed in lamina I - III with
more intense labeling in lamina 2, whereas mu-opioid receptors were mostly in lamina I - IT with
higher density in lamina I. Labeling for mGluR1, mGluR2, mGluR2/3 and mGluRS8 in the DRG
was more abundant in medium and large size neurons rather than in small-sized neurons,
whereas labeling for mu-opioid receptors was detected predominantly in small-sized neurons. In
DRG we observed colocalization of mu-opioid receptors with mGluRs in small-sized neurons
but the frequency of colocalization was different depending on the type of mGluR. Our data
indicate that there is an anatomical overlap in distribution of mu-opioid receptors and mGluRs in
spinal cord. Colocalization of mu-opioid and mGluRs in small-sized DRG neurons suggest direct
interactions between mu-opioid and metabotropic glutamate receptors.
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Abstract: One of the dogmas in the field of metabotropic glutamate (mGlu) receptors is that
mGlul and mGlu5 receptors are coupled to polyphosphoinositide (PI) hydrolysis via a Gq/11
protein, whereas mGlu2 and mGlu3 receptors are negatively coupled to adenylyl cyclase activity
via a Gi/o protein. This general belief has conditioned functional studies carried out in cultured
neurons and brain tissue. However, an intriguing observation is that the prototypical mGlul/5
receptor agonist, 3,5-dihydroxyphenylglycine (DHPG), is less efficacious than (1S,3R,4S)-1-
aminocyclo-pentane-1,3,4-tricarboxylic acid (1S,3R-ACPD) in stimulating PI hydrolysis in brain



slices. This difference does not reflect a greater intrinsic efficacy of 1S,3R-ACPD at mGlul and
mGlu5 receptors, but rather the ability of the compound to recruit either mGlu2 or
mGlu3receptors. If combined with selective mGlu2/3 receptor agonists, which are inactive on
their own, DHPG stimulates PI hydrolysis to the same extent as 1S,3R-ACPD in hippocampal
slices (Genazzani et al 1994 Brain Res 659:10-16; Schoepp et al 1996 Neuropharmacology
35:1661-1672). This suggests that a functional cross-talk between group-I and group-II mGlu
receptors exists, but the molecular nature of this cross-talk is unknown. In HEK-293 cells co-
expressing mGlul receptors with either mGlu2 or mGlu3 receptors, DHPG-stimulated PI
hydrolysis was amplified by the mGlu2/3 receptor agonist, (-)-2-oxa-4-
aminocyclo[3.1.0]hexane-4,6-dicarboxylic acid (LY379268). A similar potentiation was
observed when the mGlu5 receptor was co-expressed with either mGlu2 or mGlu3 receptors. In
cortical slices prepared from adult mice, LY379268 was able to potentiate DHPG-stimulated PI
hydrolysis, as expected. However, potentiation was lost in slices prepared from mGlu3-/- mice
and was unaffected in slices prepared from mGlu2-/- mice. This suggested that native mGlu3,
but not mGlu2, receptors are functionally linked to mGlul/5 receptors and play a permissive role
on mGlul/5 receptor-mediated PI hydrolysis. This hypothesis was supported by data obtained in
cortical slices prepared from mice at postnatal day 14 (PND14). mGlu5 and mGlu3 receptors are
known to be highly expressed in the early postnatal life, and all group-I mGlu receptor agonists
are known to cause large stimulations of PI hydrolysis at this age. Interestingly, DHPG-
stimulated PI hydrolysis was largely reduced in cortical slices prepared from PND14 mGlu3-/-
mice as compared to age-matched wild-type or mGlu2-/- mice. Thus, it appears that endogenous
activation of mGlu3 receptors largely contributes to mGlul/5 receptor-mediated PI hydrolysis
during early brain development.
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Title: Bidirectional interaction between adenosine A1l receptor and type-1 metabotropic
glutamate receptor
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Abstract: Adenosine Al receptor (A1R) is a G protein-coupled receptor (GPCR) for the
ubiquitous neuromodulator adenosine and is known to play roles in regulation of neuronal
excitability, arousal level, and pain sensitivity. We previously reported a new type of neuronal
action of A1R; in cerebellar Purkinje cells, A1R activation leads to the attenuation of neuronal
responses involving type-1 metabotropic glutamate receptor (mGluR 1), a GPCR for the excitable
neurotransmitter. Such a response includes long-term depression of postsynaptic glutamate-
responsiveness, a cellular basis for cerebellar motor learning. Here we explore in more detail
interaction between A1R and mGluR 1 using non-neuronal heterologous expression cells. Our co-
immunoprecipitation and FRET analysis revealed that A1R and mGluR1 form complexes even
in a non-neuronal cell type. We used cAMP production assay to evaluate the activity of the
signaling cascade coupled to AIR and found that mGluR1 activation leads to inhibition of this
cascade. These findings demonstrate that the two classes of GPCRs have a cellular environment-
independent intrinsic property to form heteromeric complexes and mutually modulate their
signaling. This modulation may enable the GPCR complex as a whole to mediate intriguing
cellular responses.
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Abstract: Neurochemical evidence shows that activation of CB1 cannabinoid (CB1Rs) with
exogenous cannabinoid agonists in the basal ganglia is switched from an inhibitory effect into a
stimulatory response by activating D2Rs. This effect has been attributed to restricted Gi/o protein
coupling because it is mimicked by pretreatment with pertussis toxin. In the current experiments
we use electrophysiological techniques to determine the significance of these effects in the
control of pallidal synaptic transmission. Paired pulse technique recorded with whole patch
technique in GPe cells showed that the CB1 agonist ACEA depressed GABA release initiated by
stimulation of striato-pallidal terminals. The inhibition of release was transformed into
stimulation by treatment with either the D2R antagonist quinpirole or pertussis toxin. This
stimulation was blocked by treatment with the PKA inhibitor H89. Depolarization of the
postsynaptic membrane (DSI) induced a reduction of spontaneous inhibitory currents that was
blocked by pretreatment with the cannabinoid antagonist AM 251. Activation of D2R with
quinpirole converted the DSI into a stimulatory response. This stimulatory response disappeared
when PKA was blocked with H89. These experiments show that cannabinoid effects on GABA
transmission in the GPe are modulated by dopamine. The switch in cannabinoid effects appears
to be mediated by restricted Gi/o protein coupling because it is mimicked by pertussis toxin
treatment. The stimulation of release also appears to be mediated by coupling to Gs protein
because it disappears when activation of PKA is blocked with H89. The switch in the effects of
depolarization shows that the action of endogenous cannabinoids is controlled by activation of
D2Rs.
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Abstract: A novel signaling mode mediated by the B-arrestin (Barr 1 and Barr 2) proteins has
been observed in numerous family A and family B seven transmembrane receptors (7TMRs). Far
less is known about Parr signaling by family C 7TMRs such as the group I metabotropic
glutamate receptors (mGluR1 and mGluR5), which are viewed as promising targets in the
treatment of neuropsychiatric disorders including epilepsy, Fragile X syndrome, cocaine
addiction, and neuropathic pain. Accordingly, our objectives are to determine whether group I
mGluR-Parr signaling underlies synaptic plasticity and to identify downstream effectors of a
putative mGluR-parr signaling pathway. We tested the hypothesis that Barr 17~ or arr 27" mice
possess selective deficits in mGluR-dependent plasticity by conducting blinded studies
comparing hippocampal slice recordings obtained from knockout mice and wildtype littermates.
We observed that mGluR 1-dependent potentiation of EPSCs induced by low frequency, paired
stimulation of hippocampal mossy fiber inputs to CA3 pyramidal neurons was absent in mice
lacking Parr 2 (post-train amplitudes were 94 + 9% of baseline, n=13 for Barr 27, compared to
131 + 7%, n=11 for Parr 2", p=0.004) but intact in mice lacking Barr 1 (137 + 14% n=14 for
Barr 17, 143 + 6% n=10 for Barr 1", p=0.66). In contrast, long-term potentiation of mossy fiber-
CA3 synapses induced by high frequency stimulation was unaffected by gene targeting of either
Barr isoform (190 + 23% n=9 for Parr 17", 163 + 16% n=7 for Parr 1", p=0.34; 165 + 16% n=38
for Barr 27, 167 + 14% n=6 for Parr 2", p=0.94). mGluR-dependent long-term depression of
Schaffer collateral-CA1 synapses elicited by low frequency stimulation is also unaffected in Parr
17" (74 + 9% n=10 for Parr 17, 80 + 8% n=15 for Parr 1", p=0.6) and Parr 2 mice (93 + 11%
n=14 for Barr 27", 72 + 5% n=18 for Parr 2", p=0.1). Finally, we tested whether MAPK or Src
family tyrosine kinases underlie mGluR 1-Barr 2-mediated plasticity of mossy fiber-CA3
synapses. Pharmacological antagonism of MEK1/2 prevented induction (102 + 7% n=7 for
u0126-treated slices, 137 + 9% n=17 for vehicle slices, p=0.004), as did inhibition of Src family
tyrosine kinases (111 + 8% n=10 for PP2-treated slices, p=0.03 compared to same vehicle
group), but inhibition of cRaf-1 kinase had no effect (137 + 20% n=9 for GW5074-treated slices,
p=0.98 compared to vehicle). Together, these data delineate a new role for the Parr 2 isoform in
conjunction with mGlul receptors, support the involvement of Barrs in learning and memory
processes, and suggest that pathway selection could be viable in mGluR-targeted therapeutics.
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Title: Group I metabotropic glutamate receptors (mGluRs) regulation in the central nervous
system
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Abstract: Receptor trafficking in a cell is a crucial cellular process which ensures delivery of the
receptors to proper destination in the cell membrane either by lateral movement on plasma
membrane or direct insertion at the specific site at the neuronal surface. Glutamate is a major
excitatory neurotransmitter in the central nervous system and acts through Ionotropic Glutamate
Receptors and Metabotropic Glutamate Receptors (mGluRs). Glutamate receptors are localized
as clusters at the neuronal membrane through interactions with intracellular scaffolding proteins
but are also reported to be found dispersed in other regions of the membrane. There is a dynamic
equilibrium between the different pools of receptors and mechanism of the process is poorly
understood. Group I mGluRs belong to a family of G-protein coupled receptors (GPCRs) that
show widespread distribution in the brain and they primarily localize at the post-synaptic sites.
mGluRS, a Group I mGluR family member, is positively coupled to the IP3/DAG pathway. It
has been reported that mGIuRS5 gets desensitized on ligand binding. The objective of our study
was to investigate the post-desensitization events of mGluRS. Our finding suggests that the
receptor gets internalized on ligand application and subsequent to the internalization mGluRS
enters the recycling compartment followed by the recycling of the receptor to the cell surface.
We have also observed that inhibition of specific protein phosphatases either pharmacologically
or by endogenous knockdown leads to the blocking of mGIuRS recycling differentially. In
addition, we are also exploring the role of Homer proteins in the regulation of Group I mGluRs
in the CNS. Homer is a scaffolding protein that has been reported to regulate the surface
expression and function of Group I mGluRs. We are addressing these questions using Lentiviral
mediated “molecular replacement” approach. This strategy involves knockdown of endogenous
Homer protein and simultaneous expression of various forms of Homer for a possible rescue. We
are studying the structure-function analysis of Homer in Group I mGIuR regulation using this
elegant approach.
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glutamate receptors
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Abstract: Metabotropic glutamate receptors (mGluRs) are a family of G-protein coupled
receptors activated by the neurotransmitter glutamate. These receptors are classified into three
groups based on sequence homology, signal transduction mechanism and pharmacological
profile. The Group I (mGlIuR 1 and 5) receptors are mainly postsynaptic, whereas Group II
(mGluR 2 and 3) and Group III (mGluR 4, 6, 7 and 8) are primarily presynaptic. Dissociated
primary cultures of cerebrocortical cortical neurons exhibit spontaneous Ca>" oscillations in the
presence of physiological [Mg”']; these oscillations are thought to correspond to synchronized
bursts of action potentials with attendant release of glutamate. This study was designed to
characterize individual contribution of each of the three groups of mGluRs towards spontaneous
Ca”" oscillation in murine cerebrocortical neurons. Cerebrocortical primary cultures from Swiss-
Webster mice (E17) were used in this study. Cultures maintained for 10 days in vitro (DIV) were
used. Primary neuronal cultures were loaded with Fluo-3, incubated at 37°C for 1 hour and
transferred to a fluorescence plate reader (FLIPR). The emitted fluorescence signals were
recorded at 515-575 nm after excitation at 488 nm. We found that the Group I agonist (RS)-3,5-
dihydroxyphenylglycine, DHPG (ECs¢= 266 nM, 95% CI=61-1144 nM) produced a
concentration-dependent increase in the frequency of spontaneous Ca*" oscillations. In contrast
the mixed Group I/II agonist (+)-1-aminocyclopentane-trans-1,3-dicarboxylic acid, trans-ACPD
suppressed Ca”" oscillations with an ICso of 715 nM (95% CI=410-1,248). This response to
trans-ACPD was reversed by the mixed Group I/II antagonist (RS)-a-methyl-4-
carboxyphenylglycine, (RS)-MCPG. The selective group II agonist (1R,4R,5S,6R)-4-amino-2-
oxabicyclo[3.1.0]hexane-4,6-dicarboxylic acid, LY379268 (ICso= 3 nM, 95% CI=1.8-4.9 nM)
mimicked the response to trans-ACPD in producing a concentration-dependent complete
inhibition of Ca®" oscillations. This inhibitory response was reversed by the selective group II
mGluR antagonist (25)-2-amino-2-[(1S, 25)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic



acid, LY341495 (K= 0.9 nM). The group III agonist L-(+)-2-amino-4-phosphonobutyric acid,
L-AP4 (ICso= 29 nM, 95% CI=29-293 nM) produced a partial inhibition of Ca*" oscillations,
which was reversed by the antagonist of group III mGluRs, (RS)-a-methylserine-O-phosphate,
MSOP (ECso= 3.8 uM, 95% CI=0.5-25 uM). These data collectively demonstrate the
predominance of inhibitory group II mGluRs in controlling synchronized Ca" oscillations in
murine cerebrocortical neurons.
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Abstract: Central nervous system (CNS) is composed of millions of neurons, which are
connected through each other via synapse. Synapse is the junction where preceding neuron
transfers its information to later neuron. Proper release of neurotransmitters in the pre-synaptic
terminus and trafficking of neurotransmitter receptors in the post-synaptic terminus play crucial
role in normal synaptic transmission and any alteration in these regulations could lead to
pathological symptoms. mGluR1 is a GPCR that belongs to the group I family of metabotropic
glutamate receptors (mGluRs). This receptor is positively coupled to Gag/11 and activates
protein kinase C pathway upon activation. mGluR1 is distributed throughout the CNS and its
role has been implicated in various forms of synaptic plasticity including learning and memory
along with its role in various neurological disorders like Fragile X syndrome and Autism. In the
last few years this receptor has emerged as a potential therapeutic target for various neurological
and psychiatric diseases. While studying trafficking of mGluR1, we observed that upon agonist



stimulation mGluR1 gets endocytosed and recycled back to the surface in both non-neuronal and
neuronal cells. We also found a crucial role of Protein phosphatase 2A (PP2A) in the recycling
of mGluR1. Inhibition of PP2A by various means (pharmacologically, over-expression of
dominant negative PP2A and endogenous knockdown of PP2A) resulted in the inhibition of the
recycling of mGluR1. Presently we are studying the role of Tamalin/GRASP, a postsynaptic
scaffolding protein in the trafficking and signaling of mGluR1. Tamalin has been reported to
interact with mGluR1 and regulates its surface stability. We are exploring the role of Tamalin in
group I mGluR trafficking using lentiviral mediated “molecular replacement” approach. This
approach involves acute knockdown of endogenous protein and simultaneous expression of
various forms of that protein for possible rescue. We are currently using this elegant approach to
unravel the structure-function analyses of Tamalin in the trafficking of group I mGluRs in the
central nervous system.
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Abstract: The mGlul metabotropic glutamate receptor is found in large amounts in cerebellar
Purkinje cells, where it is a key player in mechanisms of activity-dependent synaptic plasticity
underlying motor learning. The cognate mGlu5 receptor is instead nearly absent in Purkinje cells
of adult mice or rats, but is found in Purkinje cells during the first ten days of postnatal life.
Interestingly, the mGlu5 receptor is re-expressed in adult Purkinje cells in response to
pharmacological blockade of mGlul receptors or under pathological conditions, such as type-1
spinocerebellar ataxia or experimental autoimmune encephalomyelitis (Notartomaso et al., Mol.
Brain, 2013; Fazio et al., Neuropharmacology, 2012). Here, we examined whether mGlul and
mGlu5 receptors have any role in regulating the expression of the K+-Cl— co-transporter, KCC2.
KCC2 is expressed by mature neurons, where it lowers the CI- equilibrium potential to more



negative values than the resting potential, thereby allowing the inhibitory action of GABAA
receptors. GABAA receptors are instead excitatory in immature neurons, which do not express
KCC2. In Purkinje cells, KCC2 is localized at climbing fiber synapses during postnatal
development, and at basket cell GABAergic synapses in the adult life (Kawakita et al., Eur. J.
Neurosci., 2012). We have found that expression of KCC2 in Purkinje cells is affected by drugs
that positively or negatively modulate mGlul receptors, and show substantial changes in mice
with genetic deletion of mGlu5 receptors. We are currently investigating whether
pharmacological modulation of mGlul receptors or the lack of mGlu5 receptors cause changes in
the CI- equilibrium potential in Purkinje cells and affect the behavioural response to GABAA
receptor activation in mice.
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Abstract: Group-I metabotropic glutamate receptors (mGlul and mGlu5 subtypes) are coupled
to Gq/11 and their activation leads to polyphosphoinositide (PI) hydrolysis with ensuing
mobilization of intracellular Ca2+ and activation of protein kinase C. Stimulation of PI
hydrolysis by the group-I mGlu receptor agonist, 3,5-dihydroxyphenylglycine (DHPG), is
largely mediated by the mGlu5 receptor in most brain regions (e.g., hippocampus, cerebral
cortex, and corpus striatum), with the exception of the developing cerebellum in which both
receptors equally contribute to the stimulation of PI hydrolysis. Both mGlul and mGlu5
receptors are found in the retina, where their precise function is largely unknown. We first
measured DHPG-stimulated PI hydrolysis in slices prepared from the bovine retina. We were
surprised to find that the PI response to DHPG was abrogated by the mGlul receptor negative
allosteric modulator (NAM), 3,4-dihydro-2H-pyrano[2,3]b quinolin-7-yl) (cis-4-



methoxycyclohexyl) methanone (JNJ6259685), but was only minimally affected by the mGlu5
receptor NAM, 2-methyl-6-(phenylethynyl)pyridine (MPEP). In contrast, MPEP was more
efficient in reducing DHPG-stimulated PI hydrolysis in the bovine hippocampus, as expected.
We then measured DHPG-stimulated PI hydrolysis in the mouse retina by incubating one entire
retina per single test tube in the PI assay. Individual mouse retinas pre-labeled with [3H]-myo-
inositol responded to DHPG with an increased [3H]-inositol phosphate formation. Again, this
response was highly sensitive to inhibition by JNJ6259685 but not to MPEP, although both
mGlul and mGluS5 receptor proteins could be detected in the mouse retina by Western blot
analysis and immunohistochemistry. These data show for the first time that excitatory amino
acid-stimulated PI hydrolysis in the retina is almost entirely mediated by the mGlul receptor.
This may facilitate the study of mGlul receptor-coupled signal transduction in a native
environment, and suggests that the mGlul receptor might be a better drug target than the mGlu5
receptor in the experimental treatment of degenerative disorders of the retina.
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Title: Regulation of mGluR?7 trafficking by SUMOylation in neurons
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Abstract: Protein SUMOylation is a post-translational modification by which Small Ubiquitin-
like MOdifier (SUMO) proteins are covalently linked to the lysine residues of target proteins via
an enzymatic cascade. SUMOylation of synaptic proteins plays important regulatory roles in
synapse formation, axonal mRNA transport, channel activity, and receptor endocytosis. The
metabotropic glutamate receptor type 7 (mGluR7), a presynaptic G protein-coupled receptor



modulates excitatory neurotransmission and synaptic plasticity by inhibiting neurotransmitter
release. MGIuR7 at Lys889 has been shown to be modified by SUMO proteins in vitro assays,
and a consensus motif for SUMO conjugation is conserved in the C-terminus of mGIluR7.
However, recent studies have failed to demonstrate the SUMO conjugation of full-length
mGIluR7 in mammalian cells and neurons. Here we have explored whether mGluR7 is a target of
SUMOylation. Using biochemical approaches coupled with confocal imaging, we find that
mGluR7 at Lys889, the sole SUMOylation site on the C-terminus of mGIuR7 is a target of
SUMO conjugation both by SUMO-1 and SUMO-2/3 in HEK293T cells. The SUMOylation of
mGluR7 is prevented by SUMO-specific isopeptidase SENP-1. Although we have failed to
detect SUMOylation of mGIuR7 in cultured cortical neurons, SUMOylated form of mGIuR?7 is
present in brain lysate. Furthermore, we find that mutation of mGIuR7 at Lys889 to Arg
markedly increases mGluR7 internalization in hippocampal neurons. Overexpression of SENP-1
leads to increased internalization of mGluR7, whereas SENP-1 Cys603Ser, a catalytic inactive
mutant has no effects, suggesting that endocytosis of mGIluR7 is enhanced by reduced SUMO
conjugation of mGIuR7. Taken together, these data support a model in which SUMOylation of
mGluR7 at Lys889 is critical for stable surface expression of mGluR7 in neurons.
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Abstract: Retinal ganglion cells (RGCs), output neurons of the retina, receive inhibitory inputs
from amacrine cells and excitatory inputs directly from cone bipolar cells. Changes in RGC
excitability may directly influence visual processing in the retina. Group I metabotropic



glutamate receptors (mGIluR I) were extensively expressed on retinal neurons. However, the
effects of activating mGluR I on excitability of RGCs are largely unknown. Here, we showed
that DHPG (10 microM), a mGluR I agonist, significantly increased the firing and caused a
depolarization of the membrane potential of the cells, which could be reversed by LY367385 (10
microM), a selective mGluR1 antagonist, but not by MPEP (10 microM), a selective mGluRS5
antagonist, suggestive of the involvement of mGluR1 in the DHPG-induced effect. Intracellular
dialysis of either U73122 (10 microM), a phosphatidylinositol (PI)-PLC inhibitor or
bisindolylmaleimide IV (10 microM), a protein kinase C inhibitor blocked the DHPG effect.
Furthermore, intracellular dialysis of BAPTA (10 milliM), a calcium chelator or CaM
kinasellinhibitor KN-93 (10 microM) showed the similar effects. In the presence of cocktail
synaptic blockers (CNQX, D-APS, bicuculline and strychnine), with spontaneous firing being
disappeared, DHPG persisted to depolarize the membrane potential of RGCs and induce the cells
to fire action potentials, suggesting that activation of mGluR I directly regulates the excitability
of RGCs. The DHPG-induced depolarization of RGCs could not be blocked by TTX, indicating
no involvement of Na" channels. In contrast, DHPG suppressed hyperpolarization-activated
currents. The reverse potential of these currents was approximately -70 mV, very close to
potassium equilibrium potential, implying that K' channels were mediated the DHPG-induced
effects. Further experiments showed that inwardly rectifying potassium (Kir) currents and
hyperpolarization-activated cation currents (I) could be recorded in RGCs, and extracellular
application of DHPG indeed induced suppression on these two channels. Our results suggest that
activation of mGluR1 regulates the excitability of rat RGCs by inhibiting Kir and Th currents,
which is mediated by intracellular Ca**-dependent PLC-PKC and CaMKII signaling pathways.
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Abstract: The brain is generally considered as immune privilege organ since the integrity of
blood-brain-barrier(BBB), impeding the influx of immune cells from blood to the brain.
However the BBB breaks down under pathological conditions including traumatic brain injury
(TBI), stroke and some degenerative diseases, compelling the infiltration of white blood cells
(WBCs) and inducing inflammation of central nerves system(CNS). Neutrophil is recognized as
the vanguard during acute phase, but its real effects and detailed mechanisms in regulation of
neuron function and recovery are still unclear. In our present study, we found that primary
isolated neutrophils could “eat or bite” neurons directly in the coculture model, which was
accomplished with down-expression of neuron neurotrophic tyrosine kinase type 2 receptor
(NTRK2), leading to the atrophy of axons and dendrites and perishment of neuron. This results
were confirmed by live cell imaging system in vitro and we described this phenomenon as
“neutrophils attack and run”. Further investigations showed that the interaction between two G-
protein coupling receptors (GPCRs), metabotropic glutamate receptor 5 (mGluRS5) and adenosine
2a receptor (A2AR), were involved in the effects of neutrophils on neuron described above.
While being different from the classic GPCR interaction mode to form homo or hetero dimers on
the same cell membranes, we found that A2AR on neutrophil contact with mGIuRS on neuron
between the cell membranes through their extracellular binding sites. This was testified by
A2AR/mGIluRS5 knockout, Co-IP and fluorescence resonance energy transfer (FRET)
technologies. These findings that unveil the regulation upon neuron by intruded circulating
neutrophils, may not only be brand-new perspectives about connections between central nervous
system and peripheral immune system, but also provide novel vision of nerve recovery.
Meanwhile this is the first time to confirm GPCRs between different cell membranes, could
interact or bind under specific circumstances, which challenges traditional ligand-receptor signal
transduction.
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Abstract: The striatum plays important roles in motor control and action learning. The activity
of striatal projection neurons is controlled by inputs from several brain regions, and the strength
of these inputs can be modulated by presynaptic G protein-coupled receptors (GPCRs). Most
previous efforts to evaluate GPCR-mediated modulation of glutamatergic transmission in the
striatum have attributed changes in electrically-evoked transmission to modulation of
corticostriatal circuits. However, the contributions of excitatory inputs originating in the
thalamus, which represent almost half of excitatory inputs to medium spiny neurons (MSNs), are
frequently overlooked. Activation of group II metabotropic glutamate receptors (mGlu2 and
mGlu3) is known to produce a strong inhibition of electrically-evoked glutamatergic
transmission onto striatal medium spiny neurons (MSNs). To evaluate the input specificity of the
mGlu2/3-mediated modulation of striatal glutamatergic transmission, we used a viral strategy to
express Channelrhodopsin-2 (ChR2) in neurons projecting to the striatum from the intralaminar
nuclei of the thalamus of 5-7 week old male C57Bl/6J mice. 3-6 weeks after virus injection,
coronal slices containing the striatum were prepared, and optically-evoked thalamostriatal
excitatory postsynaptic currents (0EPSCs) were recorded from MSNs in the dorsolateral
striatum. Bath application of the group II mGlu receptor agonist LY379268 (100 nM, 5 min)
produced a robust reduction of oEPSC amplitude (peak depression 27.4+6.0% of baseline).
Inhibition of oEPSCs by LY379268 was long lasting, persisting for at least 45 minutes after the
onset of drug application (0EPSC amplitude 44.5+5.0% of baseline 40-45 minutes after
LY379268 application). Experiments in which the group II mGlu-preferring antagonist
LY341495 (500 nM, 10 min) was bath applied 10 minutes after LY379268 revealed that the
long-term depression induced by LY379268 is fully reversible. To identify which receptor
subtype(s) contribute to the inhibition of thalamostriatal transmission, we evaluated the effect of
the mGlu2 agonist/mGlu3 antagonist LY395756 (10 uM, 5 min). Interestingly, LY395756
produced a strong, reversible inhibition of oEPSC amplitude (peak depression 22.3+2.5% of
baseline), suggesting a major role for mGlu2 in the modulation of thalamostriatal transmission.
Ongoing studies will evaluate potential contributions of mGlu3 to the inhibition of excitatory
transmission at this synapse. These findings add to our limited knowledge of the mechanisms
regulating the thalamostriatal system.
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Abstract: Neuregulin 1 (NRG1) is a trophic factor involved in neurodevelopment,
neurotransmission and synaptic plasticity. Despite the evidence that NRG1 and its receptors,
ErbB tyrosine kinases, are expressed in mesencephalic dopaminergic (DAergic) nuclei, and their
functional alterations are reported in schizophrenia and Parkinson’s disease, the functional role
of NRG1/ErbB signalling in mesencephalic dopaminergic neurons is still elusive. To this regard,
recent evidence from our group (Ledonne et al., Mol Psychiatry, 2014) demonstrate that NRG1
modulates the nigrostriatal DAergic system in rodent brain by selectively regulating the
functional expression of metabotropic glutamate receptor 1 (mGluR1) in DAergic neurons. We
found that endogenous NRG1/ErbB signalling is essential to preserve mGluR1 function in
mesencephalic DAergic neurons, by maintaining its surface membrane expression.
Consequently, NRG1 tone regulates striatal mGluR 1-induced dopamine outflow in in vivo
conditions. In consideration of this functional interaction between NRG1/ErbB receptors and
mGluR1, we questioned whether NRG1 signalling could participate in modulating mGluR1-
dependent forms of synaptic plasticity in DAergic neurons. Therefore, using electrophysiological
patch-clamp recordings of DAergic neurons in midbrain rodent slices, we investigated the effects
of NRG1/ErbB signalling on the mGluR 1-dependent long-term depression (LTD) of
glutamatergic synaptic transmission in these neurons. Our data support a regulatory role of
NRG1/ErbB signalling in the modulation of glutamatergic synaptic strength in DAergic neurons.
In consideration of the genetic association of NRG1/ErbB signalling with schizophrenia, and the
likely imbalance of glutamatergic and dopaminergic neurotransmission associated with this
disease, the discovery of a functional role of NRG1 in tuning the LTD of glutamatergic synaptic
transmission in DAergic neurons might provide a framework to comprehend how the NRG1-
dependent pathways contributes to the synaptic dysregulations observed in schizophrenia and
other neuropsychiatric disorders.
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Abstract: The constituent nuclei of the limbic system are integral components for learning,
memory and emotive functions in the brain. Among these many nuclei, the mammillary bodies
are essential structures for transmitting information to higher forebrain centers via the
mammilothalamocortical pathway. As such, understanding the neuronal processing occurring in
the mammillary bodies is essential for deciphering its functional roles. Here, the role of group II
metabotropic glutamate receptors (mGluRs) in the mammillary bodies was examined using
whole-cell patch clamp recordings from in vitro slice preparations in the mouse. We measured
whole-cell responses in the presence of pharmacological bath application of group II mGIuR
agonists and antagonists. In addition, we neuroanatomically examined the expression of mGluR2
in the mammillary bodies and other limbic-related structures. Our results demonstrate a direct
role of group II mGluRs for inhibiting neural activity in the mammillary bodies and other limbic-
related structures. These data suggest possible mechanisms controlling the activity of limbic
circuitry and a molecular factor linking disparate elements of these circuits.
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Abstract: The GABAp positive allosteric modulator (PAM) CGP7930 potentiates GABAp
receptor signaling in transfected cells (Urwyler et al. Mol. Pharmacol. 60, 963-971, 2001) and rat
and human brain (Onali et al., Eur. J. Pharmacol. 471, 77-84, 2003; Olianas et al., Neurochem.
Int. 46, 149-158, 2005). A number of behavioral studies have also shown that CGP7930 exerts
anxiolytic effects and reduces self-administration of drugs of abuse (Adams and Lawrence, CNS
Drug Rev. 13, 308-316, 2007). However, little is known on whether this drug can affect neuronal
signaling independently of GABAGg receptor activity. In the present study we report that in
human SH-SYS5Y neuroblastoma cells, CGP7930 (30 uM) induced a rapid increase of dual
phosphorylation (activation) of ERK1/2, which reached a maximum at 15 min and lasted for at
least 60 min. CGP7930 also triggered CREB phosphorylation at Ser133 with a similar kinetic
profile. Under the same experimental conditions, the GABAp receptor agonist (-)baclofen (100
uM) failed to affect ERK1/2 phosphorylation, and when combined with CGP7930, it did not
elicit any further ERK1/2 stimulation. CGP7930-induced ERK1/2 phosphorylation was not
prevented by cell pre-treatment with either the GABAg receptor antagonists CGP55845A and
CGP54626, the Gijo-receptor uncoupler pertussis toxin, the Gy/11 antagonist YM254890, or the
tyrosine kinase inhibitor genistein. Conversely, it was completely blocked by the MEK inhibitor
PD98059 and significantly attenuated by the protein kinase C inhibitors Go 6983 and
bisindolylmaleimide I. CGP7930 (30 uM) was also found to stimulate ERK1/2 phosphorylation
in CHO-K1 cells, which do not express GABAg receptors. However, CGP7930 (1-100 uM) had
no effect in HEK293 cells, indicating that ERK1/2 activation was not a generalized cellular
response to the PAM. These data indicate that CGP7930 can affect ERK1/2 signaling, which is
known to be involved in the control of mood and drug addiction, independently of increased
GABAGg receptor activity.
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Title: mGlu7 is critical for hippocampal plasticity and is a potential therapeutic target for the
treatment of Rett Syndrome
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Abstract: Rett Syndrome (RS) is a neurological disorder that is characterized by autism-like
symptoms, loss of language skills, seizures, stereotyped behaviors, motor deficits, and cognitive
impairments. Most cases of RS result from loss-of-function mutations in the Mecp2 (Methyl
CpG Binding Protein 2) gene, which encodes for a protein that binds to methylated CpG islands
in DNA and regulates gene transcription. Cell-autonomous knockout (KO) of Mecp2 from
neurons recapitulates the cognitive deficits seen in patients with RS and results in impaired
synaptic plasticity (induction of long-term potentiation (LTP) and long-term depression (LTD))
at the Schaffer-collateral-CA1 (SC-CA1) synapse in the hippocampus. Metabotropic Glutamate
Receptor 7 (mGlu7) is unique from other group III mGlu receptors in that it is located pre-
synaptically within the active zones on both glutamatergic and GABAergic terminals, where it



has been shown to regulate neurotransmitter release. Additionally, mGlu7 KO studies have
suggested that loss of mGlu7 impairs working memory and fear extinction and results in deficits
in short-term plasticity at SC-CAlsynapses, similar to synaptic phenotypes seen in Mecp2 KO
mice. Our preliminary data show that the GRM?7 gene contains an MeCP2 binding site upstream
of the transcription start site and that mGlu7 expression is positively regulated by MeCP2.
Moreover, loss of Mecp2 in mice results in decreased expression of mGlu7 at the synapse in the
hippocampus. Taken together, these data suggest that mGlu7 may be critical for the induction of
LTP at SC-CAL1 synapses and that potentiation of mGlu7 in Mecp2 KO mice could rescue LTP
and improve cognitive impairments. Here we show that mGlu7 is necessary for induction of LTP
at SC-CA1 synapses in wild-type mice, and that it facilitates LTP by decreasing GABAergic
tone in a frequency-dependent manner. This results in a disinhibition of the synapse and allows
for LTP to occur. Additionally, we have shown that application of the group III PAM,
VU0422288, is sufficient to restore LTP in Mecp2 KO mice. Furthermore, we have also found
that VU0422288 can reverse deficits in the contextual fear conditioning assay. These studies
provide evidence for a novel role of mGlu7 in modulating synaptic plasticity in the hippocampus
and suggest that activation of mGlu7 is beneficial in improving cognitive deficits in a mouse
model of Rett Syndrome.
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Abstract: Activation of metabotropic glutamate receptors (mGluRs) with application of the
group I mGluR selective agonist (R,S)-3,5-dihydroxyphenylglycine (DHPG) induces long-term
depression (LTD) of excitatory synaptic transmission onto hippocampal CA1 neurons.
Previously, we have reported selective activation of mGluRs induces a concentration-dependent
increase in phospholipase D (PLD) activity. PLD is a lipid signaling enzyme that catalyzes the
hydrolysis of phosphatidylcholine into phosphatidic acid and choline. In mammals, the two
isoforms PLD1 and PLD2, sharing ~53% sequence identity, have been implicated in critical cell
signaling pathways with roles in cancer and central nervous system (CNS) disorders. Using brain
slice electrophysiology, we recorded changes in mouse CA1 field excitatory post synaptic
potentials (fEPSPs) following DHPG application in the presence of various PLD inhibitors. We
report that 10 minute pretreatment of 2uM ML299 (a dual PLD1/PLD2 inhibitor) reduces
subsequent 50 uM DHPG induced acute depression in addition to blocking long term depression.
Additionally, we demonstrated that selective inhibition of the PLD1 isoform, by 10 minute
pretreatment of 370nM VUO0359595, recapitulates the blocking effect of ML299 on DHPG
induced LTD. However, selective inhibition of the PLD2 isoform by 2uM VU0364739 failed to
inhibit either the acute or long term depression. We also report that, other than its role in
hippocampal plasticity, PLD can also modulate plasticity in other synapses. Application of
ML299 also blocks 50 uM carbachol induced long term depression in the prefrontal cortex
(PFC), a form of LTD that requires co-activation of M1 muscarinic and mGlu5 receptors. These
data taken together, implicates that dysregulation of PLD function may play a role in CNS
disorders in which synaptic plasticity is altered. We are currently performing additional
electrophysiology experiments to demonstrate the role of PLD isoforms in induction and
expression of LTD and long-term potentiation in the hippocampus and PFC.
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Abstract: Positive allosteric modulation of the metabotropic glutamate receptor 2 (mGlu2)
offers a promising therapeutic target for schizophrenia, pain, addiction, epilepsy, and anxiety
disorders. Medicinal chemistry efforts directed at specifically targeting mGlu2 have successfully
developed several chemically distinct mGlu2 PAMs that exhibit therapeutic efficacy in
preclinical rodent models. In order to better understand the binding modes of these mGlu2
PAMs, we characterized a novel mGlu2 radioligand in vitro using recombinant rat mGlu2. We
demonstrated that the mGlu2 radioligand possesses suitable characteristics for binding studies.
Moreover, we characterized the binding modes of several chemically distinct mGlu2 PAMs in
competition binding assays utilizing the mGlu2 radioligand. Taken together, these studies
demonstrate the preclinical utility of this mGlu2 radioligand for studying mGlu2 allosteric
modulation.
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Abstract: Previously, we have demonstrated that unique metabotropic glutamate receptor 5
(mGlu5) positive allosteric modulators (PAMs) differentially potentiate NMDAR currents and
long-term potentiation (LTP) at the Schaffer collateral-CA1 synapse in the rat hippocampus. The
mGlu5 PAM VUO0092273 potentiates both NMDAR currents and theta-burst stimulation-induced
LTP (TBS-LTP) while VU0409551 does not affect either. It was previously thought that mGlu5
PAMSs potentiate TBS-LTP through enhancement of NMDAR currents. However, we now report
that the mGluS PAM VU-29 potentiates TBS-LTP but has no effect on NMDAR currents. In
contrast, another mGlu5 PAM, SPAMS523, potentiates NMDAR currents but does not potentiate
TBS-LTP. Thus, these novel mGlu5 PAMs confer distinct forms of stimulus bias to mGlu5
signaling and allow us to show that potentiation of mGlu5 regulation of NMDAR currents is not
responsible for the ability of mGluS PAMs to enhance hippocampal LTP. Another possible
mechanism by which mGlu5 PAMs could enhance hippocampal LTP is through modulation of
GABAergic inhibitory transmission onto CA1 pyramidal cells, which is known to play a role in
the regulation of LTP in the hippocampus. Previous studies reveal that activation of mGlu5 on
hippocampal pyramidal cells induces endocannabinoid production, which then activates CB1
cannabinoid receptors (CB1Rs) on neighboring interneuron presynaptic terminals and causes a
long-term depression of inhibitory postsynaptic currents (IPSCs). Interestingly, we found that the
CBI1R antagonist AM251 completely blocks the ability of the mGluS PAM VU0092273 to
potentiate threshold TBS-LTP. Furthermore, preliminary whole-cell patch clamp recordings
revealed that that application of 1 pM VU0092273 causes a slight reduction in IPSCs in CA1
pyramidal cells that could represent endocannabinoid-mediated disinhibition by GABAergic
interneurons. Together, these experiments suggest that mGlu5 PAM potentiation of TBS-LTP is



not dependent on enhancement of NMDAR currents but may be mediated by release of
endocannabinoids and a reduction of inhibitory tone. Additional studies will be performed to
determine whether VU0092273 reduces IPSCs by a mechanism that involves endocannabinoid
signaling to presynaptic GABAergic interneurons and to determine whether this disinhibition is
necessary during TBS for the potentiation of LTP. Furthermore, our series of mGlu5 PAMs that
display distinct forms of stimulus bias will allow us to determine whether mGlu5 PAMs that do
not potentiate induction of TBS-LTP are also without effects on endocannabinoid-mediated
disinhibition.
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Abstract: Chronic ethanol exposure is known to cause neuronal damage in both humans and
experimental animal models. Ethanol induces neurotoxicity via the generation of reactive oxygen
species (ROS), while anthocyanins and ascorbic acid (vitamin C) are free radical scavengers that
can be used as neuroprotective agents against ROS. In this study the underlying neuroprotective
potential of black soybean anthocyanins and vitamin C was determined. For this purpose, adult
rats were exposed to 10% (v/v) ethanol for 8 weeks, followed by co-treatment with anthocyanins
(24 mg/kg) and vitamin C (100 mg/kg) during the last 4 weeks. Long term ethanol administration
increased the expression of y-aminobutyric acid B1 receptor (GABAgR) and induced neuronal



apoptosis via alterations to the Bax/Bcl-2 ratio, release of cytochrome C and activation of
caspase-3 and caspase-9. Anthocyanins alone and supplementation with vitamin C showed an
additive effect in reversing the trend of apoptotic signals induced by ethanol in the cortex and
hippocampus. Consequently, anthocyanins also decreased the expression of poly (ADP ribose)
polymerase-1 (PARP-1) induced by ethanol and prevented DNA damage. Furthermore,
anthocyanins and vitamin C reversed the ethanol-induced expression of GABAg;R and its
downstream signaling molecule phospho-cAMP response element binding protein (p-CREB).
Moreover, histopathology and immunohistochemistry results showed that anthocyanins and
vitamin C significantly reduced ethanol-induced neuronal cell death. Our study revealed a
neuroprotective role of anthocyanins and vitamin C via modulation of GABAg;R expression in
the adult brain. Hence, we suggest that anthocyanins or co-treatment with anthocyanins and
vitamin C may be a new and potentially effective neuroprotective agent for alcohol abuse.
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Abstract: GABAB receptors are heterodimeric G protein-coupled receptors, which control
neuronal excitability by mediating slow and prolonged inhibition. The magnitude of GABAB
receptor-mediated inhibition essentially depends on the amount of receptors in the plasma
membrane. One factor that determines receptor availability is regulated protein degradation.
GABAB receptors are constitutively internalized and either recycled to the cell surface or
degraded in lysosomes. The signal that sorts GABAB receptors to lysosomes is currently
unknown. Here we tested whether ubiquitination is the lysosomal sorting signal for GABAB
receptors. We found that inhibition of lysosomal activity in cortical neurons increased total and



cell surface GABAB receptors as well as the level of K63-linked ubiquitinated receptors.
Mutational inactivation of four putative ubiquitination sites in the GABABI subunit significantly
diminished K63-linked ubiquitination of GABAB receptors and prevented their lysosomal
degradation. Searching for factors that control lysosomal degradation of GABAB receptors
revealed that blocking Ca2+/calmodulin-dependent protein kinase II (CaMKII) decreased K63-
linked ubiquitination of GABAB receptors and inhibited lysosomal degradation of GABAB
receptors by sorting the receptors to the recycling pathway. Finally, triggering lysosomal
degradation of GABAB receptors by sustained activation of glutamate receptors, a condition
mimicking in brain ischemia, was accompanied with a massive increase of CaMKII-dependent
K63-linked ubiquitination of GABAB receptors. Preventing K63-linked ubiquitination by
blocking CaMKII, overexpressing ubiquitin mutants or mutant GABAB receptors deficient in
GABABI K63-linked ubiquitination prevented down-regulation of the receptors. These findings
indicate that CaMKII-dependent K63-linked ubiquitination of GABABI1 at multiple sites
controls sorting of GABAB receptors to lysosomes for degradation under physiological and
pathological condition.
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Abstract: Depression affects approximately 121 million people worldwide. It causes more than
800,000 completed suicides by year. Major depressive disorder is an idiopathic syndrome
characterized by depressed mood, helplessness, anhedonia, disphoria, altered sleep behavior and
appetite and loss of concentration. In a published study we found that GABAergic transmission
in the ventral pallidum (VP) seems to play a role in depression-like behaviors. We found an



increased basal GABA extracellular concentration in the VP of rats during the forced swimming
test (FST) suggesting an enhancement of GABAergic tone upon depression. However, the
specific role for GABAB-R in this brain region during depression remains unknown even though
we previously described some GABAB receptor contributions in the VP to this behavior while
using specific agonist and antagonist molecules. In this work we demonstrated that intra-VP
microinjections of saclofen and then baclofen before day-2 FST significantly exacerbated
immobility (477.0 = 8.07; n=10, F=3.893; p<0.05) compared to the control group with saline
solution (348.9+ 31.18; n=10). Then we monitored extracellular GABA when intra-VP saclofen
pulses were administered and found a significant increase (480.95+£178.43; n=4, F=10.86, Df=1,
p<0.05) when compared to the saline control group (77.57+78.68; n=4). Finally, we reported
GABAB-R protein and GABAB2 mRNA subunit up-regulation in the VP of depressed animals.
Thus, we postulate first the synergic effect of GABAB-R antagonist and agonist in the VP upon
pre-synaptic and post-synaptic localization respectively. And second, we report a hypersensitive
GABAB-R system that is possibly involved in the pathogenesis and perpetuation in depressive-
like behaviors and could be considered as plausible therapeutic target.
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Abstract: The lateral habenula (LHb), an ephitalamic structure bridging forebrain and midbrain
nuclei, encodes aversive stimuli. Work in primates and rodents indicate that aversive stimuli



phasically increase LHb neurons firing rate (Matsumoto and Hikosaka 2007) and optogenetic
activation of LHb terminals onto midbrain neurons induces avoidance behavior in mice
(Stamatakis and Stuber 2012; Lammel et al, 2012). Furthermore, in rodents previously exposed
to aversive stimuli such as foot-shocks, c-fos expression as well as firing activity increase within
the LHb (Brown and Shepard 2013; Li et al, 2011). However, the early cellular adaptations
eventually occurring in the LHb after an aversive experience remain to be fully elucidated. In
order to test the hypothesis that aversive events can trigger cellular modifications in the LHb
underlying changes in neuronal excitability, we took advantage of the inescapable footshock
paradigm and ex-vivo patch-clamp recordings in acute slices from mice. To obtain information
on the spontaneous output firing of neurons we recorded LHD cells in the cell-attached
configurations, one hour after the aversive procedure. We found that, in slices obtained from
footshock exposed mice (FsE), neurons presented a significantly higher firing frequency than
control mice. We then, sought to understand the molecular mechanisms responsible for the
increased firing rate. Performing recordings in whole-cell mode, we find that glutamate and
GABAA transmission remained unchanged. In contrast, using whole-cell patch clamp recordings
we find that the pharmacological activation of GABAB-Rs by baclofen, elicited a GIRK-
mediated outward current, which was reduced in FsE. Employing electron microscopy, we show
that FsE leads to a significant reduction in membrane expression of both GABAB1 and GIRK?2,
with a corresponding increase in their intracellular pool. Interestingly, the reduction of GABAB-
GIRK signaling occurred after pain-less aversive experience capable to induce aversive
behaviors in mice (odor predator and restraint stress). Finally, we find that in FSE mice GABAB-
Rs-mediated inhibition of firing resulted strongly weakened. These data indicate that aversive
events drive a rapid and persistent functional reduction of the GABAB-GIRK signal along with a
loss of inhibitory control on firing activity of LHb neurons, providing a sensitive cellular
mechanism underlying LHb neurons hyperexcitability triggered by aversive events.
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Abstract: GABA-B receptors are the G-protein coupled receptors (GPCRs) for GABA, the main
inhibitory neurotransmitter in the central nervous system. Upon agonist stimulation, GABA-B
receptors activate K+ channels via release of Gy heterodimers from the heterotrimeric G
protein. GABA-B receptors comprise principle and auxiliary subunits that regulate receptor
properties in distinct ways. The principle subunits GABA-Bla, GABA-B1b, and GABA-B2
form fully functional heteromeric GABA-B(1a,2) and GABA-B(1b,2) receptors, while the
auxiliary subunits KCTDS, -12, -12b, and -16 influence the kinetics of the receptor response
(Schwenk et al., Nature, 2010). Recently, we showed that all KCTD subunits can interact with
the Gy subunit of the heterotrimeric G protein. Selectively KCTD12 induces a fast
desensitization of receptor-mediated Kir3 channel responses by an activity-dependent
uncoupling of the Gy subunits from the channel (Turecek et al., Neuron, 2014). We will present
an in-depth molecular analysis of the GBy/KCTD interaction. Specifically, we determined the
regions of Gy that bind to the KCTDs in a constitutive and activity-dependent manner.
Furthermore, we show that KCTD12-induced desensitization of the GABA-B receptor response
is not only governed by the presence or absence of KCTD12, but also by the Gy subunits
available in the cellular environment.
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Abstract: Inhibition from interneurons, acting through ionotropic GABA4 receptors, is well
established as being essential for generating and maintaining neuronal network rhythms. It is
emerging that metabotropic GABAg receptors also play an important role in regulating network
dynamics. Recently, GABAg receptors were shown to co-assemble with four auxiliary subunits:
KCTDS, KCTD12, KCTD12b and KCT16; expression of KCTD12b is restricted to the habenula,
but the remainder are expressed throughout the nervous system, with KCTD12 and KCTD16
being widely abundant in most brain regions. The KCTD auxiliary subunits are cytosolic
proteins that influence the agonist sensitivity and G-protein signalling of GABAg receptors, and
KCTD12 polymorphisms are associated with bipolar disorders in humans. GABAg receptors are
heterodimers of GABAg; and GABAg; subunits, and GABAg; subunits exist in two isoforms,
GABAGg1. and GABAg. Receptors containing GABAg;, are predominantly found in presynaptic
locations while those containing GABAg);, are generally found postsynaptically. Previously, we
reported that these isoforms had distinct roles in terminating Up states in an in vitro mouse
model of slow oscillations in the medial entorhinal cortex (mEC), with GABAg,-containing
receptors involved in spontaneous termination of Up states while GABAg;p-containing receptors
were essential for active termination of Up states via afferent stimulation. Using mice in which
either KCTDS§, KCTD12 or KCT16 had been genetically ablated, we used the mEC model of
slow oscillations to determine whether loss of KCTD auxiliary subunits had any consequences
for network function. We found that, in wild type mice or those lacking KCTDS8 or KCTD16,
electrical stimulation in layer 1 of the mEC could halt an ongoing Up state, but that this effect
was abolished in mice lacking KCTD12. This demonstrates a functional loss of post-synaptic
GABAGg,-containing receptors, implying that KCTD12 is necessary for either their function or
trafficking. Examining spontaneous termination of Up states suggested that GABAg;,-containing
receptor-mediated function was impaired, but not lost, in mice lacking KCTD16. These data
show that loss of KCTD auxiliary subunits disrupts normal GABAg receptor-dependent network
function, and work is underway to further study these deficits at the electrophysiological,
anatomical, and behavioural levels.
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Abstract: Auditory brainstem neurons can generate extremely fast, reliable and highly
synchronized action potentials (APs), a process critical for encoding sound localization and
communication cues. This specialization depends on specific potassium and sodium channels
found in mature neurons but how these channels shape AP speed and reliability during
development are largely unexplored. In this study we characterized the maturation of voltage-
gated potassium and sodium channels, and quantified how their currents shape AP properties in
the cochlear nucleus magnocellularis (NM) of chickens. Whole-cell patch clamp recordings were
obtained from developing chicken embryos before, during, and after hearing onset,
corresponding to embryonic (E) days 10-12, E14-16, and E19-21, respectively. Voltage and
current steps of varying durations and strengths were injected into the soma of NM neurons. AP
properties, along with potassium and sodium currents, were characterized before and during bath
application of specific potassium channel blockers. We found that the maturation of both
voltage-gated potassium and sodium currents improved AP speed and reliability, in combination
with changes in intrinsic membrane properties. With maturation, the time constant of membrane
voltage became faster, while input resistance and capacitance decreased. The change in
membrane input resistance was due to a significant upregulation in total potassium current. We
observed a 2-fold increase in the total amount of potassium current from E10 to E21.
Furthermore, we found that high-voltage activated potassium (K tva) channels contribute to the
regulation of AP properties during development. When K v channels were blocked for each
age group, APs became significantly slower and less reliable. However, the greatest amount of
change in AP properties was most prominent at the youngest ages, suggesting a significant
contribution of K'yva channels. Indeed, the ratio of K yva current accounted for 86% of the total
potassium current for younger neurons; whereas, the ratio dropped to 52% for mature neurons. In
addition, sodium currents became larger, faster, and more reliable; there was a 6-fold increase in
rise and fall rates with maturation, likely due to changes in the expression of sodium channel
subtypes. In conclusion, the refinement of potassium and sodium channels plays an important



role in shaping AP properties in the developing avian NM. Auditory brainstem neuron’s ability
to fire fast, reliable and synchronized APs is heavily dependent on both potassium and sodium
channels and deficits in these channels may underlie aspects of auditory temporal processing
disorders.
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Abstract: In the last decade, Kv7.2 and Kv7.3 potassium channels underlying the M-current
have been linked to epileptic disorders, such as benign neonatal seizures and epileptic
encephalopathy. The vast majority of experiments has been performed using single neuron patch
clamp recordings or EEG recordings in murine models. Because permanent Kcng2 knock-out
(KO) animals are not viable, little is known about the brain electric activity in the first days after
birth in the absence of this subunit. To examine the effect of the M-current on neuronal network
activity, we plated E17 hippocampal wildtype (WT), Keng2+/- (H) and Keng2-/- (KO) cultures
on 60-channel microelectrode arrays (MEAs) and recorded the activity on 10, 17 and 24 days in
vitro (DIV). The network parameters were analyzed before and after application of Kv7.2/7.3
agonist retigabine/ezogabine and the blocker XE991. We assessed standard network activity
parameters, including spike and burst frequency, burst duration and number of spikes per burst.
The burst parameters refer to the synchronous “population burst” activity observed
simultaneously on many electrodes. The characteristic pattern observed at DIV 10 was a regular



firing consisting of short-lasting population bursts, which occurred in all 3 genotypes. However,
upon application of 10uM retigabine, mean population burst duration was significantly shorter in
WT and H compared to KO networks. Over the following 7 and 14 days, WT and H culture
firing patterns massively changed to long-lasting, highly synchronized population bursting,
interrupted by long, equally synchronized silent periods. In contrast, KO cultures retained their
firing pattern observed on 10 DIV. Application of the XE991 antagonist in a concentration of
20uM altered population burst patterns in WT and H yielding a similar pattern to KO networks.
Our results show that the M-current dysfunction in in vitro neuronal cultures mostly affects the
duration of population bursts. The observed differences between the 3 genotypes and during
development corroborate the importance of the M-current for the proper functioning of neuronal
networks. Furthermore, this established in vitro assay can be used for the substance screening in
pharmacological studies targeting the M-channels.
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Abstract: The Na+-activated K+ channel Slack (KCNT]1, Slo2.2) is widely expressed in
neurons. Slack channels contribute to slow afterhyperpolarizations and regulate firing frequency.
We expressed the rat Slack channel in Xenopus oocytes and found two different patterns of
channel activity in single channel patch clamp recordings. When few (1-3, low N) channels are



present in the patch, we observe a low channel open probability pattern. In contrast, when 4-5 or
more channels are present (high N), a high channel open probability is observed. On-cell
recordings of high N patches show coupled gating of the fully open state and all points amplitude
histograms show a marked deviation from a binomial distribution expected for independently
gating channels. The different patterns of Slack channel activity likely reflect channel-channel
interactions that only occur when the channels assemble into clusters, as is the case in vivo.
Indeed, cortical and hippocampal neurons show Slack channel membrane clusters.
Electrophysiological recordings from Slack-expressing auditory brainstem neurons show that the
native channels exhibit positive cooperativity. Recent studies have identified KCNT1 point
mutations in three early onset epilepsy syndromes; migrating malignant partial seizures in
infancy, autosomal dominant nocturnal frontal lobe epilepsy, and Ohtahara syndrome. All three
have devastating effects on development and intellectual function. The mutations are found in
RCK1 and RCK2 of the large 900aa cytoplasmic C-terminal domain of Slack with one located in
the S5 pore forming domain of the channel. Voltage clamp studies of the mutant channels show
3- to 22-fold increases in macroscopic currents with no change in levels of channel protein.
Single channel studies show no significant changes in unitary conductance except for the G288S
pore mutant which shows a 50% decrease. We found that positive cooperativity is enhanced in
all human gain-of-function mutations. Mutations show a significant increase in NPo in
multichannel patches relative to the wild type multichannel patches. To explore the allosteric
mechanism responsible for channel interactions, we made a C-terminal truncation of Slack to
remove RCK2, and found that this eliminated the coupling found in Slack channel clusters.
Specifically, there is no difference in open probability in low and high N patches. All points
amplitude histograms show that the channel open probability in high N patches follows that
predicted from a binomial distribution for independently gating channels. Our findings indicate
that cooperative interactions between Slack channels are mediated by the distal cytoplasmic C-
terminal domain.
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Abstract: Modulation of ion channels and neurotransmitter release by serotonin in sensory
neurons of Aplysia has been widely studied as a model for elementary forms of learning and
memory. A primary action of serotonin on these neurons is to activate the cyclic AMP-dependent
protein kinase (PKA), which reduces potassium current. This reduced potassium current, in turn,
causes membrane depolarization, broadening of action potentials and enhanced neurotransmitter
release. In mammalian sensory neurons, it has been established that the Slack sodium-activated
potassium channel is a major component of potassium current. Activation of PKA in mammalian
sensory neurons increases excitability by reducing potassium current through internalization of
Slack subunits (Nuwer et al., 2010). To determine if Slack subunits have a similar role in setting
the excitability of Aplysia sensory neurons, we have isolated several isoforms of Aplysia Slack
gene from an Aplysia sensory neuron library. In situ hybridization experiments show that Slack
is expressed at very high levels in mechanosensory neurons in all major ganglia including the
abdominal, pleural, cerebral and buccal ganglia. In voltage clamp experiments on isolated pleural
mechanosensory neurons, potassium current was reduced on removal of sodium from the
external medium. In normal media, application of serotonin reduced overall potassium current,
and in current clamp experiments caused depolarization of the resting potential and broadening
of action potentials. In contrast, if cells were treated with RNA1 against Slack to suppress Slack
expression, serotonin failed to reduce potassium current. Slack RNAi-treated cells had more
positive resting potentials and broader action potentials than those treated with scrambled RNAI,
and application of serotonin produced smaller depolarizations with no broadening of action
potentials. Our findings suggest that the Slack sodium-activated potassium channel is highly
differentially expressed in Aplysia mechanosensory neurons, and contributes in a major way to
serotonin-induced changes in excitability.
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Abstract: Hippocalcin (HPCA) and Neurocalcin & (NCALD) are structurally very similar
neuronal Ca>" sensor (NCS) proteins controlling neuronal functions in many types of cells and
shown to be crucial in regulating slow afterhyperpolarization (sAHP). It has been demonstrated
that a time course of SAHP, which controls patterns of neuronal activity, may depend upon Ca*'-
induced NCS protein translocation from the cytosol to the plasma membrane. In spite of minor
difference in AA sequence between HPCA and NCALD, a primary structure of the latter
promotes its Ca*'-dependent dimerization and results in higher affinity for binding Ca*". Besides,
major distinctions in AA sequence between the proteins are located in their N-terminal region
responsible for Ca**-dependent insertion into the plasma membrane. Altogether these differences
in structure and biophysical properties suggest different Ca**-dependent signaling of these
proteins during induction of SAHP. To test this hypothesis we studied Ca®"-dependent
translocation of HPCA, NCALD and their chimeras in cultured hippocampal neurons. The
neurons were co-transfected with HPCA and NCALD (or chimeras) tagged by different
fluorescent proteins and stimulated in a voltage-clamp mode to evoke transient increases of
intracellular [Ca®"]; that may produce sAHP. The same spatio-temporal patterns of [Ca>"];
changes led to different time courses, amplitudes, and locations of HPCA and NCALD
translocation. There was substantial (~1s) latency in NCALD translocation as well as its
dramatic (~4 times) prolongation compared to HPCA. Ca*" influx was also spatially
differentially decoded by HPCA and NCALD translocation in soma and dendrites of cultured
hippocampal neurons. Besides, sensitivity of NCALD to Ca®" at low [Ca*']; was 4-fold higher
compared to HPCA. Initial experiments with chimeras suggested that differences in kinetics of
NCALD signaling compared to HPCA is mainly a result of dimerization that stabilizes Ca*'-
bound form and increase NCALD binding to the plasma membrane due to its interaction with 2
myristoyl groups. Thus, minor distinctions in AA sequences of HPCA and NCALD does lead to
a substantial difference in their Ca**-dependent signaling via translocation to the plasma
membrane and subsequent activation of SAHP. We conclude that differential expression of
HPCA and NCALD in CNS neurons may determine the time course of SAHP in particular
neurons, thus far controlling their patterns of activity.
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Abstract: Epileptic seizures are bursts of excessive neuronal activity, suggesting that
mechanisms controlling brain excitability are compromised. The voltage-gated potassium
channel Kv4.2, the predominant mediator of hyperpolarizing A-type currents in the CA1 region
of the hippocampus, is a crucial regulator of neuronal excitability. Kv4.2 expression levels are
reduced following seizures, but the underlying mechanisms remain unclear. Here, we report that
Kv4.2 is translationally repressed by the RNA-induced silencing complex shortly after status
epilepticus in mice in vivo and after kainic acid treatment of hippocampal neurons in vitro.
Moreover, we have identified a microRNA that inhibits Kv4.2 protein expression. Antagonizing
this microRNA with an antisense oligonucleotide blocks excitotoxicity-induced reduction of
Kv4.2 protein in neurons, is neuroprotective, and reduces the severity of kainic acid-evoked
status epilepticus in mice. In summary, our results demonstrate that microRNA-mediated



silencing contributes to Kv4.2 suppression during seizures and suggest that Kv4.2-targeting
microRNAs might serve as therapeutic targets for epilepsy.
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Abstract: Voltage gated Kv4 channels control the excitability of neurons and cardiac myocytes
by conducting rapidly activating-inactivating currents. The function of Kv4 channels is
profoundly modulated by K" Channel Interacting Proteins (KChIPs) soluble auxiliary subunits.
However, the in vivo mechanism of the modulation is not fully understood. In this study, we
aimed to study the mechanism of KChIPs modulation on Kv4 channels in Caenorhabditis
elegans (C. elegans). We identified three C. elegans KChIP-like (ceKChIP) proteins, NCS-4,
NCS-5, and NCS-7. All three ceKChIPs alter electrical characteristics of SHL-1, a C. elegans
Kv4 channel ortholog, currents by slowing down inactivation kinetics and shifting voltage
dependence of activation to more hyperpolarizing potentials. Native SHL-1 current is completely
abolished in cultured myocytes of Triple KO worms where all three ceKChIPs genes are deleted.
Re-expression of NCS-4 partially restored expression of functional SHL-1 channels, whereas
NCS-4(efm), a NCS-4 mutant with impaired Ca**-binding ability, only enhanced expression of
SHL-1 proteins, but failed to transport them from the Golgi apparatus to the cell membrane in
body wall muscles of Triple KO worms. Moreover, translational reporter revealed that NCS-4
assembles with SHL-1 K" channels in male diagonal muscles. Deletion of either ncs-4 or shi-1



significantly impairs male turning, a behavior controlled by diagonal muscles during mating. The
phenotype of ncs-4 null mutant could be rescued by re-expression of NCS-4, but not NCS-
4(efm), further emphasizing the importance of Ca>* binding to ceKChIPs in regulating native
SHL-1 channel function. Together, these data reveal an evolutionarily conserved mechanism
underlying the regulation of Kv4 channels by KChIPs, and unravel critical roles of ceKChIPs in
regulating muscle cell excitability and animal behaviors in C. elegans.
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Abstract: Heteromeric Kv7 (KCNQ) channels are voltage-dependent potassium channels
composed of four Kv7 subunits being differently expressed in the brain. Striatal
neurotransmission is strongly suppressed by systemic administration of various Kv7 channel
openers, including the pan-Kv7 channel opener retigabine. This effect presumably involves
stimulation of different Kv7 channel isoforms in mesencephalic dopaminergic neurons projecting



to the striatum. However, it remains to be established whether Kv7 channels locally expressed in
the striatum may also play an important contributing role in controlling striatal post-synaptic
excitability. To further investigate the functional relevance of striatal Kv7 channel expression in
vivo, we determined the Kv7 subunit mRNA composition in the rat striatum and asked whether
retigabine may influence striatal excitability by direct stimulation of striatal Kv7 channel
activity. The relative levels of rat striatal Kv7 subunit mRNAs were
Kv7.2=Kv7.3=Kv7.5>>Kv7.4. Post-synaptic Kv7 mRNA expression in the rat striatum was
suggested by an almost complete ablation of striatal Kv7 mRNA levels following a unilateral
intrastriatal application of quinolinic acid. Striatal Kv7 channels were functional, as revealed by
a unilateral intrastriatal retigabine application which markedly reduced striatal neuronal c-Fos
induction after acute systemic haloperidol administration. Collectively, these data suggests that
post-synaptic striatal Kv7 channels play a direct role in modulating striatal excitability.
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Title: DPP6 domains responsible for its localization and function
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Abstract: Dipeptidyl peptidase-like protein 6 (DPP6) is an auxiliary subunit of the Kv4 family
of voltage-gated K" channels known to enhance channel surface expression and potently
accelerate their kinetics. DPP6 is a single transmembrane protein, which is structurally
remarkable for its large extracellular domain. Included in this domain is a cysteine-rich motif, the
function of which is unknown. Here we show that this cysteine-rich domain of DPP6 is required
for its export from the ER and expression on the cell surface. Disulfide bridges formed at
C349/C356 and C465/C468 of the cysteine-rich domain are necessary for the enhancement of
Kv4.2 channel surface expression but not its interaction with Kv4.2 subunits. The short



intracellular N-terminal and transmembrane domains of DPP6 associates with and accelerates the
recovery from inactivation of Kv4.2, but the entire extracellular domain is necessary to enhance
Kv4.2 surface expression and stabilization. Our findings show that the cysteine-rich domain of
DPP6 plays an important role in protein folding of DPP6 that is required for transport of
DPP6/Kv4.2 complexes out of the ER.
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Title: Novel KCNJ10 SNPs affect Kir4.1 biophysical properties and their modulation by
spermine

Authors: *M. MENDEZ', Y. KUCHERYAVYKH', A. ZAYAS-SANTIAGO', W. VELEZ-
CARRASCO!, L. CUBANO?, S. SKATCHKOV?®, M. EATON*;
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Abstract: KCNJ10-encoded Kir4.1-containing channels generate the major inward rectifying K+
conductance in astrocytes and are essential for buffering excess extracellular [K+]. Mutations in
the KCNJ10 gene are causal in certain forms of epilepsy. This gene contains over 120 coding-
region single nucleotide polymorphisms (SNPs) of which their molecular effect remains
unknown. Here, we investigate the functional consequences of uncharacterized SNP’s reported
in publically accessible genome data bases (Q212R, L166Q and G83V) that we hypothesize will
alter Kir4.1 channel function. Using whole-cell patch clamp of tSA201 cells expressing wild-
type (WT) Kir4.1 or its variants, we evaluated the impact of these SNPs on homomeric Kir4.1



and heteromeric Kir4.1/5.1 channel function. Cells expressing WT Kir4.1, Q212R or L166Q
channels displayed a hyperpolarized membrane potential, compared with G83V variant. In
response to voltage-steps, macroscopic currents from cells expressing WT and Q212R channels
displayed no differences, whereas currents from cells expressing L166Q and G83V were
reduced. Surprisingly, the current response was rescued when L166Q was co-expressed with
Kir5.1. Kir4.1 channels can be modulated by the polyamine spermine (SPM). Using inside-out
excised patches we determined SPM sensitivity of homomeric Kir4.1 and heteromeric Kir4.1/5.1
channels and determined V1/2 and offset values by fitting to the Boltzmann function. Both
homomeric Q212R and heteromeric Q212R/5.1 displayed greater V1/2 values indicating reduced
block by 1uM SPM. At 100uM SPM, the block of Q212R-containing homomeric channels was
the same as WT suggesting that the greater driving force of SPM allowed steady state to be
achieved. As homomeric L166Q channels show reduced current, we could only assess the effect
of SPM on heteromeric L166Q/Kir5.1. Heteromeric L166Q-Kir5.1 channels achieved a higher
block than WT at all SPM concentrations tested and most notably with 100 uM SPM. This could
be explained if this residue helps to keep SPM in a stable conformation in the deep pore cavity
which is supported by the complete block (i.e., offset of 0) seen in these channels. Overall, our
data suggest that SNP’s of KCNJ10 may affect channel function via different mechanisms.
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Title: The roles of ion channel antibodies on neuron survival
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Abstract: Neuronal excitability is finely controlled by various membranous channels and
associated proteins. In the central nervous system (CNS), the rapidly inactivating voltage-gated
potassium channels (VGKC) are the major determinants of dendritic excitability. VGKCs play a
critical role in regulating neuronal excitability and synaptic plasticity in the hippocampus.



NMDA receptors and VGKCs are critical for the development of the CNS, generation of
rhythms for breathing and locomotion, and the processes underlying learning, memory, and
neuroplasticity. Consequently, abnormal expression levels and altered NMDAR function have
been implicated in numerous neurological disorders and pathological conditions. NMDAR
hypofunction can result in cognitive defects, whereas overstimulation causes excitotoxicity and
subsequent neurodegeneration. Subconductance levels have been observed in virtually every
type of ion channel, although the number of levels, stability, and abundance vary widely.
Sublevels have been well-characterized in potassium channels, which are evolutionarily related
to NMDARs. The aim of the study is the contribution of VGKC-complex protein leucine rich
glioma inactivated 1 (LGI1) and NMDAR of neuronal survival/death in hippocampal cells.
Primary hippocampal cultures were prepared from the brains of newborn Balb-c mice
approximately 4 days old. The hippocampus was isolated from the brain of each mice and treated
at 4 °C. The cells were suspended in neurobasal medium and were plated at several densities 200
-1600 cells per mm2. IgG was isolated from healthy participants and limbic patients who were
NMDAR or LGI1 antibody positive. Different concentrations of isolated IgG were added to the
preperation at days 1, 3 and 7 in vitro. Imaging was performed on same days by confacal
microscobe and dead cells were determined using propidium iodide. In this study t-test was used
for analysis and showed that high concentrations of anti-NMDAR and LGI1 IgG cause neuronal
and astrocytic death. These result showed that ion channel antibodies do not only cause neuronal
dysfunction but also dysregulate neuronal-astrocytic survival.
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Abstract: Two-pore domain K (K2P) channels control resting membrane potential and cellular
excitability in neuronalcells. Among the K2P channels, TWIK1 is the first identified member of



K2P channel and highly expressed in brain, but its neuronal role is almost unknown.We recently
reported that TWIK-1 contributes to the intrinsic excitability of dentate gyrus granule cells
(DGGCs) in mouse hippocampus. However, homodimer function of TWIK-1 is still
controversial. Recently, we and Goldstein suggest that TWIK-1 can make heterodimer with
TREK-1 in astrocyte and TASK-3 in cerebellum granule cells and act as a functional channel.
Talley and his colleagues were already shown that TASK-3 mRNAs were intensively detected in
DGGCs as well as cerebellum granule cells, but its protein expression level was not
reported.Therefore, we determined TASK-3 expression and the subcellular localization and
tested its real- heterodimerization with TWIK-1 using PLA assay in DGGCs. As a result, TASK-
3 is highly expressed in DGGCs and can make real-hetrodimers with TWIK-1. In order to verify
TWIK-1/TASK-3 heterodimer function in DGGCs, we used TWIK-1 KO mice and TASK-3
specific sShRNA containing viral vector. Expectedly, both TWIK-1 KO mice and TASK-3-
shRNA infected mice exhibit significantly reduced outwardly rectifying potassium currents and
enhanced intrinsic excitability in DGGCs. Interestingly, TASK-3 shRNA infected TWIK-1 KO
mice have no additional effect when comparing each condition. Taken together, we suggest that
TWIK-1 and TASK-3 mostly make heterodimers in DGGCs and contribute to the intrinsic
excitability

Disclosures: J. Choi: None. O. Yarishikin: None. E. Kim: None. J. Park: None. E. Hwang:
None.

Poster

121. Potassium Channels I

Location: Hall A

Time: Sunday, October 18, 2015, 8:00 AM - 12:00 PM

Program#/Poster#: 121.13/B11

Topic: B.04. Ion Channels

Title: Ca®"-dependent modulation of Kv4.2-mediated currents
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Abstract: The sub-threshold activating, A-type potassium current (IA) has long been recognized
as a critical component for regulating dendritic excitability and shaping back propagating action
potentials. In CA1 pyramidal cells of the hippocampus IA is carried predominantly by Kv4.2
potassium channels, which are associated with a variety of accessory proteins that modulate their
trafficking and kinetics. Among these interacting proteins are K-channel interacting proteins



(KChlIPs), small cytoplasmic proteins with four calcium binding EF-Hand motifs. IA shows a
distinct functional gradient along the apical dendrites of CA1 pyramidal neurons. Synaptic
localization and activity dependent trafficking of Kv4.2 indicates an additional, and possibly
distinct, role of Kv4.2 in synaptic physiology. The strong and reciprocal relationship between
Kv4.2 and the GIuN2B subunit of the Calcium conducting N-methyl-D-aspartate (NMDA)
receptor opens up the possibility of calcium dependent effects on Kv4.2 function in the synapse.
Using a mutated KChIP construct that is unable to bind calcium but still interacts with Kv4.2, we
show that changes in intracellular and extracellular calcium concentrations alter Kv4.2 mediated
currents in the presence of KChIPs in a heterologous expression system, as well as CA1
pyramidal neurons in acute slices. Specifically, current densities and current decay constants, as
well as voltage dependent activation and inactivation states of Kv4.2 depend not only on the
presence or absence of KChIPs, but also on the availability of calcium. Since intracellular
calcium concentrations are tightly regulated in vivo, especially in dendritic spines, and Kv4.2 has
a demonstrated intimate relationship with calcium conducting channels as well as calcium
binding proteins, understanding the effect of calcium on Kv4.2 mediated currents will be of great
value for the understanding of the role that IA plays in shaping postsynaptic currents and
dendritic integration in the hippocampus.
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Title: Ketogenic diet promotes the upregulation of Katp channels expression by mediating
ketone activity
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Abstract: Metabolic alteration is being considered as a potential intervention for various
neurological disorders, based in part on the functional protection of the high-fat, low-



carbohydrate ketogenic diet (KD) and its metabolic substrates, ketone bodies [KBs; f3 -
hydroxybutyrate (BHB) and acetoacetate (ACA)]. The KD and KBs are involved in producing
anticonvulsant properties as well as in broad disease-modifying effects, but the mechanisms
underlying their actions have yet to be fully elucidated. Our recent findings have demonstrated
that KBs can protect synaptic plasticity against oxidative insults by modulating ATP-sensitive
potassium (Katp) channels (PMID; 25848768). To expand this observation, we asked whether
expression profiling of mRNAs and proteins of Karp channels augments following the
administration of the KD or KBs, and if pharmacological blockade and genetic ablation of Katp
channels counteract the neuronal protective effects afforded by KBs. C3HeB/FeJ mice were fed
either the KD or a standard diet (SD) from weaning until postnatal day 35 and 60. Hippocampal
lysates collected from the KD-fed mice showed a significant increase in the inwardly rectifying
K" channel subunit Kir6.2 and SUR1, critical components of Krp channels, as compared to
mice fed SD. Consistent with incidence of mild ketosis in KD-fed mice, murine hippocampal
HT22 cells exposed to a cocktail of KBs (BHB and ACA, 1 mM each) underwent a higher
expression of mRNAs and proteins of Kir6.1, Kir6.2, and SUR1, accompanied with elevation of
cell viability against 500 pM H,O, - evoked oxidative insult. The neuroprotective effect was
reversed when pharmacological blockers, such as glibenclamide and 5-hydroxydecanoate, or
shRNA of Karp channels were applied with KBs. Further, under lipopolysaccharide (LPS)-
induced microglial cell activation, KBs-treated microglial cells (BV2) had a reduction in the
release of pro-inflammatory mediators induced by LPS and its effect was linearly correlated with
the upregulation of expression profiling of Katp channels. Kir6.2 immunoreactivity was
significantly increased in both HT22 cells and BV2 cells exposed to KBs for 6 hrs. Taken
together, our findings suggest that metabolic change by the KD may provide the upregulation of
Kartp channels expression through ketone activity to help contribute to its diverse protective
actions.
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Authors: S. GURURAJ', *A. BHATTACHARJEE?;
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Abstract: Nociceptive sensitization is a central component of neuropathic pain, involving an
alteration in the membrane properties of the sensory neurons of the Dorsal Root Ganglion (DRG)
such that they have a lowered threshold for activation and hence, increased spontaneous activity.
This DRG hyperexcitability manifests as the painful physiological symptoms of hyperalgesia and
allodynia in patients of neuropathic pain, in whom there is as yet a large unmet need for medical
treatment due to a lack of proper understanding of the precise molecular mechanisms involved.
The key role of sodium activated potassium (Ky, ) channels in the maintenance of firing
accommodation in DRG neurons makes them important targets to study in the context of DRG
excitability, which then deems mechanisms of Ky, channel regulation as potential ways to
regulate DRG hyperexcitability. In this context, we examined the Ky, channel Slack’s extensive
intracellular C-terminus for possible sites of regulatory protein interactions and found that it
contains two putative p38 MAPK phosphorylation sites that are highly conserved across species.
While there is no direct link between p38 MAPK and Ky, channels, there is evidence for p38
MAPK’s role in facilitating neuronal regeneration after nerve crush of the sciatic nerve,
indicating that the kinase could be an important player in neuropathy and potentially, in
nociceptive sensitization. To answer the question of whether p38 MAPK regulates Slack
channels via phophorylation of the C-terminus, we have performed electrophysiology
experiments to demonstrate that Slack current is subject to modulation by p38 MAPK, and
biochemical experiments to show that Slack is basally phosphorylated by p38 MAPK. Site-
directed mutagenesis of the p38 MAPK phosphorylation sites indicates that modulation occurs
via phosphorylation at both the sites. Finally, biotinylation assays suggest that the mechanism of
modulation of Slack current by p38 MAPK is likely at the membrane via a trafficking
mechanism. Together, these results are the first direct demonstration of Slack as a p38 MAPK
substrate, and provide evidence for p38 phosphorylation playing a role in Slack channel
trafficking and hence, DRG membrane excitability.
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Title: An ALS-associated mutant SOD1 alters sodium-activated potassium currents and neuronal
excitability in Aplysia neurons
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Abstract: Mutant human Cu/Zn superoxide dismutase 1 (SOD1) is associated with motor neuron
toxicity and death in an inherited form of amyotrophic lateral sclerosis (ALS).The ALS-linked
mutations have been associated with a toxic gain-of-function, including the formation of
cytotoxic oligomers and aggregates of misfolded SOD1 subunit. The precise forms of the mutant
SOD1 that are toxic and the mechanisms by which they produce toxicity and alter neuronal
excitability are, however, not clear. To address these questions, we recorded from bag cell
neurons of Aplysia, a model system to study neuronal excitability. We found that injection of
fluorescently-tagged wild-type SOD1YFP or monomeric mutant G85R SOD1YFP had no effect
on net ionic currents measured under voltage clamp. In contrast, outward potassium currents
were significantly reduced by microinjection of fluorescently-tagged cross-linked dimers of
mutant GE8SR SOD1YFP or by mutant SOD1YFP that was preincubated at 37 degrees.
Reduction of potassium current was also seen with G85R SOD1YFP that had been cross-linked
to multimeric species of ~300 KDa or to > 300 KDa. In current clamp recordings, microinjection
of 300KDa cross- linked G85R SOD1YFP increased excitability by causing depolarization of the
resting membrane potential, and decreasing the latency of action potentials triggered by
depolarization. The effect of cross-linked 300KDa G85R SODI1YFP on potassium current was
reduced by removing sodium from the bath solution, or by knocking-down levels of the Slack
sodium-activated potassium channel using RNAI. It was also prevented by pharmacological
inhibition of ASK1 (apoptosis signal-regulating kinase 1) or of JNK (c-Jun N-terminal kinase),
but not by an inhibitor of P38 mitogen-activated protein kinases. These results suggest that
mutant SOD1 aggregates trigger a kinase pathway that regulates levels of sodium-activated
potassium current in neurons.
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Title: Phosphatidylinositol 4,5-bisphosphate (PIP2) differentially modulates
afterhyperpolarizations in oxytocin and vasopressin magnocellular supraoptic neurons
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Abstract: Oxytocin- (OT) and vasopressin- (VP) secreting neurohormonal cells play a crucial
role in many physiological functions including lactation, parturition (OT) and cardiovascular
regulation (VP). The release of both hormones is optimized by a burst-firing pattern of action
potentials. Afterhyperpolarizations (AHPs) play a crucial role in shaping bursts and thus are
critical for robust hormone release. Three components of the AHP have been described: fast
(fAHP), medium (mAHP), and slow (sAHP). Because previous work demonstrated that the lipid
phosphatidylinositol 4,5-bisphosphate (PIP,) enabled the SAHP current in cortical neurons
(Villalobos et al., 2011: J Neurosci 31: 18303), we investigated whether PIP, served a similar
function for OT and VP neurons of the supraoptic nucleus (SON). Using whole cell recording in
coronal hypothalamic slices from adult female rats, we demonstrated that wortmannin, which
inhibits the rate limiting enzyme of PIP, production, PI4Ka, robustly reduced both the SAHP and
mAHP of OT neurons with high affinity (ECso = 64 nM). In contrast, VP neurons typically
showed no inhibition to wortmannin, even at high concentrations. In VP and OT neurons, the
PIP; kinase inhibitor LY294,002 (100nM) failed to affect AHPs, suggesting the wortmannin
effects were specific to PIP, synthesis. We further tested this by introducing a PIP, analog (diCs-
PIP,) into neurons through the patch pipette, which slowed rundown of mAHP and sAHPs over
30+ minutes of recording in both cell types and even enhanced the mAHP and sAHP in VP
neurons. Finally, wortmannin failed to inhibit AHPs in the presence of diCs-PIP, in both OT and
VP neurons. The results indicate that PIP, is necessary for the normal expression of mAHPs and
sAHPs in OT neurons, but may nevertheless contribute to the enhancement of AHPs in VP
neurons when made available in large quantity.
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Title: The relative contribution of Kir4.1, two-pore domain K+ channels and KCNN2 to the
passive conductance of mature hippocampal astrocytes
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Abstract: Mature hippocampal astrocytes display a characteristic linear current - voltage (I-V)
membrane conductance, or passive conductance. While the K channels are known as the
molecular identities underlying the passive conductance, a complete list of these channels
remains to be fully identified. The inwardly rectifying Kir4.1 is one of the identified channels,
however we have shown that Kir4.1 contributes to less than 50% of the total membrane
conductance, leaving the remaining channels to be further uncovered. In an effort to identify
these channels, we have previously focused on the two-pore domain K" channels, TWIK-1 and
TREK-1. However, the functional study from either single-knockouts or double-knockout of
these genes resulted in an insignificant alternation in both passive conductances and membrane
potentials. We extended the search to genes in other K channel subfamilies that could be
responsible for the passive conductance by examining their mRNA expression levels in freshly
dissociated hippocampal astrocytes, which includes K;;5.1, KCNG4, KCNK10, and KCNN2. We
found that the potassium intermediate/small conductance calcium-activated channel, KCNN2,
shows the highest mRNA expression among other candidate genes. In addition, KCNN2 shows
comparable expression levels to the highest expressing potassium channel, TWIK-1.
Interestingly, KCNN2 is a voltage-independent leak K™ channel that can be dynamically
regulated by intracellular Ca** concentration. Thus KCNN2 is likely a channel contributing
significantly to the passive conductance, as well as being able to coordinate intracellular Ca**
signaling with membrane K" conductance.
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Abstract: Kv3 voltage-gated potassium ion channels form tetrameric assemblies comprised of
alpha subunits Kv3.1-Kv3.4 and are expressed in interneurons throughout the spinal cord
(Deuchars et al. 2001). Kv3 subunits decrease with age in the auditory brainstem, a loss thought
to underlie age-related hearing deficits (Zettel et al. 2007). We postulate a similar age-related
decline in the spinal cord and present here an initial characterisation of the expression of Kv3
subunits in the adult murine spinal cord. 3 wild-type (WT) C57Bl/6 and 3 transgenic GAD67-
GFP C57Bl/6 mice (4-6 weeks) were anaesthetised by intraperitoneal injection of sodium
pentobarbitone (60mg/kg), perfused with 4% paraformaldehyde (PFA) and dissected to isolate
spinal cords and post-fixate in 4% PFA. Spinal cords were sectioned at 40 um using a vibrating
microtome. WT tissue was processed for double labelling immunohistochemistry (IHC) of Kv3
a-subunits and various protein cell markers; parvalbumin and calretinin are calcium binding
proteins found in certain interneurons; ChAT (choline acetyl transferase) is expressed in
motoneurons and sympathetic preganglionic neurons; and finally vGluT1, vGluT2 and GlyT2 are
synaptic transporters for glutamate and glycine, respectively. Transgenic GAD67-GFP tissue was
processed for double labelling of Kv3 a-subunits with glutamic acid decarboxylase 67(GAD67).
Kv3.1, Kv3.3 and Kv3.4 but not Kv3.2-positive neurons were situated around autonomic and
motor regions within the adult murine spinal cord. These neurons were not GABAergic (not
containing GAD67) but mostly glycinergic (GlyT2) and/or glutamatergic (vGlut2 but not
vGluT1). Kv3.1 and Kv3.4 subunits were expressed in the membranes of ventral horn CHAT-
positive putative motoneuron cell bodies. Kv3 subunits were also observed on the membranes of
parvalbumin and calretinin positive cell bodies; Kv3.1 with parvalbumin around the
intermediolateral horn (IML) and in the ventral horn and both Kv3.3 and Kv3.4 co-expressed
with parvalbumin on the membranes of cell bodies in the ventral horn. Kv3.1 was extensively
co-expressed with calretinin in cell bodies around the central canal, IML, dorsal horn and ventral
horn, the latter thought to represent Renshaw cells. A similar pattern of co-expression was also
observed for Kv3.3. We hypothesise that the expression of these ion channels in the murine
spinal cord may change through age at a level paralleled by changes in both autonomic and
motor outputs. This initial characterisation of Kv3 expression in adult mice will be compared to



that of aged and young mice to elucidate any age-related changes in expression and the
functional consequences of these changes.
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Abstract: Fragile X syndrome (FXS) is the most common form of inherited intellectual
disability. In common with autism, FXS is characterized by hypersensitivity to many types of
sensory stimuli, including environmental sounds. Our previous work has shown that mice
lacking FMRP (Fragile Mental Retardation Protein), which are a mouse model for Fragile X
syndrome, have abnormally elevated levels of Kv3.1-like "high-threshold" potassium currents
and significantly decreased levels of Slack Na+-activated K+ currents. Both of these are
predicted to increase the firing rate of the postsynaptic neurons and to substantially degrade the
accuracy of timing of action potentials in auditory brainstem neurons of the medial nucleus of
the trapezoid body (MNTB). Consistent with this, we have found that the firing pattern of
MNTB neurons in response to repeated stimulation is severely abnormal in Fragile X mice. We
have also found that waves IV of the Auditory Brainstem Response (ABR) recorded in vivo are
significantly enhanced in Fragile X mice, suggesting that loss of FMRP alters central processing



of auditory signals. Based on these results we are now testing, in Fragile X mice, the
physiological effects of two potential therapeutic compounds, AUT1 and AUT2, which modulate
the activity of Kv3 family channels in cell lines. To our surprise, we found that the effects of
AUT1 on MNTB firing in Fragile X mice are completely opposite to their effects on neurons
from wild-type animals. More specifically, while AUT1 decreased firing in MNTB neurons from
wild-type animal, it enhanced firing in Fragile X mice. In contrast to AUT1, AUT2 decreased
firing in Fragile X mice. Because AUT1 and AUT2 both shift the voltage-dependence of Kv3.1
activation to more negative potentials, but AUT2 is more potent that AUT1, one potential
explanation for this difference is that while both compounds increase Kv3.1-like "high-
threshold" potassium currents in the Fragile X mice, the greater shift produced by AUT2
increases currents close to the resting potential, raising the threshold for action potential
generation. Consistent with this, our preliminary voltage-clamp experiments on MNTB neurons
indicate that AUT?2 increases K+ current at negative potentials. Ongoing experiments are
characterizing the full difference in K+ current responses of wild type and Fragile X mice.
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Abstract: We studied neurons from two BAC transgenic mouse lines that uniquely express

EGFP in different subpopulations of layer 5 pyramidal neurons (etv/ and glt) with distinct firing
patterns. Our previous study revealed major differences in spike frequency adaptation and firing
gain between etv] and glt cells that were primarily due to differential expression of Ca*'-
dependent K conductances (sK and sSAHP channels). Here we tested for differential expression
of voltage-gated K" channels in etv1 and glt neurons. We obtained somatic whole cell recordings



from EGFP-positive neurons in acute brain slices from 2-4 week old mice and then withdrew the
pipette to obtain macroscopic outside-out patches whose capacitances were 2 - 4 pf (to overcome
space-clamp limitations of the highly dendritic pyramidal cells). Membrane patches were held at
-70 mV and 33°C. Outward current was elicited by a 500 ms voltage step to +10 mV. Na" and
Ca”" currents were blocked by applying 0.5 pM TTX and 0.2 mM CdCl, to the external solution.
We observed outward currents with both transient and persistent components. Transient
components were isolated biophysically and showed slower inactivation in glt patches than in
etvl patches. Persistent currents were measured at 200 ms from the onset of the voltage step. We
first recorded current in the control external solution, and then switched to external solution with
specific Kv channel blockers to test for the expression of specific Kv channels. Kv1 current was
defined by sensitivity to 100 nM Dendrotoxin plus 20 nM Margatoxin. Kv1-mediated current
was larger in etvl patches (18.8% of the current, n = 21) than in glt patches (13.3%, n = 8). Kv2
current was defined by 100 nM Guangxitoxin sensitivity and was significantly larger in glt
patches (58.8%, n = 9) than in etv1 patches (30.7%, n = 25). Kv7 current was defined by 2 uM
XE991 sensitivity and comprised 7.9% of current in etvl patches (n = 11) vs. 1.8% in glt patches
(n = 6). In additional experiments we perfused the internal solution with Kv2.1 or Kv2.2
antibodies to selectively block Kv2.1 or Kv2.2 channels. Internal perfusion with Kv2.1
antibodies reduced a larger portion of the persistent current in glt patches (55.8%, n = 14) than in
etvl patches (35.5%, n = 11). Internal perfusion with Kv2.2 antibodies inhibited 44.7% of the
persistent current in etv1 patches (n = 17) but had no effect in glt patches (n = 7). The greater
expression of Kv2.1 conductance in glt cells may facilitate their higher gain and firing rate.
Kv2.2 expression in etvl cells may contribute to lower firing rates and gain. Additional
experiments elucidated the biophysical properties and biological roles of these Kv channels in
both etvl and glt cells.
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Abstract: ATP-sensitive potassium (KATP) channels play important roles in many cellular
functions by coupling metabolic and electrical activity of the cells and expressed in many types
of cells including neurons. Although major voltage-activated ionic channels of stellate cells in
the ventral cochlear nucleus are largely characterized previously, the presence of KATP channels
in these cells is not known. We aimed to investigate presence, subunit composition and
functional role of KATP channels in stellate cells using whole-cell patch clamp and
immunohistochemical techniques. Immunohistochemical analyses showed that stellate cell
somata were strongly labelled with antibodies against SUR1 and Kir6.2 subunits and moderately
labelled with SUR2 antibodies, whereas labelling signals for Kir6.1 subunit were very week.
Kir6.2 subunit was strongly co-localized with SUR1 and SUR2 subunits. Whole-cell patch clamp
recordings from stellate cells in ventral cochlear nucleus slices revealed that KATP agonists
including cromacalim, diazoxide, 3-amino-1,2,4-triazole, NNC 55-0414, NNC 55-0118 and 5-
nitro pyridine, and hydrogen peroxide induced membrane hyperpolarization which was
accompanied by a decrease in spontaneous firing rate. The hyperpolarizing effects of KATP
agonists and hydrogen peroxide were blocked by KATP channel antagonists. Extracellular
application of catalase and KATP channel blockers glybenclamid, tolbutamide and 5-
hydroxydeconoic acid depolarized stellate cells and increased spontaneous action potential firing
rate, suggesting that the channels actively contribute to determine the level of resting membrane
potential. We showed that stellate cells of the ventral cochlear nucleus express KATP channels,
which are dominantly composed of Kir6.2, SUR1 and SUR2 subunits. Since KATP channels are
active at rest and respond oxidative stress they are involved in regulation of the excitability and
firing properties of stellate cells, which may be important in processing voice signals in the
cochlear nucleus.
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Abstract: In neocortical pyramidal cells (PCs), synaptic inputs are transduced into trains of
action potentials (APs). Our understanding of this basic integrative property of PCs is
incomplete. Further, the electrical properties of PCs vary between cortical layers and between
subtypes of PCs in layer 5. To test for roles of specific Kv channels in AP repolarization, we
performed whole cell current-clamp recordings from PCs in layer 2/3 as well as two genetically
defined subtypes of layer 5 PCs (etvl and glt). Previously, we showed that glt cells have
narrower APs than either etv1 or layer 2/3 cells and that Ca-dependent K channels did not
contribute to AP repolarization in neocortical PCs (Guan et al. 2015. J Neurophysiol 113: 2014).
APs were elicited with a single 5 ms suprathreshold current injection. We used pharmacological
blockers of Kv1 (100 nM a-dendrotoxin: DTX), Kv2 (100 nM guangxitoxin: GTX) or Kv4 (4
mM 4-AP, 150 uM BaCl,, or 200 nM AmmTX3) channels to determine the roles of these
voltage gated K'- channel subtypes in the repolarization phase of the AP. All recordings were
obtained in the presence of the synaptic blockers APV (50 uM), DNQX (20 uM) and picrotoxin
(100 uM). We concentrate here on AP width (at half amplitude) and rate of repolarization (dV/dt
for AP downstroke). Our main findings were (1) DTX significantly broadened the AP and
slowed the rate of AP repolarization in layer 2/3 and etvl PCs but not glt cells, suggesting that
Kv1 channels contribute to AP repolarization in layer 2/3 and etv1 cells but not glt cells. (2)
GTX had no effects on AP width or repolarization in PCs from layer 2/3, etvl or glt, indicating
no contribution of Kv2 channels to AP repolarization. (3) 150 uM BacCl, has been reported to
block Kv4 channels in dendrites. We found that BaCl, significantly broadened the AP and
slowed repolarization in layer 2/3, etvl and glt cells. The magnitude of the effects was largest in
glt cells. (4) 4 mM 4-AP is frequently used to block Kv4 (A-type) channels. In the presence of 4-
AP, APs were broader and repolarization slower in layer 2/3, etv1 and glt cells. Results (3) and
(4) are consistent with a major role for Kv4 channels in AP repolarization but both of these
agents are relatively unselective. (5) We also tested the peptide blocker AmmTx3, which
selectively blocks Kv4 channels associated with DPP10 or DPP6 (Maffie et al. (2013. J Physiol
591: 2419). AmmTx3 broadened APs and slowed repolarization in PCs from layer 2/3 as well as
etvl and glt cells. We conclude that AP repolarization mechanisms vary between PC subtypes:
Kv4 channels regulate repolarization in glt cells, while the combination of Kv1 channels and
Kv4 channels underlie AP repolarization in etvl and layer 2/3 PCs.

Disclosures: D. Pathak: None. R.C. Foehring: None.

Poster



121. Potassium Channels I

Location: Hall A

Time: Sunday, October 18, 2015, 8:00 AM - 12:00 PM
Program#/Poster#: 121.24/B22

Topic: B.04. Ion Channels

Title: Assembly and regulation of functional domains in myelinated axons

Authors: *C. GU;
Biol. Chem. and Pharmacol., Ohio State Univ., Columbus, OH

Abstract: Action potentials propagating along axons play a central role in cell-to-cell
communication in the nervous system. Proper action potential firing relies on sequential
activation and precise targeting of voltage-gated Na+ (Nav) and K+ (Kv) channels. Nav channels
are clustered at the axon initial segment and nodes of Ranvier via ankyrin-G in myelinated axons
to support action potential initiation and saltatory conduction, whereas Kv1 channels are
clustered in juxtaparanodal domains to prevent repetitive firing. Together with other membrane
proteins clustered in nodal or juxtaparanodal domains, they define the function of these key
domains in myelinated axons. However, little is known about the mechanisms governing precise
delivery of these proteins over long distances and the regulation by myelination and neuronal
activity. Here we report that kinesin superfamily 5B (KIF5B) directly binds to ankyrin-G to
transport Nav channels into axons, whereas KIF3A transports Kv1.2 channels. Deleting ankyrin-
G or interrupting ankyrin-G-KIF5B binding specifically disrupts nodal Nav but not
juxtaparanodal Kv1.2 targeting. These results indicate ankyrin-G functions as an adaptor to link
Nav channels to KIF5 during axonal transport, before anchoring them to the axon initial segment
and nodes of Ranvier. On the other hand, deleting juxtaparanodal proteins only disrupts Kv1
channel targeting, suggesting different assembly mechanisms underlying the axonal domains.
Our studies provide new mechanistic insights into the assembly of key functional domains in
myelinated axons and elucidate how this process is regulated at the level of axonal transport.
These results may in turn contribute to the development of new strategies for treating brain
disorders involving disrupted axonal transport and function.
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Abstract: Cell depolarization leads to major changes in spontaneous firing patterns and
catecholamine secretion in chromaffin cells. We recently showed that reduced availability of
Nav1.3 and Nav1.7 channels induced by steady depolarizations boosts a change from tonic to
bursts firing in spontaneously active mouse chromaffin cells (MCCs) (Vandael et al, J Physiol,
2015) . As burst firing induces a plateau depolarization that increases ~20-fold the Ca®" flux
through Cav1.3 channels, the switch from “tonic” to “bursts” firing appears as a novel command
to enhance catecholamine release in a non-neurogenic manner. In the view of identifying the
physiological conditions in which chromaffin cell depolarization could induce burst firing, we
analyzed the effect of lowering external pH (pHo),which is reported to induce membrane
depolarization and catecholamine release by blocking TASK1 channels (Inoue et al, J
Neurochem, 2008). The mechanism is at the basis of the feedback loop in which adrenaline
released from the adrenal medulla triggers the body response to acidosis (Clausen et al, J
Physiol, 1993). In current-clamp experiments on spontaneously firing MCCs, we first confirmed
that lowering pHo from 7.4 to 6.8 the cell depolarized by about 8 mV from their resting potential
(Viest). The depolarization was sufficient to cause a net switch from tonic to burst firing of
spontaneously active MCCs that was preserved for long periods at a frequency of 1 to 2.5 Hz.
Burst firing occurred in most of the cells tested and was characterized by slow plateau
depolarizations lasting 100-200 ms on which 3 to 5 action potentials of progressively decreasing
amplitude were riding on top. Concerning the firing switch induced by low pHo, we specifically
checked whether mild pHo changes from 7.4 to 6.8 besides blocking TASK1 channels affect also
Nav, Cav and BK channels that contribute to burst firing generation. We found that Cav channels
activation was shifted by about 4 mV toward more positive potentials with little effects on
channel conductance, while none of both changes was observed in Nav1.3 and Nav1.7 channels.
Regarding the BK channel we found a marked depression of BK currents when activated by
either constant or variable pre-conditioning Ca®" loading. The effects were associated to a nearly
60% inhibition of BK channel conductance. In conclusion, the switch from tonic to burst firing
in MCCs appears to be induced not only from the expected lowered availability of
Navl1.3/Navl.7 channels that enter a closed-state inactivation during prolonged depolarizations
(Vandael et al, J Physiol, 2015) but also by a reduced BK channel conductance (Martinez-
Espinosa et al, J Gen Physiol, 2014).



Disclosures: L. Guarina: None. D.H.F. Vandael: None. E. Carbone: None.

Poster

121. Potassium Channels I

Location: Hall A

Time: Sunday, October 18, 2015, 8:00 AM - 12:00 PM
Program#/Poster#: 121.26/B24

Topic: B.04. Ion Channels

Support: HSFO 00493

Title: Expression and contributions of the Kir2.1 inward-rectifier K+ channel to proliferation,
migration and chemotaxis of microglia in unstimulated and anti-inflammatory states

Authors: *D. LAM, L. C. SCHLICHTER;
Genet. and Develop., Krembil Discovery Tower/ Toronto Western Hosp., Toronto, ON, Canada

Abstract: When microglia respond to CNS damage, they can range from pro-inflammatory
(classical, M1) to anti-inflammatory, alternative (M2) and acquired deactivation states. It is
important to determine how microglial functions are affected by these activation states, and to
identify molecules that regulate their behavior. Microglial proliferation and migration are crucial
during development and following damage in the adult, and both functions are Ca2+-dependent.
In many cell types, the membrane potential and driving force for Ca2+ influx are regulated by
inward rectifier K+ channels, including Kir2.1, which is prevalent in microglia. However, it is
not known whether Kir2.1 expression and contributions are altered in anti-inflammatory states.
We tested the hypothesis that Kir2.1 contributes to Ca2+ entry, proliferation and migration of rat
microglia. Kir2.1 (KCNJ2) transcript expression, current amplitude, and proliferation were
comparable in unstimulated microglia and following alternative activation (IL-4 stimulated) and
acquired deactivation (IL-10 stimulated). To examine functional roles of Kir2.1 in microglia, we
first determined that ML 133 was more effective than the commonly used blocker, Ba2+; i.e.,
ML133 was potent (IC50=3.5 uM) and voltage independent. Both blockers slightly increased
proliferation in unstimulated or IL-4 (but not IL-10)-stimulated microglia. Stimulation with IL-4
or IL-10 increased migration and ATP-induced chemotaxis, and blocking Kir2.1 greatly reduced
both but ML133 was more effective. In all three activation states, blocking Kir2.1 with ML133
dramatically reduced Ca2+ influx through Ca2-+-release-activated Ca2+ (CRAC) channels. Thus,
Kir2.1 channel activity is necessary for microglial Ca2+ signaling and migration under resting
and anti-inflammatory states but the channel weakly inhibits proliferation.
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Abstract: The mossy fiber (MF) afferents to cerebellum carry information at ultrafast
frequencies (~ 1000 Hz) and contact granule cells, a major synaptic relay in cerebellum. In other
regions of the brain such high input frequencies can induce long term potentiation (LTP) of
synaptic efficacy through a combination of pre- and postsynaptic mechanisms that shape the
response to subsequent inputs. We have shown that Kv4 ion channels form a nanodomain
complex with Cav3 channels in lobule 9 granule cells, where Cav3 channel-mediated calcium
influx selectively promotes a rightward shift in the voltage for inactivation of A-type (IA)
current. As a result, the availability of IA is increased in lobule 9 cells, reducing excitability and
promoting the tonic rate of firing necessary to respond to vestibular-like sensory stimuli. LTP of
synaptic input in hippocampus has been shown to induce a leftward shift in Kv4 voltage for
inactivation not unlike that found upon block of the Cav3-Kv4 complex. The current study used
in vitro slices of rat cerebellum to test the hypothesis that LTP of MF EPSCs modifies the
properties of IA in lobule 9 granule cells. We found that LTP of MF input induced by pairing
theta burst stimulation with postsynaptic depolarization to -40 mV invoked a select leftward shift
of IA voltage for inactivation. Moreover, a late long-lasting slow EPSC (sEPSC) of up to ~ 1 sec
was unmasked following LTP of MF input. The LTP-induced shift in IA voltage for inactivation
was dependent on calcium influx through NMDA receptors, providing evidence for a novel
interaction between NMDAR-mediated calcium influx and Kv4 channels. In contrast, the SEPSC
was NMDAR-independent and instead mediated by mGLUR1,5 receptors. Infusion of an
antibody against the calcium sensor of the Cav3-Kv4 complex was also sufficient to unmask the
sEPSC, indicating a Kv4-mediated baseline suppression of the SEPSC in lobule 9 granule cells.
Moreover, the effects of LTP on IA and the SEPSC were observed with or without block of
GABAergic inhibition, highlighting the physiological relevance of the results. These data



indicate that there is a novel NMDAR-Kv4 interplay in cerebellar granule cells that functions to
regulate postsynaptic excitability and synaptic responses to MF input.
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Abstract: K' channels, especially Kir channels, are essential for retinal Miiller cells to maintain
homeostasis of [K'],. Downregulation of Kir currents, which disturbs the characteristic
hyperpolarized resting potential of the cells, has been found to contribute to Miiller cell gliosis.
In the present work, whether and how activation of group I metabotropic glutamate receptor
(mGluR I) modulate membrane Kir4.1 protein internalization and Kir4.1 mRNA expression were
investigated in purified cultured rat retinal Miiller cells by using immunocytochemistry, Western
blot and real-time PCR techniques. Our results showed that more than 95% of the cells were
Miiller cells under our cultured condition. DHPG (10 uM, a selective mGluR I agonist) treatment
for different times (0.5 h to 24 h) induced Miiller cell gliosis, as evidenced by progressively
enhanced glial fibrillary acidic protein (GFAP) expression with a peak at 9 h. Although total
Kir4.1 proteins extracted from the DHPG-treated cells kept unchanged, Kir4.1 proteins in the
cell membrane compartment were significantly decreased from 0.5 h after DHPG treatment, with
a peak at 3 h, which was prior to the change of GFAP in time course. In addition, DHPG (10 and
100 uM) treatment induced a transient decrease in Kir4.1 mRNA expression in the cells. These
results suggest that activation of mGluR I may decrease the number of functional Kir4.1



channels in cultured rat retinal Miiller cells through modulating Kir4.1 protein and mRNA, thus
contributing to Miiller cell gliosis.
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Abstract: Amyotrophic lateral sclerosis (ALS) is a devastating movement disorder resulting
from neurodegeneration of motor neurons in the motor cortex and the brainstem/spinal cord.
Evidence indicates that the excitability of ALS patient motor neurons is abnormally elevated.
Positive modulation of potassium ion channels has been suggested as a potential therapeutic
strategy to reduce the toxic hyperexcitability of ALS motor neurons. Small conductance Ca2+-
activated potassium (SK) channels play important roles in regulation of membrane excitability in
motor neurons. Riluzole, which positively modulates SK channels, is the only FDA approved
drug for ALS, although its therapeutic effects are only modest. One reason that limits the
therapeutic effects of riluzole might be its low potency on SK channels. Here we elucidate the
binding pocket of riluzole in SK2 channels with crystallography. Site directed mutations in the
binding pocket effectively change the potency of riluzole to potentiate SK2 channel. These data
suggest that the binding pocket identified by crystallography is indeed the functional binding
pocket through which riluzole exerts the positive modulation of channel activity. These studies
lay the foundation for structure based drug discovery research with the goal of developing more
effective therapeutics for ALS treatment.
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Abstract: The neurotransmitter dopamine (DA) is used across phylogeny, including in the soil-
dwelling nematode, C. elegans, to modulate a wide range of complex behaviors. The capacity for
DA signaling is tightly regulated by the presynaptic DA transporter (DAT/DAT-1), which limits
DA availability in space and time. In nematodes, loss of dat-1 results in a paralysis phenotype
that is observed when worms are placed in water, a behavior we have termed Swimming-Induced
Paralysis, or Swip. Swip can be reversed by genetic ablation of the TH ortholog cat-2, as well as
the D2-like receptor dop-3, demonstrating a dependence on DA signaling. We identified the
mutation vt32 in a forward genetic screen of worms that exhibit DA-dependent Swip, and
mapped the molecular lesion to an uncharacterized gene C05D10.2, henceforth called swip-13.
The swip-13 gene encodes an ERK-family MAP kinase, orthologous to the mammalian atypical
MAP kinase ERK7/8. Functional, GFP-tagged SWIP-13 protein localizes to DA terminals,
consistent with a presynaptic contribution to DA signaling. Consistent with these studies,
pharmacological and genetic studies of swip-13 mutants demonstrate the DA-dependence of
Swip in these animals and that loss of swip-13 expression in DA neurons studies accounts for
Swip behavior. Using a fluorescence recovery after photobleaching (FRAP) approach to monitor
DA neuron synaptic vesicle fusion rates, we found that swip-13 animals display normal basal



vesicle fusion. However, loss of swip-13 results in reduced sensitivity to the DAT-1-dependent
neurotoxin 6-OHDA, suggesting that a loss of DAT-1 activity may drive Swip. In support of this
hypothesis, Swip experiments with swip-13 and dat-1 double mutants indicate a lack of
additivity, consistent with contributions to swimming behavior in the same pathway. Together,
these results are consistent with swip-13 as a positive regulator of dat-1. Excitingly, studies with
human ERKS8 and human DAT in the human neuroblastoma cell line SH-SY5Y demonstrates a
positive functional interaction between these two proteins, with overexpression of ERKS8
increasing the uptake capacity of co-transfected DAT. This increase in DA uptake is paralleled
by an increase in total and surface DAT protein levels, effects that are lost when DAT is co-
transfected with a “kinase-dead” ERK8 mutation. Ongoing studies seek to elucidate the
mechanism by which SWIP-13/ERKS regulates nematode and mammalian DAT expression and
function with an eye to whether kinase function can be manipulated for potential therapeutic
benefit in disorders linked to perturbed DA signaling.
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Title: The sigma-1 receptor modulates methamphetamine regulation of dopamine transporter
activity
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Abstract: The dopamine transporter (DAT) is a presynaptic membrane protein implicated in
multiple physiological and pathological conditions, including movement, reward,
neurodegeneration, and drug addiction. DAT functions to translocate dopamine across the
plasma membrane and to modulate the excitability of dopaminergic neurons, making it a crucial



regulator of dopamine homeostasis. DAT is also the primary target for methamphetamine
(METH), a highly addictive psychostimulant. What is not often recognized, however, is that
METH is both a substrate for DAT as well as a ligand for the sigma-1 receptor (c1R), an
intracellular chaperone protein. We have previously shown that the 1R is a novel protein
partner with DAT at the plasma membrane and that both METH and the selective 1R agonist
PRE-084 treatment increases the association of 1R with DAT. Importantly, we found that 1R
overexpression or ¢1R agonist treatment prevented METH-induced, DAT-mediated increases in
firing activity in dopaminergic neurons and 61R agonist also decreased METH-mediated DA
efflux, without affecting dopamine uptake or DAT trafficking. Expanding upon these
preliminary findings, our current work investigates the potential intracellular mechanisms of 1R
modulation of METH-mediated DAT activity, with a focus on the role of 1R on METH-
mediated, DAT-dependent changes in intracellular calcium homeostasis as well as METH-
mediated changes in membrane microdomain distribution of DAT. These findings are important
in determining the molecular mechanisms of 61R modulation of METH-mediated responses and
will further examine the potential therapeutic role of 61R for the treatment of METH addiction.
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Title: Impact of S2 disruption on dopamine transporter function
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Abstract: The structures of the leucine transporter (LeuT) and drosophila dopamine transporter
(dDAT) show a secondary binding site (designated S,) for drugs and substrate in the extracellular
vestibule towards the membrane exterior in relation to the primary substrate recognition site (S).
It still is a matter of debate whether the S, site plays a role in substrate translocation in human
DAT (hDAT) as proposed for LeuT, in which binding of a second substrate molecule to S,
triggers the release of substrate bound to S;. The present experiments are aimed at disrupting S,
by (i) mutating Asp476 to Ala (with D476 in S, interacting with DA in the modeling studies of



the Weinstein group and in our own studies), and (ii) mutating Ile159 to Ala (with I159 in S,
interacting with DA in same models and corresponding to 111 in LeuT mutation of which is
known to disrupt S2). D476A hDAT expressed in LLC-pK1 cells displayed a 90% decrease in
uptake of 10 nM [’H]DA compared with wild type (WT): the uptake K, was increased 4-fold,
whereas the Vi, was reduced by an order of magnitude. With the study of binding of [’H]CFT-
the cocaine analog- to intact cells, compared with WT, no change was found in the Ky of
[’H]CFT and 2-fold reduction was found in the maximal binding sites in D476A. Accordingly,
surface expression of D476A DAT, as measured by biotinylation and western blot, was
approximately half of that of WT. In turn, D476A hDAT turnover rate was significantly reduced
by 7-fold than WT. In LLC-PK, I159A-hDAT, [*’H]DA uptake was not detectable. Experiments
are in progress to enhance expression of [159A hDAT in order to better measure its properties.
The results taken together indicate that disruption of S, has a more severe impact on transport
function of DAT than on cocaine analog binding. These data suggested that S; plays a crucial
role in DA transport, perhaps by an allosteric interaction between S, and S;. In consonance, the
affinity of DA (likely for S;) as measured by [’H]JCFT binding to S,-disrupted D476A was
reduced compared to WT with S, intact.
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Title: Vesicular monoamine transporter-2: Interaction with parkin and mechanism of
degradation
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Abstract: The vesicular monoamine transporter-2 (VMAT?2) is essential for monoaminergic
homeostasis, as it packages monoamines into synaptic vesicles, readying neurotransmitters for
synaptic release. VMAT?2 also has a neuroprotective role, given that free monoamines in the
cytosol have the potential to auto-oxidize and form dangerous free radicals that can ultimately
contribute to oxidative stress and neuronal vulnerability. Despite the importance of VMAT?2,



little is known about mechanisms involving VMAT?2 degradation. The balance of protein
synthesis and degradation is vital in maintaining normal cellular function and deregulation of
degradation systems can be detrimental to neurons, as evidenced in disorders such as Parkinson’s
disease. There are two primary organelles responsible for degradation in mammalian cells: the
lysosome and the 26S proteasome. Although synaptic vesicle proteins are thought to be degraded
by the lysosome via the endo-lysosomal pathway, little direct evidence exists for this.
Furthermore, it remains unclear if these proteins can be differentially regulated or degraded at
the vesicle. Utilizing an in vitro cellular model we demonstrate here that VMAT?2 is degraded
primarily through the UPS (ubiquitin-proteasome system), and not by the lysosome. Our data
suggests UPS-related degradation of mature VMAT?2 is a process independent of endoplasmic-
reticulum-associated degradation (ERAD). Specificity for the UPS is primarily determined by E3
ligases, enzymes that tag a specific protein with ubiquitin, destined for the proteasome. We
provide evidence that an E3 ligase, parkin, physically and functionally interacts with VMAT?2.
Since parkin mutations have been associated with autosomal recessive juvenile-onset
Parkinsonism, our results suggest that VMAT?2 deregulation may be implicated in the pathology
of Parkinson’s disease.
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Title: Locating the binding site of the benztropine photoaffinity ligand,[1251]GA 1I 34, on the
dopamine transporter
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Abstract: The dopamine transporter (DAT) is an integral membrane protein responsible for
reuptake of dopamine from the synapse. Psychostimulant drugs target the DAT and block
reuptake of dopamine thereby affecting dopamine homeostasis. Benztropine, a dopamine
reuptake inhibitor, contains a tropane pharmacophore homologous to cocaine, yet has distinct
behavioral effects, which has been hypothesized to result from a different mode of interaction
with the DAT. Incorporating a photoreactive arylazido group into DAT inhibitors has allowed
for covalent attachment of these photoaffinity ligands to the transporter and analysis of inhibitor
binding. Our lab has extensively studied the cocaine photoaffinity analogs ['*’I]MFZ 2-24 and
['*I]RTI 82 to characterize their interactions with the DAT. Determining the adduction sites of
both ['*I]MFZ 2-24 and ['*’I]RTI 82 and computational ligand docking models identified
cocaine coordinates with specific amino acid residues of the DAT. To characterize the binding of
benztropine with DAT we labelled the transporter with the irreversible benztropine photoaffinity
analog, ['*’I]N-[n-butyl-4-(4>>>-azido-3’*’-iodophenyl)]-4’,4’*-difluoro-3a-
(diphenylmethoxy)tropane (['*’I]GA II 34) and performed trypsin and cyanogen bromide-based
peptide mapping. The results narrowed adduction of ['*’I]GA II 34 to the amino acids Asp-79
and/or Leu-80 in the unwound region of TM1, placing the ligand in close proximity to residues
essential for dopamine binding. Computational ligand docking studies, supported by peptide
mapping, position ['*’I|GA II 34 in the high affinity substrate binding site(S1) in a pose similar
to MFZ 2-24. To verify this conclusion, the substituted-cysteine accessibility method will be
used to determine residues protected by GA II 34 from methanethiosulfonate reagent attack. If
the distinct behavioral effects of cocaine and benztropine are due to differential transporter
binding properties, our results indicate that these differences are likely to be subtle.
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Authors: *D. J. STANISLOWSKI, R. VAUGHAN, J. FOSTER;
Basic Sci., Univ. of North Dakota Sch. of Med. and, Grand Forks, ND



Abstract: The dopamine transporter (DAT) controls synaptic dopamine (DA) levels by reuptake
after presynaptic neuronal vesicular release. Several neurological disorders including Parkinson
disease, addiction, and ADHD are associated with abnormal DA homeostasis, and DAT
dysregulation is hypothesized to contribute to these disorders. DAT function is regulated through
posttranslational modifications including S-palmitoylation, the reversible, catalytic addition of
palmitate to cysteine via a thioester linkage. S-palmitoylation of DAT opposes PKC-mediated
down-regulation and increases DA transport Vmax without altering DAT surface expression. In
previous studies we mutated the intracellular Cys residues to alanine, and determined that
Cys580 was a major but not sole site of [3H]palmitic acid metabolic labeling. To identify the
other site we used the more sensitive acyl-biotinyl exchange (ABE) method to analyze these
mutants. The results confirmed the modification of Cys580, but did not detect reduced
palmitoylation for other mutated sites (Cys6, Cys135, Cys342, Cys522), suggesting the presence
of compensatory modification in response to mutagenesis. We then mutated all but one of the
intracellular cysteines to alanine, leaving a single site available for palmitoylation. ABE analysis
of these mutants showed significantly elevated palmitoylation of DATs containing Cys6 or
Cys580 relative to those containing only Cys135, Cys341, or Cys522, suggesting that Cyso6 is the
second palmitoylation site. To determine if endogenous palmitoylation is occurring on Cys6, we
performed peptide mapping of rat striatal DAT using endoproteinase Asp-N digestion and ABE
analysis of N-terminal fragments. Asp-N cleavage of DAT occurs at Asp174, producing a 19
kDa peptide fragment containing Cys6 and Cys135 that can be detected by immunoblotting.
ABE analysis of this fragment demonstrated the presence of palmitoylation, indicating that one
or both of these residues is palmitoylated. In conjunction with the mutagenesis findings these
results strongly support the palmitoylation of DAT at Cys6, suggesting the potential for tethering
of the N-terminus to the plasma membrane. The N-terminus of DAT mediates many regulatory
functions and is the site for ubiquitylation and phosphorylation. Palmitoylation of Cys6 thus has
major implications for transporter structural and functional properties.
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Title: Regulation of the Dopamine Transporter by heterotrimeric G-proteins depends on N-
terminal phosphorylation

Authors: J. A. BORIS', *J. GARCIA-OLIVARES?, S. G. AMARA';
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Abstract: Dopaminergic neurotransmission has an important role in many complex psychiatric
conditions including depression, attention-deficit hyperactivity disorder and drug addiction.
Many current therapeutic approaches used in the treatment of these conditions target the
dopamine transporter (DAT). A member of the SLC6A family, the DAT clears extracellular
dopamine through a sodium-coupled transport mechanism. DAT function is regulated by
intracellular mechanisms such as phosphorylation, ubiquitination, and a variety of interactions
with other proteins. We recently reported a novel mechanism of regulation of the DAT by
heterotrimeric G-proteins. We found that Gy subunits bind directly to the C-terminus of the
DAT and upon G-protein activation, the release of Gfy results in a decrease in dopamine (DA)
accumulation. In recent studies, we found that the decrease in DA accumulation does not involve
a change in uptake, but is instead the result of an increase in DA efflux. Efflux is a complex
mechanism that depends on calcium, sodium, and membrane potential and has been linked to the
actions of DA-releasing properties of amphetamine. Efflux also involves phosphorylation of
residues at the N-terminus, as well as interactions of the C-terminus with Serine/Threonine
kinases such as protein kinase C and calmodulin kinase II. To explore whether the DA efflux
promoted by the activation of Gy subunits also requires phosphorylation of the N-terminus, we
used two DAT mutants, hDAT-S/A and hDAT-S/D. These mutants have five N-terminal serines
(S2, S4, S7, S12, S13) substituted with alanine (S/A) to eliminate putative phosphorylation sites,
or aspartate (S/D), where the negatively charged side chains simulate phosphorylation. We also
used pharmacological tools to inhibit kinases and phosphatases in order to explore how the
general phosphorylation state of DAT contributes to the regulation of DAT by Gfy subunits. Our
data suggest that the effect on efflux mediated by Gy activation depends on the presence of N-
terminal serine residues implying that N-terminal phosphorylation is required. Moreover,
changes in the global phosphorylation state also modify DAT function. Phosphatase inhibition
decreases cytosolic DA, whereas inhibition of Serine/Threonine kinases increases cytosolic DA.
Interestingly, the enhanced efflux induced by Gfy activation is not affected by these
manipulations. These results provide a basis for further studies to establish whether substitutions
at the N-terminal phosphorylation sites modify the binding of Gy to the C-terminus or whether
phosphorylation of these residues facilitates a shift in transporter conformation towards an efflux
mode
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Abstract: 4-methyl-N-metylchathinone (mephedrone, MEPH) is a popular psychostimulant and
one of the major representatives of former legal highs, commonly referred to as “bath salt” or
“plant food”. MEPH impinges on monoaminergic signaling in the brain in an amphetamine-like
fashion and most closely resembles 3,4-methylenedioxymethamphetamine (MDMA, “ecstasy”).
Thus, MEPH acts at the high-affinity transporters for dopamine (DAT), serotonin (SERT) and
norepinephrine (NET) and induces efflux via their cognate transporters. However, the exact
interaction of MEPH with monoamine transporters still remains enigmatic and the discrepancy
between the long duration of the MEPH induced high and its plasma-half life is unresolved. We
sought to investigate the molecular mechanism of action of MEPH and to test its metabolites for
psychoactive properties. We investigated the impact of MEPH and its metabolites on DAT, NET
and SERT in radiotracer flux experiments using heterologous expression systems as well as rat
brain synaptosomes. In addition, we examined the interaction of MEPH with monoamine
transporters by use of Foerster resonance energy transfer (FRET) microscopy and
electrophysiology. Moreover, we characterized each substance in an in vivo approach for their
stimulant profiles and generated in silico models of the fit in the binding pockets of DAT, NET
and SERT. MEPH was found to increase the proportion of transporters in the inward-facing



conformation and to elicit a depolarizing current. The MEPH-derived metabolites were found to
competitively inhibit uptake of radiolabeled substrates via DAT, NET and SERT. Efflux-studies
revealed that the examined MEPH metabolites are capable of inducing efflux of preloaded
substrates via DAT, NET and SERT. Consistent with in vitro findings, the metabolites mimicked
the actions of the parent compound in vivo. The fact that MEPH is subject to a fast metabolic
turnover, yet induces a long lasting high appeared to be inconsistent. Our data unravel the mode
of action of MEPH on a molecular level and indicate that the presence of MEPH per se is not the
only parameter determining the stimulating effect of this drug.
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Abstract: The serotonin transporter (SERT) mediates the reuptake of SHT at CNS synapses and
is a clinically relevant target for some anti-depressants, including the selective serotonin reuptake
inhibitors (SSRIs). SERT is also prominently expressed in adrenal chromaffin cells, the
neuroendocrine arm of the sympathetic nervous system. In response to stressors, chromaffin cells
release catecholamines and neuropeptides that in turn regulate the cardiovascular, endocrine,
immune, and nervous systems. However, the effects of SHT / SERT on chromaffin cell function
remain unclear. We show that intracellular SHT content is >1000 fold lower than the



catecholamines (epinephrine and norepinephrine). One role of SERT is to mediate uptake of this
SHT into chromaffin cells as demonstrated by the ~80% reduction of SHT in adrenal glands
isolated from SERT knockout mice compared to wild-type littermates. The catecholamine
content of the same glands was unaltered. To investigate regulation of stimulus-secretion
coupling by SHT / SERT, we used carbon fiber amperometry. Secretion was evoked in
chromaffin cells isolated from wild-type or SERT knockout mice by bath perfusion with 30mM
KClI for 60s. In control conditions (no extracellular SHT) there was a significant reduction (~
35%) in the overall amount of secretion in SERT knockout cells compared to wild-type cells.
The number of amperometric spikes (vesicular release events) was not different, but the duration
and the charge (i.e. the amount of oxidizable transmitter released) of individual spikes were
significantly reduced in SERT knockouts. In SERT knockout cells, acute application of
extracellular SHT (1uM) had an additional effect, significantly inhibiting the number of
amperometric spikes. This was prevented by pretreating cells with pertussis toxin (300ng/ml). In
wild-type cells, the SHT A receptor agonist (R)-(+)-8-OH-DPAT (300nM) mimicked the
inhibition of number of spikes but SHT did not unless SERT activity was blocked by acute
application of escitalopram (1uM). Under these conditions, SHT reduced the number of
amperometric spikes and this was abolished by the SHT A receptor antagonist WAY 100635
(25nM). Using patch-clamp electrophysiology and fluorescent Ca** imaging experiments we
found no effect of SHT or escitalopram on baseline intracellular [Ca*'], or Ca*" entry through
voltage-gated Ca>" channels. Overall our data identify a complex interaction between SERT and
SHT ) A receptors to control stimulus-secretion coupling in chromaffin cells. Ongoing work will
dissect the underlying mechanisms, and the contribution of adrenal gland SHT/ SERT to the
(patho)physiology of stress and stress-related disorders.
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Abstract: The psychostimulants cocaine and amphetamine (AMPH) target all three monoamine
transporters with AMPH having nearly equal affinity for the catecholamine transporters, the
norepinephrine and dopamine transporters (NET & DAT). It is known that both AMPH and
activation of the neurokinin-1 receptor (NK1R) can downregulate NET as well as DAT.
Interestingly, Substance P, the endogenous NK1R agonist is released in the rat ventral striatum
following AMPH, and while Substance P is known to enhance acute stimulatory effects of
AMPH, NKIR antagonists decrease psychostimulant locomotor activation. Our previous work
demonstrated that Substance P and AMPH mediated NET downregulation is dependent on the
transporter T258/S259 trafficking motif (PMC2939970; PMID: 16740633). In addition, NET
regulation by NK1R is facilitated by protein-protein interactions that occur in membrane rafts
(PMC3789959). These observations indicate that NK1R can modulate the impact of AMPH on
catecholamine transporter function. Interestingly, studies examining the behavior of monoamine
transporter knockout mice in response to psychostimulants indicate that each amine transporter
plays distinct roles in mediating the reinforcing effects of psychostimulants. Here, we extend our
studies to in-vivo manipulation of catecholamine transport regulation to test the hypothesis that
NKI1R-mediated T258/S259-specific downregulation of NET and/or DAT independently or
coordinately contributes to AMPH-evoked behaviors. We demonstrate that AMPH
administration down-regulated NET in the rat vental striatum and that the NK1R antagonist
aprepitant (emend) prevented these AMPH-mediated effects. Importantly, vental striatal
microinjections of a TAT-peptide targting the T258/S259 motif attenuated AMPH-induced
locomotor activation. Our data suggest that catecholamine transport is coupled to NK1R
signaling mechanisms and interrupting T258/S259-specific NK1R-mediated NE transport
regulation affects AMPH-elicited behavior. The NK1R-mediated T258/S259-dependent
catecholamine transport regulation represents a novel molecular mechanism not previously
recognized as a potential target of AMPH, and our ongoing studies seek to explore the
significance of this molecular mechanism in the rewarding effects of AMPH.
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Title: Tyrosine 470 and 88 of human dopamine transporter are critical for Tat-mediated
allosteric modulation on human dopamine transporter
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Abstract: HIV-1 Tat protein and cocaine synergistically disrupt dopamine (DA) transmission by
inhibiting human dopamine transporter (hDAT), which exacerbates the progression of HIV-1-
associated neurocognitive impairment. Our previous study demonstrated that compared to
cocaine alone, Tat slowed cocaine-induced dissociation rate of [’HJWIN35,428 binding and
increased ICs value of cocaine inhibiting ["H]DA uptake in wild type (WT) hDAT, indicating
that Tat allosterically modulates hDAT. Through the integrated computational modeling and
experimental studies, we have identified that mutations of tyrosine470 (Y470H) and tyrosine88
(Y88F) of hDAT, via changing transporter conformational transitions, attenuate Tat-induced
inhibition of DAT. Therefore, the present study evaluated the role of Y470H and Y88F in Tat-
mediated allosteric modulation of hDAT. SoRI-20041, a novel allosteric modulator of the DAT,
significantly increased ICs value for cocaine inhibiting DA uptake by 34% (ICsp in nM: cocaine,
323 + 19; cocaine + SoRI-20041, 443 + 31) in WT hDAT but did not alter ICs, value for cocaine
in Y470H (ICsp in nM: cocaine, 195 + 23; cocaine + SoRI-20041, 208 + 28). Compared to
cocaine alone, SoRI-20041 following the addition of cocaine significantly decreased the
dissociation rate of ["TH]WIN35,428 by 79% (K_;: cocaine, 0.161 + 0.029; cocaine + SoRI-20041,
0.033 £ 0.008) in WT hDAT, by 42% (K_;: cocaine, 0.169 + 0.041; cocaine + SoRI-20041, 0.097
+ 0.044) in Y88F and by 18% (K_;: cocaine, 0.076 = 0.006; cocaine + SoRI-20041, 0.062 +
0.019) in Y470H, respectively. Collectively, these results demonstrate that tyrosine470 and
tyrosine88 are functional recognition residues in hDAT for Tat-induced inhibition of DA uptake
and play different roles in Tat-mediated allosteric modulation of DAT. Through known allosteric
modulators of DAT, identifying other potential allosteric binding sites in hDAT for Tat is our
important ongoing study.
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Title: Membrane properties of attention-deficit hyperactivity disorder associated dopamine
transporter coding variant (A559V) linked with altered palmitoylation and phosphorylation

Authors: *M. J. SHETTY, J. MORRELL, M. HOVLAND, B. GROVE, R. A. VAUGHAN, J.
D. FOSTER;
Dept. of Basic Sci., Univ. of North Dakota Sch. of Med. & He, Grand Forks, ND

Abstract: The dopamine transporter (DAT) plays a vital role in maintaining synaptic dopamine
(DA) homeostasis in the central nervous system. Many neurological disorders including
Parkinson disease, addiction, and attention-deficit hyperactivity disorder (ADHD) are associated
with abnormal DA homeostasis, and DAT dysregulation is hypothesized to contribute to these
disorders. Recently a DAT coding variant (A559V) has been associated with ADHD that
displays anomalous DA efflux and increased distal N-terminal phosphorylation independent of
amphetamine (AMPH) stimulation, suggesting alterations in regulatory properties. In previous
studies, our laboratory has characterized effects of signaling pathways and abused drugs on DAT
palmitoylation, membrane raft localization and site-specific phosphorylation. Here we analyzed
the effect of this mutation on these properties using the hDAT A559V form and/or the rat
homolog (A558V rDAT), finding multiple alterations in post-translational modifications and
regulatory properties. Using a phospho-specific antibody we examined phosphorylation of
Thr53, a proline-directed site in the membrane proximal region of the N-terminus that has been
linked to altered uptake and efflux kinetics. Our findings show a striking increase in
phosphorylation that is equivalent to that induced by AMPH, suggesting a possible mechanistic
connection to transmitter efflux. We also found that these mutants induced significant decreases
in palmitoylation, the reversible addition of palmitate to a cysteine via a thioester linkage.
Palmitoylation is known to influence protein membrane properties including lateral mobility and
microdomain targeting. Using fluorescence recovery after photobleaching we found that both
A559V hDAT and A558V rDAT showed increased lateral membrane mobility, and using density
gradient centrifugation we found that both mutant forms were enriched in membrane rafts
compared to the WT proteins, suggesting these properties may contribute to the altered
functionality. Ala558/559 is found at the extracellular side of TM12, and DAT is palmitoylated
at Cys580/581 at the intracellular side of TM12. The alteration in the palmitoylation properties
by this mutation thus suggests the propagation of a structural alteration in the TM12 helix that
results in suppression of this modification. We have previously demonstrated the presence of a



reciprocal relationship between DAT palmitoylation and N-terminal phosphorylation, which may
be related to the enrichment of the ADHD variants in membrane raft microdomains that may
serve as platforms for DAT-mediated DA efflux.
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Abstract: Given that the dopamine transporter (DAT) is regulated by insulin, we wanted to
investigate the effects of diet and insulin on DAT expression and function in brain regions
important for reward, in particular, the nucleus accumbens (NAc), caudate/putamen (CPu) and
midbrain. Freshly processed tissue was studied for dopamine (DA) uptake in vitro with rotating
disk electrode voltammetry (RDEV), and for binding of the phenyltropane cocaine analog
[’H]CFT. We found that the influence of diet differs between NAc, CPu and midbrain. In
synaptosomes from NAc, we found no difference in Vi and Ky, for DA uptake in food
restricted (FR) rats compared to ad libitum (AL) fed rats but a reduction in V. in obesogenic
(OB) rats, in agreement with other reports. [’H]CFT binding to DAT, a reflection of surface
DAT, in synaptosomes from NAc showed a reduction in By, with no change in K4 in OB rats
while AL and FR rats showed similar values. In contrast, synaptosomes from CPu showed a
trend towards a reduction in V., without a change in K, for FR and OB (~30%) animals. The
Vmax effect is likely a result of a decreased surface DAT as indicated by reduced Bpax of
[’H]CFT binding in FR (~24%) and OB (~37%) animals. Direct assessment of surface DAT is



underway in biotinylation studies. Preliminary data collected on somatodendritic DAT in
midbrain suggest that diet affects DAT levels as assessed by [’H]CFT binding without changing
total DAT protein in synaptoneurosomes. To examine insulin’s effect on striatal DAT activity,
we monitored DA uptake using classical [’H]DA uptake studies and RDEV. Preliminary
voltammetry studies reveal that exogenous addition of insulin (30 nM) enhanced Vyax in CPu
synaptosomes from FR (~70%) rats compared to AL (~50%) fed rats but had less of an effect in
synaptosomes from OB rats (~35%). This phenomenon was observed in the NAc to a lesser
degree. Additionally, classical [’H]DA uptake studies from AL rats confirmed the voltammetry
data and indicated that insulin’s effect on Vp,y in both NAc and CPu (~30%) was blocked by an
insulin antibody (InsAb), whereas InsAb alone or IgG was without effect. This data along with
the existing literature supports a role for diet in affecting DAT in CPu, NAc and midbrain while
insulin can increase DAT-mediated DA uptake in both CPu and NAc.
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Title: Enhanced vesicular monoamine transporter level modifies synaptic L-DOPA-derived
dopamine handling
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Abstract: The vesicular monoamine transporter 2 (VMAT?2) is responsible for the packaging of
monoamine neurotransmitters into vesicles for their subsequent release following an action
potential. We have previously shown that elevated VMAT?2 levels in mice (VMAT2-HI mice)
increases vesicular storage capacity for dopamine, vesicle size, and stimulated dopamine release,
suggesting that vesicular transporter expression is able to dictate dopaminergic output. Since
VMAT?2 overexpression augments dopamine handling in this way, we wanted to examine the



effects of a flooded dopamine system. To address this question, we applied L-DOPA to a striatal
slice and, following a wash, recorded the stimulated dopamine release in the presence of
exogenously stored dopamine using fast-scan cyclic voltammetry. We find that both wildtype
and VMAT?2-HI mice have significantly increased peak dopamine release following L-DOPA
administration, with VMAT2-HI mice still showing an enhancement in dopamine release in the
presence of drug. However, when L-DOPA is applied, the plasma membrane dopamine
transporter (DAT)-mediated uptake of extracellular dopamine is significantly faster in the
VMAT?2-HI mice as measured by the rate constant tau (p<<0.05). The level of the DAT is
unchanged between the genotypes, suggesting a change in the function of the DAT. Taken
together, these results suggest that vesicular filling is capable of modifying synaptic handling of
exogenous dopamine.
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Title: Amphetamine increases NMDA-GIuN2B synaptic currents in substantia nigra dopamine
neurons
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Abstract: The psychostimulant amphetamine and it’s derivatives have significant abuse
potential, but the cellular mechanisms underlying amphetamine addiction are not understood.



Here we show that amphetamine increases evoked NMDA-mediated synaptic currents (EPSCs)
at -70 mV in 0 Mg2+ extracellular solution by 35% (control: -134 + 20 pA, amphetamine: -202 +
36 pA; paired t-test, t(5) = 3.456, p< 0.05). AMPA/NMDA ratios measured at +40 mV in normal
extracellular solution were decreased by approximately 30% (control: 2.6 + 0.24; amphetamine:
1.9 £ 0.12; paired t-test, t(6) = 3.872, p < 0.01). The potentiation of NMDA EPSCs is dependent
on the dopamine transporter (DAT) but not on activation of dopamine receptors. The DAT
inhibitor GBR12909 (1 uM) was superfused prior to amphetamine and completely blocked
potentiation of NMDA EPSCs by amphetamine (GBR12909: -184 + 18 pA compared to -200 +
20 pA in GBR12909 + amphetamine). NMDA-GIuN2B subunit inhibitors, ifenprodil (1 - 10
puM) and Ro 25-6981 (1 uM), inhibited the effects of amphetamine without affecting basal
evoked NMDA currents indicating that different NMDA receptors are activated in the presence
of amphetamine. A selective peptide inhibitor of amphetamine-dependent trafficking of the
neuronal excitatory amino acid transporter (EAAT3 blocked the ability of amphetamine to
potentiate NMDA EPSCs (scrambled peptide: 58 = 19 % increase compared to EAAT3 peptide:
-19 + 8%, t(9) = 4.437, p < 0.05). In addition, the amphetamine-mediated potentiation was absent
in mice lacking EAAT3. These data provide evidence that EAAT3 internalization increases
extracellular glutamate concentrations and activates GluN2B-containing NMDA receptors.
Experiments with the use-dependent NMDA blocker, MK-801, indicate that potentiated NMDA
receptors are localized to the plasma membrane and are not inserted de novo. Finally, inhibition
of NMDA-GIuN2B receptors with Ro 04-5595 blocked methamphetamine (2 mg/kg, IP)-induced
locomotor stimulation in a dose-dependent manner indicating that these receptors are important
in the behavioral effects of amphetamines. These results reveal an important interaction between
dopamine and glutamatergic signaling in midbrain dopamine neurons that is dependent on
amphetamine modulation of neurotransmitter transporters.
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Abstract: Previous studies have shown acute methamphetamine (METH) rapidly increases the
excitability of dopamine neurons. However, the effect of longer METH exposure on the intrinsic
firing activity of dopamine neurons is unknown. In cultured midbrain dopamine neurons, we
found METH initially (1-2 min, 10 microM) increases the rate of spontaneous spike activity of
dopamine neurons followed by a progressive reduction of the spontaneous spike activity (10-15
min, 10 microM). Longer METH exposure slows action potential repolarization and decreases
the amplitude of afterhyperpolarization (AHP). These results suggest methamphetamine
potentially affects the activity of large-conductance Ca2+-activated K+ (BK) channels in these
neurons. We found both METH and blockade of BK channels increase the spike half-width and
decrease the amplitude of afterhyperpolarization (AHP). Therefore, we tested the hypothesis that
prolonged METH exposure inhibits the activity of BK channels to modulate the excitability of
dopamine neurons. Using excised patch single-channel recordings, we identified the BK
channels by their voltage-dependence and responsiveness to pharmacological manipulations such
as using a specific channel blocker paxilline (10 microM) or channel opener NS1619 (10
microM). While METH exposure suppressed the amplitude of BK channel-mediated unitary
currents, the BK channel opener, NS1619, attenuated the effects of METH on the AP half-width,
AHP and the rate of spontaneous spike activity. Western blot and immunostaining analysis
revealed the al / 4 subunits of BK channel are expressed in the midbrain dopamine neurons.
The literature suggests the al subunit of BK channel increases the activity of the channel,
whereas the B4 subunit suppresses the activity. While METH exposure decreased ol subunit
level, it enhanced 4 subunits level at the plasma membrane of these neurons. Taken together,
our results support a fundamental role for BK channels’ fine-tuning of the intrinsic firing activity
of dopamine neurons and METH regulation of neuronal activity. Our ongoing experiments
examine the mechanism of METH regulation of al / 4 subunits of BK channel in the dopamine
neurons.
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Title: Dopamine transporter expression, transport capacity, and membrane lateral mobility is
regulated by palmitoylation
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Abstract: The dopamine transporter (DAT) mediates the reuptake of synaptic dopamine and
thus regulates the spatio-temporal dynamics of dopaminergic neurotransmission. Complex
control of DAT is exerted by various regulatory processes including posttranslational
modifications. We previously found that DAT is palmitoylated, via the addition of a 16-carbon
palmitic acid moiety to Cys 580, and that depalmitoylation led to reductions in Vmax and
transporter levels. Palmitoylation is a reversible process catalyzed by palmitoyl acyltransferases
(PATs) (also called DHHC enzymes based on the conserved active site sequence Asp-His-His-
Cys), and palmitoyl-protein thioesterases (PPTs). Recent studies identified a family of 23 PAT
enzymes in the human genome with distinct tissue distributions (e.g. neuronal vs non-neuronal),
and with some associated with DA diseases such as schizophrenia. To identify PATs that can
catalyze DAT palmitoylation and alter function, we co-expressed a specific subset of DHHC
enzymes individually with DAT and assessed DAT palmitoylation, expression, surface levels,
DA transport capacity, and lateral mobility. Palmitoylation assessed by acyl-biotin exchange
revealed that the neuronal PATs, DHHC2, DHHC3, DHHCS8, DHHC15, and DHHC17 increased
DAT palmitoylation, while several others had no effect. We observed a correlation between
increased DAT palmitoylation and increased total DAT levels, consistent with a role for
palmitoylation in opposing DAT degradation. Increased DAT palmitoylation also led to
enhanced DA uptake with no effect on surface levels, suggesting palmitoylation increases
transport capacity via an alteration of DAT transport kinetics. Finally, increased DAT
palmitoylation increased the time for recovery after photobleaching, suggesting that increased
palmitoylation decreases the membrane lateral mobility of the transporter. Palmitoylation of
DAT thus plays a role in both short- and long-term regulation of DAT, and may represent a point
of DA reuptake dysregulation in dopaminergic disorders.
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Abstract: Syntaxin 1 (STX1) is a presynaptic plasma membrane protein that coordinates
synaptic vesicle fusion. STX1 also regulates the function of neurotransmitter transporters,
including the dopamine (DA) transporter (DAT). The DAT is a membrane protein that controls
DA homeostasis through the high-affinity re-uptake of synaptically released DA. We adopt
newly developed animal models and state-of-the-art biophysical techniques to determine the
contribution of the identified gene variants to impairments in DA neurotransmission observed in
autism spectrum disorder (ASD). Here, we characterize two independent autism-associated
variants in the genes that encode STX1 and the DAT. We demonstrate that each variant
dramatically alters DAT function. We identify molecular mechanisms that converge to inhibit
reverse transport of DA and DA-associated behaviors. These mechanisms involve decreased
phosphorylation of STX1 at Ser14 mediated by casein kinase 2 as well as a reduction in
STX1/DAT interaction. These findings point to STX1/DAT interactions and STX1
phosphorylation as key regulators of DA homeostasis. We determine the molecular identity and
the impact of these variants with the intent of defining DA dysfunction and associated behaviors
as possible complications of ASD.
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Abstract: The dopamine transporter (DAT) regulates extracellular dopamine (DA) levels and
signaling via uptake and efflux. Addictive psychostimulants such as amphetamine increase
extracellular DA levels in motivational and reward brain areas by targeting DAT. Examining the
basic mechanism(s) that affect DAT efflux is critical for understanding both fundamental aspects
of DA regulation and for clinical intervention in DA-related brain disorders associated with the
therapeutic use and abuse of psychostimulants. Several studies have revealed a plethora of
protein-protein interactions influencing DAT distribution and activity; suggesting that the fine-
tuning of dopamine homeostasis occurs via an elaborate interplay of multiple mechanisms. We
recently reported that beta-gamma (By) subunits of G proteins bind directly to the C-terminus
(residues 582-620) of DAT to down-regulate uptake activity. Here, we report that the novel
DAT/ Gy interaction also promotes DA efflux through DAT. Specifically, activation of Gy
subunits using mSIRK increased DA efflux through DAT using both heterologous cells and
primary neurons in culture. This effect was blocked in the presence of gallein, a GBy inhibitor.
Likewise, a TAT-peptide containing the Gy interacting domain of DAT blocked the ability of
mSIRK to induce DA efflux, suggesting the effect of Gy on efflux is a result of a direct
interaction with the transporter. Based on these data, we hypothesized that GBy may also be



involved in the actions of amphetamine. In similar efflux experiments, amphetamine induced a
dose-dependent increase in DA efflux in both heterologous cells and primary neurons in culture.
More importantly, amphetamine-induced efflux was blunted in the presence of either gallein or
the TAT-peptide containing the DAT interacting domain. Collectively, our data suggest that the
direct interaction of Gy subunits with DAT has an important role in both physiological and
amphetamine-induce DA efflux. Additional studies are examining the role of the DAT/ Gy
interaction on amphetamine-evoked behaviors in vivo.
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Abstract: The dopamine (DA) transporter (DAT) controls dopaminergic neurotrasmission by
removing extracellular DA. While DAT activity is proposed to be regulated by its traffic to and
from the cell surface, the membrane trafficking system involved in the endocytic cycling of DAT
in the intact mammalian brain has not been characterized. Hence, we performed immunostaining
and quantitative analysis of the subcellular and regional distribution of DAT using the transgenic
knock-in mouse expressing hemagglutinin (HA) epitope tagged DAT (HA-DAT), and by
employing a combination of electron microscopy and a novel method for immunofluorescence
labeling of HA-DAT in acute sagittal brain slices. Both approaches demonstrated that in
midbrain somatodendritic regions, HA-DAT was present in the plasma membrane, endoplasmic
reticulum, and Golgi complex, with a small fraction in early and recycling endosomes, but not in
late endosomes and lysosomes. In the striatum, as well as in axonal tracts between the midbrain
and striatum, HA-DAT was detected predominantly in the plasma membrane, and quantitative



analysis revealed increased DAT density in striatal compared to midbrain plasma membranes.
Endosomes were strikingly rare and lysosomes were absent in striatal axons, where there was
little intracellular HA-DAT. Acute administration of amphetamine in vivo or to slices ex vivo did
not result in detectable changes in the patterns of DAT distribution. Altogether, these data
provide evidence for regional differences in DAT plasma membrane targeting and retention, and
suggest a surprisingly low level of endocytic trafficking of DAT in the striatum along with
limited DAT endocytic activity in somatodendritic areas.
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Abstract: HIV-1 contributes to cognitive and behavioral decline in infected individuals, in part,
through the production of HIV-1 transactivator of transcription (Tat) protein. While antiretroviral
agents reduce viral load, they do not eliminate the production of Tat and thus are ineffective
against neuropathologies caused by HIV-1. Specifically, the Tat protein has been shown to play a
critical role in perturbations of the dopamine neurotransmission in the brain. In addition, there
also exists a high comorbidity between HIV-1 infection and methamphetamine (METH) abuse.
Both the Tat protein and METH exert their effects through the dopamine transporter (DAT).
DAT is a major regulator of extracellular dopamine and thus dopamine neurotransmission in the



brain and it is implicated in neurological and neuropsychiatric disorders such as Parkinson’s
disease and drug addiction. Recent reports suggest the Tat protein enhances METH-induced
impairment of dopamine transmission, albeit with a less understood mechanism. Under control
conditions, METH increases the DAT-mediated inward current, increases the spontaneous firing
activity of dopaminergic neurons and increases DAT-mediated DA efflux. However, we found
that intracellular Tat-101(200ng/ml) protein attenuated basal and METH (10uM) induced DAT-
dependent DA efflux, in both bath solution or delivered directly into the dopamine neurons via
the patch electrode. Furthermore, we found intercellular Tat-101 significantly decreases METH-
induced inward current, supporting the hypothesis that Tat-101 might affect ionic permeability of
DAT regulating dopamine neurotransmission. Consistent with previous reports we found
methamphetamine or Tat-101 alone decreases dopamine uptake, while pretreatment of DAT cells
with 100 nM Tat for 15 minutes synergistically decreases dopamine uptake. Previously we have
shown DA efflux via DAT is regulated by intracellular calcium and its associated kinases
including Calcium calmodulin-dependent protein kinase II (CaMKII) and Protein Kinase C
(PKC). Currently we are examining the hypothesis that Tat-101 regulates DAT activity by
regulating intracellular calcium homeostasis and signaling molecules such as PKC and CaMKII.
These preliminary findings provide mechanistic insight involved in the combined deleterious
effects of HIV-1 Tat and methamphetamine in the brain with the ultimate goal of testing novel
therapeutics.
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Abstract: Dopamine (DA) plays a crucial role in several brain functions, including locomotion
and motivated behavior. Consequently, DA deregulation contributes to the development of a
number of brain disorders such as ADHD, Parkinson’s disease, and drug addiction. The primary
mechanism used by neurons to maintain extracellular levels of DA is reuptake of the transmitter
through the Dopamine Transporter (DAT). DAT is a symporter protein that uses the sodium
gradient to pump DA back into the presynaptic terminal. It was shown that amphetamine
reverses DAT directionality, causing a massive efflux of DA into the extracellular space. The
molecular mechanism by which DAT works in reverse is poorly understood. Recently, our
laboratory identified a novel interaction between the intracellular carboxy terminal region of
DAT and G protein By subunits. Experiments in cells in culture demonstrate that activation of
GPy subunits induces DA efflux similar to that observed with amphetamine. Here, we examined
the effect of pharmacological manipulation of Gy subunits on amphetamine-induced locomotor
activity and on DAT/GPy interaction in vivo. Adult rats received bilateral infusions into the
nucleus accumbens (NAc) of either the Gy activator mSIRK, scrambled mSIRK peptide
(control), the GBy inhibitor gallein, or vehicle solution (control) before being injected i.p. with
either amphetamine (3mg/kg), cocaine (20 mg/kg), or physiological saline (control). Activity in
an open-field chamber was monitored before and after drug treatment. We found that neither the
Gy activator nor the GPy inhibitor alone (saline-injected controls) had an effect on locomotor
activity compared to the respective control groups. In sharp contrast, the GBy activator markedly
enhanced amphetamine-induced hyperlocomotion, whereas the Gy inhibitor significantly
attenuated it. Different from the Gy activator’s effect on amphetamine-induced
hyperlocomotion, the activator had no effect on cocaine-induced hyperlocomotion. Because
cocaine blocks DAT whereas amphetamine reverses DAT directionality, these data suggest that
amphetamine’s actions on DAT are mediated through Gfy interaction with DAT. To test this
idea directly, we treated rats as described above and harvested striatal tissue for co-
immunoprecipitation of DAT and Gy subunits. We found that amphetamine increases the
interaction between DAT and Gy and that prior intra-NAc infusion of the Gy inhibitor
attenuates this effect. Taken together, our results identify Gy subunits as a novel mechanism in
the regulation of amphetamine actions in vivo.
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Title: State-dependent protein interactions with the presynaptic serotonin transporter
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Abstract: Disruptions in serotonin (5-hydroxytryptamine, 5-HT) signaling have been implicated
in multiple neurological disorders, including depression, autism and schizophrenia. The
antidepressant-sensitive 5S-HT transporter (SERT, SLC6A4) affords powerful control over 5-HT
signaling via rapid clearance of 5-HT from the extracellular space. Evidence suggests that SERT
responds to intrinsic and extrinsic factors to modulate 5-HT uptake activity, regulating 5-HT
availability. For example, systemic administration of lipopolysaccharide (LPS) in rodents shifts
the transporter to a high-affinity state (SERT*), in a p38 MAPK dependent manner, promoting
efficient clearance at low 5-HT concentrations. Recently, our lab identified a gain-of-function,
autism-associate coding variant, SERT Ala56, and provided evidence that its conformations and
insensitivity to PKG/p38 MAPK signaling are such as to suggest constitutive occupancy of the
SERT* state. Interestingly, stimulation of kinase-linked pathways that alter SERT activity
appears to also modulate SERT interacting proteins (SIPs). We hypothesize that SERT exists in
multiple activity states, defined and mediated by distinct SIP complexes. Clearly defining the
protein complexes of the different SERT conformational states will be useful in identifying
possible drug targets to modulate SERT activity. However, identifying these macromolecular
complexes is technically challenging as biochemical preparations of native SERT likely feature
multiple such complexes that are difficult to follow independently. We developed a SERT Ala56
knock-in mouse model, providing access to an enriched pool of SERT* and a platform for the
identification of proteins that differentially interact with the SERT* state in vivo. Using
candidate and proteomic-based approaches, we are assessing differences between WT and SERT
Ala56 SIPs, as well as whether these changes identified are paralleled by SIP changes obtained
when comparing saline vs. LPS injected animals. Co-immunoprecipitation analysis reveals that
previously reported SIPs, such as protein phosphatase 2A and syntaxin 1A, differentially
associate with SERT Ala56 compared to wild-type SERT (WT). Ongoing studies seek to validate
and characterize novel SIP interactions with the SERT* state and to relate these interactions to
SERT trafficking/activation mechanisms in vivo.
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Title: The betaine-GABA transporter (BGT1; slc6al2) may play its main roles in the liver rather
than in the brain by help preserving choline levels in hepatocytes
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Abstract: The betaine/GABA transporter (BGT1; slc6al2) has received attention both as an
osmolyte transporter in the kidney and as a potential controller of transmitter GABA in the brain.
The expression of BGT1 in the brain, however, is low and is mostly limited to the leptomeninges
suggesting a minor role in inactivation of GABA (Epilepsy Res 95:70-81). Most of the BGT1
protein turns out to be in the liver (Am J Physiol Renal Physiol 302:F316-28). Hepatocytes
contain large amounts of betaine as well as betaine homocysteine S-methyltransferase (BHMT).
This enzyme allows betaine to be used as a methyl donor. Hepatocytes can acquire betaine either
by oxidizing choline to betaine, or by absorbing betaine (by means of transporters) from the
portal blood. These observations make it important to determine (a) the precise localizations of
BGT1 in the liver, (b) the contribution of BGT1 to the total betaine uptake, and (c) the
importance of betaine uptake for hepatocyte betaine content and health. Here we have isolated
cells from mouse liver (from both wildtype mice and BGT1-deficient mice). The cells were
examined for BGT1 content (Western blots and immunocytochemistry) and for betaine uptake
activity. BGT1 was detected only in hepatocytes and not in the other cell types found in the liver
(Kuppfer cells, stellate cells and endothelial cells). The betaine uptake activity was significantly
impaired in BGT1-deficient hepatocytes while GABA and choline uptake activities were
unaffected in agreement with the notion that these compounds are primarily transported by other
mechanisms. Further choline metabolites analysis showed that the livers from mice lacking



BGT]1 had reduced concentrations of choline (78 = 2 %; p < 0.03). Conclusions: BGT1
expression is limited to hepatocytes under normal physiological conditions. Deletion of BGT1
reduces the capacity of betaine transport by hepatocytes and affects the liver choline content
possibly by increasing choline consumption.
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Abstract: Serotonin (5-HT) is a monoamine neurotransmitter that is fundamental to brain
development, and low circulating levels of 5-HT are associated with clinical psychopathologies
including anxiety and depression. Interestingly, the placenta is a significant source of 5-HT to the
fetus early in fetal development. It remains unclear whether hyposerotonemia in mothers with
such pathologies might affect fetal brain development, either directly or through alteration of
placental function. B6.129(Cg)-Slc6a4™'*? '/J serotonin transporter knockout (SERT-KO) mice
were used as a model of genetically-induced hyposerotonemia. Mice were bred heterozygous
(HET) by HET to generate wildtype (WT), HET, and knockout (KO) experimental genotypes.
Females of each genotype were bred with HET males, and fetal and placental tissue was
harvested at four different timepoints during embryonic development (E12.5, E14.5, E16.5,
E18.5). High performance liquid chromatography (HPLC) was used to measure concentrations
of 5-HT and 5-HIAA, the main metabolite of 5-HT, present in fetal forebrains, hindbrains, and
placentas across all maternal and fetal genotypic combinations. Results reveal an age-dependent
influence of maternal and fetal genotypes on these parameters. At E14.5, a significant decrease
of 5-HT concentration was observed in the KO placenta; a change driven by the maternal



genotype, independent of fetal genotype. The impact on fetal brain 5-HT was minimal, consistent
with a placental (fetal origin) source of 5-HT to the fetus. In contrast, at E18.5 fetal brain 5-HT
levels appeared to be driven by the genotype of the fetus, and not the mother, reflecting an
impact of SERT function on the endogenous (fetal dorsal raphe) source of 5-HT. At both ages,
absence of SERT function in either the mother or the fetus led to a decrease in 5-HIAA in the
fetal brain, suggesting that 1) maternal blood 5-HT drives fetal brain levels of 5-HIAA, and 2)
absence of SERT in the fetus affects fetal 5-HT metabolism. In addition, immunohistochemical
analyses of fetal brains were performed by co-staining for 5-HT and Netrin-Gla (NetG1), a
marker of developing thalamocortical axons (TCAs). Initial analyses of fluorescent imaging of
WT and KO fetal brains at E14.5 from the same HET mother showed no differences in the 5-HT
neuronal localization. However, NetG1 staining in the KO revealed decreased fasciculation of
TCAs in the midbrain region as compared to WT. These results suggest that even small
alterations of 5-HT metabolism in the forebrain can alter the early phase of TCAs pathfinding
and/or TCAs expression of NetGl.
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Title: Organic cation transporter 3 (OCT3) and plasma membrane monoamine transporter
(PMAT) are increased in parietal cortex following chronic administration of citalopram
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Abstract: The activity of extracellular monoamine neurotransmitters in the brain can be
regulated not only by the uptake of presynaptic transporters that have high affinity for a single
neurotransmitter, but also by lower affinity “polyspecific” transporters which can take up several
different neurotransmitters. Among these polyspecific neurotransmitters are the organic cation
transporter 3 (OCT3) and the plasma membrane monoamine transporter (PMAT), both of which



appear to be widespread in the human and rodent brain. OCT3 and PMAT are each capable of
transporting serotonin, and OCT3 has been reported to be increased in the brains of mice lacking
the serotonin transporter. We hypothesized that these transporters might compensate for
increased serotonin levels produced by selective serotonin reuptake inhibitor (SSRI)
antidepressant drugs and might thereby mitigate the efficacy of SSRIs. To test this hypothesis,
we investigated if chronic SSRI administration causes changes in OCT3 and PMAT protein
levels in the hippocampus and parietal cortex as these brain regions have been implicated in the
behavioral changes induced by SSRI drugs. Young adult male Sprague-Dawley® rats were
administered either the SSRI citalopram, or vehicle, for 28 days via subcutaneous Alzet® mini-
osmotic pumps at a dosage of 10/mg/kg/day. This dose has been shown to result in plasma serum
levels of citalopram comparable to that of human serum levels during citalopram
pharmacotherapy and corresponds to the typical length of pharmacotherapy required for the
development of therapeutic effects. Western blots showed that OCT3 and PMAT protein levels
were both significantly increased in the parietal cortex of rats given citalopram compared to
controls, although OCT3 and PMAT levels were unchanged in the hippocampus. Increases in
these transporters could attenuate the behavioral effects of SSRIs. On the other hand, since
OCT3 is inhibited by physiological levels of corticosteroids (CORT), this might represent a
mechanism through which SSRIs alter neuronal-sensitivity to CORT or affect the stress
response. Future investigations will test if there is an interaction between SSRIs, polyspecific
transporters in the cortex, and behavior.
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Abstract: The a; Na',K'-ATPase (a3 NKA) is one of four known o isoforms of the mammalian
transporter. A deficiency in the az NKA associates with severe impairment of movement control,
and in some cases, seizure disorder. Understanding the pathogenesis of these disorders is limited
by incomplete knowledge of the expression of the various isoforms in brain tissue, as well as the
challenges in exploring the functional alterations of these isoforms in electrophysiological
studies. To address this problem, a 1,758-bp fragment of the mouse o3 subunit gene (4tpla3) for
Na',K'-ATPase, which encompasses the promoter and 5'-untranslated region, was fused to a
promoterless ZsGreenl reporter gene, and oz NKA-ZsGreenl transgenic mice were generated in
the C57BL/6 genetic background. Founder mice were bred to C57BL/6 wild-type (WT) mice,
and three transgenic lines were established. Expression of ZsGreenl does not interfere with
expression of the endogenous a3 subunit of NKA as evidenced by normal growth, phenotype and
breeding capacity of a3 NKA-ZsGreenl mice in our colonies. Transverse and sagittal sections of
whole brain from five adult transgenic mice were analyzed. Consistent with published results on
a3 NKA distribution, the display of ZsGreenl-labeled neurons varied considerably (non-
uniform), with highest density observed in hypothalamic, midbrain, pontine, brain stem, deep
cerebellar and select thalamic nuclei. Intensively labeled neurons were also present in the
cerebellar cortex, neocortex, and hippocampus. ZsGreenl-labeling was not observed in glial cells
or white matter-enriched brain regions. In electrophysiological experiments, discharges of
ZsGreenl-labeled hippocampal interneurons were sensitive to 1 uM ouabain (a concentration too
small to inhibit rodent a; NKA), while non-fluorescent interneurons did not show this sensitivity.
Thus, the a3 NKA-ZsGreenl transgenic mice model constitutes a novel and versatile tool to
elucidate the properties, regulation, and functional significance of oz NKA in its native
environment. Identification of functional o3 NKA-expressing neurons in situ simplifies
electrophysiological and biophysical studies addressing the discharge properties of these
neurons, as well as provides a means to study the biophysical properties of the transporter and
understand its spatiotemporal regulation under normal and pathological conditions. [Supported
by UAMS COM pilot grant program and by Arkansas Science and Technology Authority]
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Abstract: Background: GABA transporters 1 and 3 (GAT1 and GAT 3) are known for their
functions in uptake of the neurotransmitter GABA in the central nervous system, but less is
known about the function of GAT2. We have recently reported that GAT?2 acts as a taurine
transporter in both peripheral organs and in the brain (Journal of Biological Chemistry 287,
35733-46). We reasoned that generation of GAT2 reporter mice would advance the study of
GAT?2 expression and distribution as well as permit detailed study of the cells where it is
expressed. GAT2-tdTomato reporter mice were generated by bacterial artificial chromosome
(BAC) mediated transgenesis. Since BACs are about 200 kb, they should retain the
transcriptional regulatory elements that regulate GAT2 expression and thus GAT2-tdTomato
reporter mice should faithfully report GAT2 endogenous expression by virtue of the orange/red
fluorescence of tdTomato. Here, we test this by comparing the distribution of tdTomato in
GAT2-tdTomato reporter mice with the distribution of GAT2 immunoreactivity (using GAT2
knockout mice as negative controls). The GAT2-tdTomato transgenic mice were viable and
fertile. Neither abnormal behavior nor abnormal brain amino acid composition was observed. In
adult mice, we found tdTomato expression in hepatocytes and proximal tubules as well as in the
leptomeninges and some cerebral blood vessels. Conclusions: The GAT2-tdTomato mice
faithfully report the expression patterns of GAT2. These mice will be useful in studies of GAT2
in liver, kidney and leptomeninges.
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Abstract: GABA is considered as the main inhibitory neurotransmitter in adulthood, but it can
induce neuronal depolarization and excitation during early development of the brain. Both,
GABA-mediated inhibition and excitation depend on the GABAA receptor (GABAA-R)
activation, which mainly promotes facilitated diffusion of chloride (Cl-). NKCC1 acts as Cl-
importer and is highly expressed when GABA induces neuronal depolarization, whereas KCC2
operates as Cl- exporter and it is expressed in neurons to reach the establishment of the GABA-
mediated inhibition. In vitro studies have been suggested that in early developmental stages, the
GABA-mediated neuronal excitation increases the KCC2 expression and improves the neuronal
inhibitory response to the GABA application. In this work, an in vivo GABAA-R activation was
induced in newborn male Wistar rats through the subcutaneous (s.c.) administration of muscimol
(1 mg/kg of body weight) at postnatal day (PD) 0. After the treatment, the expression levels of
NKCC1, KCC2, and alphal and gamma2 GABAA-R subunits were estimated in entorhinal
cortex at PD1,3,5,7,9,11,13,15,21,30,60, 90 and 120 using western-blotting assays. The
muscimol treatment modified the developmental profile of all proteins studied. Briefly, the
expression peak of NKCC1 protein observed at PD11 in the control group was not observed after
muscimol treatment. However, after the treatment, the expression of NKCC1 increased gradually
to reach lightly higher levels than control group from PD30 to PD120. In respect to KCC2
protein, muscimol treatment increased significantly its expression at PD9-120, reaching its
maximal level at PD15 in four fold higher respect to control group and before the expression
peak observed at PD30 in control group. Similarly, the expression peak for alphal GABAA-R
subunit and the maximal expression level for gamma2 GABAA-R subunit, both observed at
PD21 in the control group, were observed before in the muscimol treated group at PD13. Results
suggest that the early activation of GABAA-R with muscimol modifies the developmental
profile expression of NKCC1, KCC2 and alphal and gamma2 GABAA-R subunits in male
entorhinal cortex, in a way where GABA-mediated inhibitory signaling could be improved in
magnitude and in its time for establishment, which should be better characterized.
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Abstract: The glycine transporter, GlyT2, is the target for a number of drugs that can alleviate
neuropathic and inflammatory pain. We have identified a series of lipids that inhibit GlyT2 and
also show promise as leads for the development of a novel class of analgesics. The three lipids
that show highest affinity and efficacy are N-Arachidonyl-Glycine (NAGly), N-Oleoyl-Glycine
(NOGly) and Oleoyl-L-Carnitine (OLCarn). All three lipids are non-competitive inhibitors and
are unlikely to bind at the substrate binding site. We have investigated the mechanism of
inhibition by first constructing a homology model of GlyT2 based on the crystal structures of the
related bacterial amino acid transporter, LeuT, and the drosophila melanogaster dopamine
transporter, dDAT. We then used site-directed mutagenesis to selectively disrupt the inhibitory
actions of the lipids, whilst retaining glycine transport function. Mutations in four distinct
regions of the protein influence lipid potency and efficacy, extracellular loop 4 (EL4),
transmembrane domain 7 (TM7), TM8 and the substrate binding site . EL4 undergoes
considerable conformational changes during the transport cycle, and the I545L mutation at the
apex of this loop disrupts inhibition by all three lipids. This site is unlikely to form a lipid
binding site, but it may influence the conformational changes of the protein. We reasoned that
the transmembrane domains flanking EL4, TM7 and TM8, may also influence the
conformational changes required for lipid inhibition. The L569F mutation on the membrane-
exposed surface of TM8 reduced the potency of OLCarn and NOGly, but had no effect on
NAGly. This suggests that TM8 may influence lipid tail interactions. The F515Y mutation in
TM7 caused an increase in both potency and efficacy of all three lipids. Finally, we investigated



how disruptions in the substrate binding site may alter lipid activity. The S479G mutation relaxes
the substrate selectivity to also allow sarcosine to be transported, and also reduces the potency of
all three lipids. No other mutations in the substrate binding sitealtered lipid inhibition. We
propose a model where the lipids bind to the external membrane-exposed surface of the
transporter, which then alters the conformational changes in EL4 and disrupts substrate
interactions, causing a reduced rate of transport.
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Abstract: The strength of gamma-aminobutyric acid (GABA)-mediated inhibitory synaptic
transmission is determined by the electrochemical gradient of chloride across the plasma
membrane. Within the electroneutral family of transmembrane cation-chloride cotransporters
(CCCs), NKCC1 and KCC2 are the primary transporters responsible for regulating chloride
transport in the central nervous system. In immature neurons, NKCC1 expression predominates
and mediates chloride influx, resulting in high intracellular chloride ([CI-]i) and depolarizing
GABA potentials. In mature neurons, the chloride-extruding transporter KCC2 is upregulated
and maintains low [CI-]i, which is required for hyperpolarizing GABAergic inhibition. Recently,
excitatory kainate-type glutamate receptors (KARs) were observed to post-translationally
regulate KCC2 expression and function by physical interaction. In the present study, we used
biochemical techniques to investigate the regulation of KCC2 and NKCCI1 by another class of
glutamate receptors: N-methyl-D-aspartate receptors (NMDARSs). Previously, the Ca2+-
dependent protease calpain was found to cleave KCC2 and attenuate its function upon
pathophysiological NMDAR activation. /n vivo and in heterologous expression systems, our
immunoprecipitation assays revealed that NMDAR subunits interact with KCC2 and NKCCl1 in
a developmentally-dependent manner. These interactions between excitatory ionotropic
glutamate receptors and inhibitory cation-chloride cotransporters suggest the existence of a



functional glutamate-dependent complex capable of regulating local neuronal chloride
homeostasis.
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Abstract: Seizures caused by hyper-excitable neurons can be alleviated by enhanced inhibitory
neurotransmission via GABAergic signalling. The inhibitor N-[4,4-bis(3-methyl-2-thienyl)-3-
butenyl]-3-hydroxy-4-(methylamino)-4,5,6,7-tetrahydrobenzo[d]isoxazol-3-ol (EF1502)
targeting GAT1 and BGT1, exerts a synergistic anticonvulsant effect in several mouse seizure
models when tested in combination with GAT1-selective compounds. BGT1-selective
compounds that can enter the brain are limited, however, a newly developed compound in our
laboratories, (1R,2S5)-2-((4,4-bis(3-Methylthiophen-2-yl)but-3-en-1-
yl)(methyl)amino)cyclohexanecarboxylic acid (SBV-114), seems to fulfil these criteria. A
pharmacological characterization of SBV-114 was performed using the ["H]GABA uptake assay
in recombinant HEK293 cells stably expressing mouse GABA transporters (GAT1-3 or BGT1),
tsA cells transiently expressing human BGT1 and MDCK cells endogenously expressing BGTI.
The anticonvulsant activity and motor impairment of SBV-114 were examined using the
audiogenic seizure-susceptible Frings mouse, and the scPTZ-induced seizure threshold test,
maximal electroshock seizure (MES) test and Rotarod test in the CF-1 mouse. SBV-114
inhibited mouse BGT1 with a biphasic inhibition profile (27% and 60% uptake-inhibition at the
low (4.0uM) and high (411.3uM) ICs, respectively). SBV-114 displayed negligible inhibitory
activity at GAT1-3 (ICs0>1,000uM). The biphasic inhibition profile was also observed at the



human BGT1 and in MDCK cells. The profile was neither due to kinetic differences between
SBV-114 and GABA (no profile change after 10 minute pre-incubation) nor to differences in
expression levels of BGT1 across cell types. Interestingly, the calcium chelator BAPTA-AM
converted the biphasic profile into a monophasic inhibition profile, indicating that the biphasic
behaviour of SBV-114 is Ca®*-dependent. When administered systemically, SBV-114 displayed
anticonvulsive effects in the audiogenic seizure (50 and 120mg/kg) and MES test
(EDsp=139mg/kg), but was unable to block seizures induced by scPTZ(150mg/kg). SBV-114
(150mg/kg) did not cause any motor impairment at doses tested. We report that SBV-114, a
novel GABA-analogue, is a BGT1-selective compound with a unique biphasic inhibition profile
at recombinant transporters and anticonvulsant properties in mouse seizure models.
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Abstract: y-aminobutyric acid (GABA) and ionotropic GABAA receptors are expressed
throughout the suprachiasmatic nucleus (SCN); the location of the master circadian pacemaker.
Evidence from our lab shows that acute activation of GABAA receptors (GABAARS) inhibits
the phase shifting effects of photic cues and promotes the phase shifting effects of non-photic
cues. More recently, we have shown that the sustained activation of GABAARs can mimic the
phase delaying effects of light and that the sustained inhibition of GABAARs can inhibit the
phase delaying effects of light. Although GABA is most commonly described as the primary



inhibitory neurotransmitter in the CNS, in vitro studies suggest the presence of excitatory
GABAA responses in the adult SCN. The ratio of inhibitory to excitatory responses to GABAAR
binding depends on chloride ion gradients as maintained by chloride co-transporters.
Importantly, excitatory GABA responses in the adult SCN disappear upon inhibition of the
inward chloride co-transporter, Na+/K+/Cl- co-transporter 1 (NKCC1). We have previously
shown that the sustained inhibition of NKCC1 enhances phase delays to light. The following
experiments aimed to further characterize the role of chloride co-transporter activity in
behavioral entrainment. Adult male Syrian hamsters were housed in constant dark conditions
until the formation of stable free-running activity rhythms. Hamsters received injections of
bumetanide (a NKCCI1 inhibitor) or vehicle into the SCN region followed by phase delaying (CT
13.5) or advancing (CT 19) light pulses. Phase shifts were calculated using regression lines fitted
to activity onsets before and after test days. Acute NKCC1 inhibition did not alter the magnitude
of light-signaled phase delays. However, NKCCI inhibition in the late subjective night decreased
the magnitude of photic phase advances and when injected alone led to substantial phase delays.
These data suggest that endogenous excitatory SCN responses to GABA in the late subjective
night may advance the behavioral rhythm.
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Title: Functional consequences of a loss-of-function mutation in the SLC39A8 (ZIP8) gene in
NMDA receptor signaling
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Abstract: The trace element zinc (Zn2+) is found in most all tissues throughout the body,
including the CNS, and is known to modulate a variety of ligand- and voltage-gated ion channels
such as NMDA, GABAA, calcium, and potassium channels. In the CNS, Zn2+ concentration is
highly regulated in cells and at the synapse by a number of transporters including ZnT and ZIP
transporters. Zn2+ may be best known for its potent (low nM) inhibition of NMDA receptors,



specifically allosteric modulation of GluN2A subunit-containing receptors. Genome wide
association studies on schizophrenia patients have recently implicated a mutation (A391T) in the
SLC39A8 gene, which encodes the ZIP8 Zn2+ transporter. Our data show that this mutation,
which resides in a coding region, results in a partial loss-of-function in the Zn2+ transport (or see
SFN poster - Schubert & Bertrand). To elucidate the role of ZIP§ in NMDA-mediate currents at
the synapse, we created SLC39A8 shRNA to selectively knock down ZIP8-mediated Zn2+
transport in primary rat cortical co-cultures and measured NMDA-mediated current density in
pyramidal neurons using whole-cell patch clamp. Following ~75% ZIP8 mRNA knockdown
measured by RT-PCR, we observed an apparent paradoxical increase in NMDA current density.
In another set of studies measuring spontaneous synaptic activity (SEPSCs) in rat cortical
neurons, we observed a decrease in NMDAR-mediated sEPSC amplitude after ZIP§ shRNA
knockdown, indicating that loss of the ZIP8 transporter at cortical synapses has a negative effect
on glutamatergic signaling. We hypothesize that this mutation is a loss-of-function in ZIP8-
mediated transport, impairing Zn2+ uptake and contributing to NMDA receptor hypofunction
observed in schizophrenia.
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Title: Developmental expression patterns of KCC2 and functionally-associated molecules in the
human brain
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Abstract: Work on rodents has shown that steep up-regulation of KCC2, a neuron-specific CI-
extruder of the SLC12 cation-chloride cotransporter (CCC) family, commences in supraspinal
structures at around birth, leading to the establishment of hyperpolarizing GABAergic responses.
KCC2 is also a structural protein necessary for spinogenesis in cortical principal cells. Here, we
describe the spatiotemporal expression profiles of the entire SLC12 gene family, using
microarrays, in the human cerebrum, thalamus and cerebellum. Translation of KCC2 was
validated by immunohistochemistry. KCC2 mRNA was observed already at the 10th
postconceptional week (PCW) in the amygdala, cerebellum and thalamus. KCC2-
immunoreactive neurons were abundant in the neocortical subplate at 18 PCW. Commencing at
19-24 PCW, most subplate and cortical plate neurons became KCC2-positive by 25 PCW. The
mRNA expression profiles of Na-K ATPase a and B isoforms as well as TrkB were consistent
with what is known from studies on rodents about their interactions with KCC2. Thus, in the
human brain, expression of KCC2 and its functionally-associated proteins begins in the early
fetal period. Our work facilitates translation of results on CCC functions from animal studies to
the human and, more specifically, refutes the view that the poor efficacy of anticonvulsants in
the term human neonate is attributable to a lack of KCC2.

Disclosures: M. Puskarjov: None. G. Sedmak: None. N. Jovanov-MiloSevic: None. M.
Ulamec: None. B. Kruslin: None. K. Kaila: None. M. Judas: None.

Poster

123. Other Transporters

Location: Hall A

Time: Sunday, October 18, 2015, 8:00 AM - 12:00 PM

Program#/Poster#: 123.10/B63

Topic: B.0S. Transporters

Title: Deciphering ZIP8 activity using an electrophysiology reporter assay
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Abstract: Zinc (Zn®") is the second most important metal ion in the body, and its tight regulation
is a key element in the functioning of the central nervous system. Best known for its intracellular



modulation of many biochemical events, including the regulation of transcription or modulation
of enzymes, Zn>" also plays an important role in the modulation of ion channels such as N-
methyl-D-aspartic acid receptors (NMDA), gamma-aminobutyric (GABA,) ligand-gated
receptors, or voltage-gated calcium channels (VGCC). To date, Zn®" activity has been monitored
mainly using radioactive or fluorescent measurements, both methods with intrinsic limitations.
The observation that activity of the voltage-gated calcium channel Ca,1.2 is exquisitely
modulated by intracellular Zn>*, however, offers novel possibilities to investigate Zn*" activity
using an electrophysiological reporter assay. Here, we investigate at the single cell level
properties of the zinc transporter SLC39A48 (ZIP8) and its naturally occurring mutant A391T that
was found to be associated with schizophrenia (Schizophrenia Working Group of the Psychiatric
Genomics Consortium, 2014). Monitoring ZIP8 activity using Ca,1.2 as a reporter assay
revealed that increase in the submicromolar range of Zn*" in the extracellular fluid is sufficient to
trigger a rapid inhibition of calcium channel activity. These findings indicate that augmentation
of the intracellular Zn>" occurs with a time constant in the seconds range and reveals both the
efficiency of ZIP8 activity and its sensitivity to Zn*". In addition, these data also demonstrate the
functional relevance of intracellular free Zn>" on ion channel activity. Measurements conducted
at the naturally occurring ZIP8 mutant A391T confirmed that this mutation alters Zn>" transport
that could, at least in part, be contributing to the origin of neuropsychiatric disorders. Offering
several advantages, the use of a voltage-gated ion channel as reporter assay for the intracellular
Zn*" concentration allows for the first time to investigate the role of this divalent cation in the
vicinity of the plasma membrane. Placed in perspective of intracellular recordings conducted in
vitro and in vivo, this work illustrates the determinant role of this often neglected metal ion and
its possible contribution in the manifestation of neuropsychiatric and neurological diseases.
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Abstract: Cells throughout the body are polarized in order to achieve and support the specialized
functions of the organs. Epithelial and endothelial cells are essential in maintaining the barriers
separating different parts of the body, like the brain endothelial cells in the blood-brain barrier,
epithelial cells in plexus choroideus and epithelial cells in the intestine. Cells like astrocytes and
neurons are polarized having end-feet, axons and dendrites. To generate and maintain polarized
structures, cells express a subset of specialized cytosolic adaptor proteins that facilitates
asymmetric trafficking of receptors and their cargo. The adaptor proteins bind to motifs in the
cytosolic domain of the receptors, thereby guiding them to their appropriate polarized cellular
destination The Vps10p domain receptor SorLA, is a type I sorting receptor that harbors several
functional adaptor binding motifs in its short cytosolic domain. Using MDCK cells as an
epithelial model and primary hippocampal neurons, we have demonstrated that SorLA displays a
polarized localization in these cell types. In a tight epithelial MDCK cell barrier, SorLA is
localized on the basolateral membrane from where it is sorted to apically-localized endosomes.
Using antibodies, we have furthermore demonstrated that SorLA mediates transcytosis across the
MDCK barrier. In neurons, SorLA is localized throughout the dendrites but not found the axons.
Using yeast 2-hybrid screens and expression of cytosolic mutated SorLA constructs, we are now
mapping the sites and some of the adaptor proteins involved in polarized localization and sorting.
Although there are some redundancies in the signals, preliminary results points to an extended
acidic cluster in SorL A as the main actor in the observed polarized sorting. In addition, we find
that the adaptor complex AP-1 is involved in the asymmetric sorting. Although there is evidence
that epithelial and endothelial cells as well as neurons use a similar cytosolic sorting machinery
to orchestrate polarized organizations, there are also some differences. We have recently found
that SorLA is expressed in primary brain endothelial cells and we are currently investigating
whether SorLA shows a similar polarized trafficking in these cells.
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Title: Calcium dynamics in boutons of layer V pyramidal neurons in the rat somatosensory
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Abstract: In response to stimulation, a transient rise in intracellular [Ca®"] causes transmitter
release from presynaptic terminals. As presynaptic Ca>" dynamics can affect the efficacy,
reliability, and plasticity of synaptic connections, it is essential to understand Ca>* homeostasis
in nerve terminals. Objective: Ca>" dynamics associated with action potentials (APs) was
investigated in boutons of layer V pyramidal neurons in the rat somatosensory cortex. Methods:
Brain slices were obtained from male Wistar rats (P15-20). Layer V pyramidal cells were filled
through the patch pipette with Alexa Fluor 568 (50 pM) and various concentrations of Oregon
Green 488 BAPTA-1 (OGB-1, Kp =205 nM; 40, 80, 120, 240 uM) or OGB-6F (Kp =3 uM; 50,
100, 200 uM). Imaging was done at 35 + 1 °C, using a laser-scanning confocal microscope
equipped with a 40x 1.0 NA objective. For each bouton, three increases in [Ca*"] were measured:
one evoked by an AP and two by AP trains of different frequencies (OGB-1: 10-40 APs at 10-40
Hz, OGB-6F: 60-80 APs at 80-100 Hz). APs were evoked with 2 ms somatic current injections.
[Ca®"] increases caused by AP trains were used to determine the maximal fluorescence at
saturating [Ca>"]. All calculations of [Ca®'] from fluorescence intensity were done according to a
published method (1). Results: Analysis of Ca®" transients measured from fluorescence of OGB-
1 and OGB-6F under steady-state conditions (> 90 min after break-in) shows similar results (p =
0.1-1.0); thus, data with these two dyes are pooled (94 boutons, 34 cells). The free volume-
averaged [Ca®'] is 43 + 7 nM at rest and rises by 820 + 320 nM immediately after an AP. The
ratio of endogenous buffer-bound Ca* to free Ca®" measured under steady-state conditions is 66
+ 27, similar to that measured during OGB-1 loading (< 60 min after break-in; 73 =19, 9
boutons, 9 cells). This suggests that the majority of endogenous buffers in these boutons are
fixed, while mobile buffers contribute minimally. In addition, the total [Ca®"] increase
immediately after an AP is calculated to be 55 + 31 uM, corresponding to influx through 20 = 10
voltage-gated Ca>" channels. The decay time constant of Ca®" transients evoked by an AP is 37 +
15 ms, indicating an extrusion rate of 1800 + 1000 s'. These values for Ca*" increases,
endogenous Ca”" binding ratio, and clearance kinetics are similar to those in boutons of layer
II/III pyramidal neurons (2). Conclusion: There exists a large variation in presynaptic Ca*
dynamics. This may reflect target cell-specific differences in transmitter release properties. 1. M.
Maravall, Z.F. Mainen, B.L. Sabatini, K. Svoboda, Biophys. J. 78, 2655 (2000). 2. H.J. Koester
and B. Sakmann, J. Physiol. 529, 625 (2000).



Disclosures: L. Tran: None. C. Stricker: None.

Poster

124. Presynaptic Structure and Neurotransmitter Release 11
Location: Hall A

Time: Sunday, October 18, 2015, 8:00 AM - 12:00 PM
Program#/Poster#: 124.02/B66

Topic: B.06. Neurotransmitter Release

Support: NIH Grant NS075506

Title: Acute inhibition of the ubiquitin signaling system induces changes in the synaptic
ubiquitome and alters synaptic transmission in mammalian neurons
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Abstract: The ubiquitin signaling system (USS) regulates several cellular processes including
synaptic development and physiology. Available data indicate that proteasomal degradation of
synaptic proteins can profoundly impact synaptic function. Much less is known about the non-
degradative roles of protein ubiquitination at the synapse. Here we show that in rat primary
cortical neurons inhibition of de novo ubiquitination or inhibition of deubiquitination acutely and
rapidly affect synaptic activity. In particular, we found that both inhibitions strongly augment the
frequency of minis and drastically diminish the amplitude of evoked responses. To identify the
molecular mechanisms involved, we used a quantitative proteomic approach in
synaptoneurosomes derived from primary neurons. We thus defined a set of synaptic proteins
that change their ubiquitination levels following acute USS inhibition. In addition, we validated
some of the hits of our proteomic analysis and provide evidence that ubiquitination modulates
synaptic transmission by affecting the levels of SNARE complexes, the microtubule cytoskeleton
and the activity of CaMKII. Our results highlight new functions of protein ubiquitination at
synapses and pave the way for a better understanding of the complex role of this post-
translational modification in governing neuronal health and disease.
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Title: G-protein beta-gamma subunits regulate synaptic vesicle exocytosis by cone
photoreceptors
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Abstract: The earliest stages of visual processing in the vertebrate retina are under dynamic
control by a variety of G-protein coupled receptors (GPCRs) that regulate gap junctional
coupling, voltage-dependent currents, and synaptic transmission. As at other synapses, G-protein
a subunit (Ga)-dependent signaling pathways act on voltage-gated Ca2+ currents (ICa) to
regulate neurotransmitter release by rod and cone photoreceptors. Synaptic output can also be
influenced by the G-protein By complex (GBy), which modulates ICa and K+ currents and can
directly interact with the vesicle fusion machinery (SNARE complex). Because it is unknown
whether or how Gy influences photoreceptor exocytosis, we tested for direct effects of GBy on
synaptic transmission by cone photoreceptors in the vertebrate retina. Experiments were
performed using whole-cell voltage-clamp recordings in vertical slices of retinas from tiger
salamanders (Ambystoma tigrinum). We measured synaptic transmission using paired recordings
of cones and post-synaptic horizontal cells and capacitance measurements from cones. GB1y1
subunits (100 nM - 2 uM) were introduced directly into the cone via the whole-cell patch pipette.
For control recordings, we boiled the GB1y1 stock solution for >20 minutes before diluting to the
working concentration. [Ca was recorded with a P/8 leak subtraction protocol. Spontaneous
glutamate transporter current amplitude and kinetics were measured to test for effects of G1y1
on quantal content and vesicle fusion mode. In paired whole-cell recordings, dialyzing cones
with GB1y1 caused a gradual, dose-dependent reduction (IC50 = 80 nM) in the cone-driven



responses recorded from post-synaptic horizontal cells. Consistent with an inhibition of vesicle
fusion rather than vesicle glutamate content or a switch in fusion mode, GB1y1 also caused a
reduction in exocytosis measured with whole-cell capacitance recordings. GB1y1 had no effect
on quantal glutamate transporter current amplitude or kinetics, but did cause a slight reduction in
spontaneous event frequency. The reduction in exocytosis was not the result of changed ICa
properties, as GB1y1 altered neither the amplitude nor voltage-dependence of cone ICa. The use
of voltage-clamp recordings precluded potential effects of GBy on K+ currents from altering the
presynaptic voltage-response. Thus, Gy subunits appear to inhibit exocytosis by cone
photoreceptors by a mechanism downstream of ICa. This suggests that Gy subunits in
photoreceptors can directly inhibit synaptic transmission by acting on the vesicle fusion
machinery.
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Abstract: The modulation of neurotransmitter exocytosis by activated Gi/o-type G-protein
coupled receptors (GPCRs), such as the o,, adrenergic receptor (02,-ARs), is a universal
regulatory mechanism used both to avoid overstimulation and to influence circuitry. Upon the
activation of a2,-ARs, Gy are released to directly interact with soluble N-ethylmaleimide-



sensitive factor attachment protein receptor (SNARE) to inhibit neurotransmitter release. There
are 5 GPs and 12 Gys, and it is not known whether specific GBys are activated by a given GPCR.
Presynaptic ax,-ARs in both adrenergic (auto 0,,-ARs) and non-adrenergic neurons (hetero o,-
ARs) work in a similar manner to inhibit neurotransmitter release and have various physiological
functions such as anesthetic sparing and working memory enhancement. It has been shown that
synaptic regulatory mechanisms can go awry in various neurological disorders such as anxiety
and working memory deficits. In this project, we are investigating whether autoreceptors in
sympathetic neurons use the same GPy subunits as heteroreceptors in other neuronal types. We
use several mice models including transgenic Flag-0,,-ARs, knock-in HA-0,,-ARs, and wild-
type mice. The Gy specificity is determined by co-immunoprecipitating Gy with o,,-ARs and
SNARE from synaptosomes, followed by mass spectrometry analysis. We hypothesize that
specific GPy subunits interact with activated auto- and hetero az,-ARs and inhibit exocytosis by
interacting with SNARE. We have identified GB1, GB2, Gp4, GBS, Gy2, Gy3, Gy4, Gy7, Gyl12,
and Gy13 which interact with a,-ARs and SNARE. Out of these G protein, GB2, Gy4, and Gy13
preferentially interact with activated auto a,,-ARs. We found no difference in Gy specificity to
SNARE following a,,-ARs activation. Further understanding Gy specificity may offer new
insights into the normal functioning of the brain, as well as better understanding of disease
progression. The GBy-SNARE interaction may be a new therapeutic target to modulate
exocytosis in neural disorders in combination with drugs targeted to Gi/o-type GPCRs.
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Title: A usage-dependent mechanism measures synaptic vesicle age and prevents the use of old
vesicles in synaptic transmission

Authors: *S. TRUCKENBRODT!, S. O. RIZZOLP?, A. VIPLAV?, E. F. FORNASIERO? A.
DENKER?;
*Inst. for Neuro- and Sensory Physiol., 'Univ. of Gottingen Med. Ctr., Géttingen, Germany

Abstract: Old organelles can become a hazard for cellular function, due to the accumulation of
damaged molecules. Mechanisms that measure organelle age, and prevent old organelles from
participating in cellular reactions, are therefore necessary. The prevaling assumption is that
organelles are funtionally employed in cells until degradation via damage response mechanisms.
We have identified an additional mechanism, which measures the usage of synaptic vesicles and
functionally inactivates them long before degradation. Using cultured hippocampal neurons, we
found that newly synthesized vesicles are preferentially employed in neurotransmitter release.
They recycle only ~270 times, over ~24 hours. During recycling they become contaminated with
a molecule from the plasma membrane, which interferes with a vital component of the synaptic
vesicle release machinery. This process renders the old vesicles less competent to release than
their newly synthesised counterparts. The inactivation can be accelerated by increasing the
activity of neurons, suggesting that the cell uses this mechanism to directly measure the number
of times a vesicle has been used, rather than its age. The old vesicles are eventually targeted for
degradation, but their functional inactivation precedes degradation by several days. We conclude
that the contamination is a timing mechanism needed to ensure that old vesicles are not used in
neurotransmitter release. Synaptic transmission is presumably too sensitive to tolerate
accumulation of damage on synaptic vesicles until they can be recognised by classical damage
response mechanisms, necessitating this additional functional inactivation.
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Abstract: Intersectinl (Itsnl) is an evolutionally conserved scaffold protein engaged in
recruiting dynamin and other accessory proteins for clathrin-mediated endocytosis, and hence a
key molecular substrate for the coupling between exocytosis and endocytosis. However, it
remains unknown if Itsn1 is required for development of synaptic functions in mammalian
central synapses. To address this issue, we examined synaptic properties of the developing calyx
of Held synapse in the auditory brainstem from wild-type (WT) and Itsnl knockout (KO) mice at
different postnatal (P) stages (immature P8-10 vs mature P16-20). Immunohistochemical
analyses showed that Itsnl proteins co-localized with a presynaptic marker vGlutl in WT
synapses for both age groups but completely absent in Itsn1 KO synapses. By stimulating
presynaptic axons, we found that deletion of Itsnl had little effect on basal excitatory synaptic
transmission or short-term depression (STD) as a result of depletion of synaptic vesicles (SVs)
from the readily-releasable pool (RRP) in immature and mature synapses. In contrast, the fast
Ca2+-dependent component of recovery from STD was selectively attenuated in mature Itsnl
KO synapses but remained unaltered in immature Itsnl KO synapses. Surprisingly, blockade of
the interactive partner of Itsnl, dynamin, with specific inhibitors did not slow down the recovery
time course at the mature WT synapses. These results indicate that the fast Ca2+-dependent
replenishment of SVs in the RRP to the depleted sites is mediated by distinct mechanisms at
different developmental stages, being strongly enhanced by Itsn1-dependent and dynamin-
independent signaling during synapse maturation.

Disclosures: Y. Yang: None. A. Sengar: None. J. Aitoubah: None. S. Egan: None. M. Salter:
None. L. Wang: None.

Poster

124. Presynaptic Structure and Neurotransmitter Release 11

Location: Hall A

Time: Sunday, October 18, 2015, 8:00 AM - 12:00 PM

Program#/Poster#: 124.07/B71

Topic: B.06. Neurotransmitter Release



Support: Neurocure Excellencecluster

Title: The role of synaptotagmin-1 C2B domain in synaptic vesicle docking in hippocampal
neuron

Authors: *S. CHANG, T. TRIMBUCH, C. ROSENMUND;
Neurocure, Charité - Universitdtsmedizin Berlin, Berlin, Germany

Abstract: Synaptotagmin-1 (Syt-1) is a Ca2+ sensor for neurotransmitter release. Whether it
plays a role in vesicle docking remains unclear. While studies examining the ultrastructure of
presynaptic terminal in Syt-1 knock-out (KO) mice using conventional chemical fixation show
unaltered docked vesicle number (Geppert et al, 1999), those using the high-pressure freezing
(HPF) for fixation show a 39%-50% reduction in docked vesicle number (Liu et al, 2009; Imig et
al 2014). Using HPF technique, we indeed found that the docked vesicle number was reduced by
53% in Syt-1 knockout mass culture neurons, while the total number of vesicles within 100 nm
of the active zone was not significantly altered. Furthermore, we utilized mutations in three
regions of the C2B domain of Syt-1 that severely impair vesicle exocytosis by 70%-95% (Li et al
2006; Xue et al 2008; Nishiki et al, 2004) to investigate whether there is a link between
exocytosis and vesicle docking. We expressed the mutant proteins in autapic/mass cultured Syt-1
KO hippocampal neuron, and surprisingly found that mutating either the residues at polybasic
stretch (K325, K327) or at the bottom of the C2B domain (R398, R399) led to a reduction of
docked vesicle by 49% to 63% compared to wild-type synapses. In contrast, while mutating
residues for Ca2+ binding in the top loop (D309, D363, D365) did not affect vesicle docking.
However, none of the mutants displayed a difference in the primed vesicle number as assayed by
sucrose-mediated response in autapic culture. This argues against the notion that functional
priming of vesicles from the electrophysiology results is the same process as morphology
docking in the EM images. Subsequently, we investigated whether Ca2+ entry influences vesicle
docking by using flash and freeze technique to resolve changes in vesicle-plasma membrane
distance upon action potential triggering. Surprisingly, we found an increased number of vesicles
in the proximity of active zone after Ca2+ influx on the timescale of milliseconds, suggesting
that the Ca2+ induced phospholipid binding of C2B may be capable of compensating for the loss
of membrane tethering before Ca2+ influx. These results indicate 1) Syt-1 regulates synaptic
docking via its side and bottom loops of C2B domain, 2) vesicle priming and docking are not
necessary linked and 3) Ca2+ triggering may induce vesicle docking via its Ca2+ dependent
phospholipid binding ability of top loop of C2B domain.
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Title: The role of SNAP-25 in presynaptic mechanisms of long-term plasticity of vesicular
release at glutamatergic synapses in the hippocampus
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Abstract: Two glutamate receptors, N-methyl-D-aspartate receptors (NMDAR) and group 11
metabotropic glutamate receptors (mGIluRIl), can independently induce long-term depression
(LTD) of presynaptic transmitter release at hippocampal synapses. Recent work from our
laboratory indicates that presynaptic LTD involves the interaction of a G protein with one of the
SNARE proteins, synaptosomal-associated protein 25 (SNAP-25). LTD, but not long-term
potentiation (LTP), is significantly impaired when the 9 amino acid c-terminal region of SNAP-
25 is cleaved, suggesting that a differential interaction with SNAP-25 is required for the
coordination of these distinct forms of long-term, activity-dependent presynaptic plasticity.
Elevation of cyclic guanosine monophosphate (cGMP) by NMDAR-mediated generation of the
intercellular messenger nitric oxide, when paired with Ga liberated by activation of G protein-
coupled receptors such as mGluRlIIs, is sufficient to induce LTD. Given that Ga and Gy are co-
released by activation of G protein-coupled receptors, we hypothesized that elevated [cGMP],
inhibition of PKA by Gai, and binding of Gy to the C-terminus of SNAP-25, are all in a
common final pathway of NMDAR and mGluRII induction of presynaptic LTD of vesicular
glutamate release. We tested this hypothesis by monitoring changes in vesicular release from
rodent hippocampal Schaffer collateral synapses with the fluorescent membrane dye, FM1-43,
using two-photon laser scanning microscopy. In SNAP-25 transgenic mice that express only an
immature form of SNAP-25 (SNAP-25a) and not the mature form (SNAP-25b), we found that
paired-pulse facilitation and presynaptic transmitter release from the sucrose-loaded readily-
releasable vesicle pool were reduced compared to wildtype littermate control mice. SNAP-25b
deficient mice also showed impairments in both LTD and LTP of synaptic strength. We are
examining the relative expression of NMDAR and mGluRII-dependent forms of LTD in these
mice, and how blocking components of each pathway alters the expression of LTD of vesicular



release. Our findings suggest that synaptic plasticity that plays an important part in learning and
memory is functionally modulated by isoforms of the SNARE protein SNAP-25, and that both
LTP and LTD can be influenced by this protein.
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Title: Mechanisms of calcium independent but voltage dependent secretion (CiVDS) in somata
of mammalian primary sensory neurons
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Abstract: The somata of primary sensory neurons, including dorsal root ganglion (DRG)
neurons, release neurotransmitters and neuropeptides. Following physiological action potentials,
in addition to Ca**-dependent secretion, we have discovered and studied Ca®"-independent but
voltage-dependent secretion (CiVDS) in somata of freshly isolated DRG neurons (Zhang et al,
2002, 2004; Zheng et al, 2009, Liu et al, 2011). Major open question of CiVDS is molecular
mechanism, including 3 components: fusion pore machinery (FP), voltage sensor (VS) and the
FP-VS linker (LK). Here we report, by using exocytosis assays of patch-clamp recording of
membrane capacitance, and single vesicle imaging (EM and TIRF), (1) FP is jointly contributed
by 2 components of FP-complex SNARE, SNAP25 and syntaxin; (2) VS is jointly contributed
by 2 voltage-gated Ca channels (VGCCs), Cav2.2 (N-type VGCC) and Cavl.3 (L-type VGCC);
(3) LK is the “synprint”, Cav-S2-S3 intracellular loop718-963aa (Catterall, 1999); (4) following



automatic knockdown of CiVDS by 3d-culture of DRG neurons, CiVDS is rescued by
overexpressing any component of FP (SNAPE25o0r syntaxin) or VS (Cav2.2 or Cavl.3); (5)
CiVDS is inhibited by blockers against FP (SNAP25 or sytaxin), Cav(2.2 or 1.3) and FL
(synprint-truncated); (6) finally, CiVDS is blocked by Cav2.2-RNAi-KD in DRG pre-transfected
in vivo. Supported by grants from NSFC, MOST and DOE 201 I-program
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Abstract: A kinase closely related to cellular cytoskeleton, Rho kinase (ROCK) affects synapse
development and neuronal functions. In the calyx of Held synapses after maturation, vesicle
endocytosis can be accelerated by retrograde activation of ROCK by nitric oxide released from
postsynaptic cells, which involves presynaptic cyclic GMP-dependent protein kinase (PKG) and
phosphatidylinositol-4,5-bisphophate (PIP2). Because this pathway of retrograde activation is
suggested to function only in mature calyces, a role of ROCK in endocytosis at immature
synapses remains to be determined. This possible regulation of synaptic endocytosis was now
explored at the calyces from postnatal 7-11 days old rat pups by performing the whole-cell
membrane capacitance measurement to monitor endocytosis. In our tests, pharmacological
inhibition of ROCK activity led to slower endocytosis. Elevation of intracellular PIP2 or block of
NMDA receptor did not influence effects of ROCK inhibition, excluding the involvement of
PKG and PIP2. In addition, the slow calcium chelator, EGTA, did not generate synergistic effect
when combined with ROCK inhibitors. These observations suggest that ROCK can regulate
endocytosis in immature synapses by a potentially calcium-dependent and PKG-independent



pathway. It is possible that ROCK participates in regulation of endocytosis in both immature and
mature synapses, but using different molecular mechanisms for its activation.
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Title: Unique role of complexin in shaping the biphasic response at a mammalian ribbon
synapses in the rod pathway
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Abstract: At the rod bipolar cell (RBP) to amacrine AlI cell ribbon synapse in the inner retina,
contrast and luminance is encoded in the transient and sustained components of the response to
sustained input. While it is well described that the partial depletion of the readily releasable pool
(RRP) underlies this biphasic response, the molecular players involved in regulating vesicle
release in RBP to Al synapses have not been investigated in depth. Complexins (Cplx) are
synaptic proteins that exist in four isoforms in mammals. All isoforms bind to and stabilize
SNARE complexes, and their deletion leads to disturbances in vesicle release. Cplx-3 is the only
isoform found at RBP to AlI cell ribbon synapses. We performed paired recordings from
synaptically coupled RBP and AlI cells in acute retinal slices from Cplx-3 genetic deletion
mutants and wild type controls. While synchronous release was strongly reduced in Cplx-3
deletion mutants, we found that asynchronous, sustained and delayed release was unaltered.
Studies regarding the clamping function of Cplx-1/2 in conventional synapses have caused some
controversy, however, we do not report any sort of clamping function upon loss of Cplx-3.



Although the readily releasable pool (RRP) was significantly reduced, we still observed
coordinated multivesicular release, which was not depressed by partial depletion of the RRP.
This finding is in contrast to previous studies linking multivesicular release to a high initial
release probability. Electron tomographic analysis suggests that Cplx-3 is not involved in
tethering/docking of vesicles at the presynaptic active zone. By simulating physiological stimuli
electrophysiologically and by behavioural analysis we show the importance of Cplx-3 in
generating the biphasic response needed to faithfully encode contrast in the inner retina. Our data
indicate that the release machinery driving synchronized and sustained/delayed release rely of
different components, with complexin being significant only for the transient phase of release,
and that the molecular configuration of the release machinery is crucial for signal processing in
the retina.
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Title: Complexin increases the coupling of presynaptic calcium influx and quantal release
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Abstract: At nerve terminals, the coupling between the Ca®" influx and the quanta ready for
release is critical for synaptic communication. However, the molecular mechanism by which the
coupling occurs remains under investigation. Complexin binds the SNARE complex necessary
for vesicle docking and fusion, preventing the spontaneous vesicle fusion and increasing a pool
of quanta ready for release. In addition, Complexin speeds the timing for quantal release and
may affect coupling. Nevertheless, Complexin function is still under debate. Here, using the
Drosophila NMJ we investigate the role of Complexin coupling the Ca*" influx and quantal
release at complexin null (cpx™). Kinetic analysis of glutamatergic EPSCs in the presence of



Cd*, Ca** channel inhibitor PLTXIIa, St** or intracellular Ca*" buffers EGTA and BAPTA were
explored at different frequency of nerve stimulation. Cd*" and PLTXIIa display different effects
in control and ¢px™ at the EC50 and EC75 values indicating a role of complexin in the sensitivity
of Ca®" influx in the release process. Sr*" promotes asynchronous release in a higher extent in
cpx”” vs control, suggesting an increased pool or sensitivity of asynchronous quanta. Intracellular
Ca”" buffering with EGTA has a minor effect in control but suppresses the asynchronous release
in cpx”” without affecting the spontaneous release, confirming the role of complexin in coupling.
As is expected, in null and control animals, BAPTA slows the EPSCs kinetics and decreases the
spontaneous release in cpx”. Our data is consistent with a modulatory role of complexin in the
Ca®" sensitivity of the release machinery. In addition, complexin increases coupling, probably by
clamping the SNARE complex at the release site.
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Abstract: PI(4,5)P2 has been identified as an independent plasma membrane determinant
inositol lipid that is essential for multiple cellular functions. However, their nanometer scale
organization in native cell plasma membrane (PM) remains controversial and the exact function
of P1(4,5)P2 in differential dynamic stages of exocytosis remains elusive. Using single-molecular
super resolution imaging, photo-activatable PH-domain probes, and optogenetic tools, we



explored the structure and function of PI(4,5)P2 in different molecular interactions during vesicle
trafficking. We examined different imaging approaches and variable conditions for P1(4,5)P2
nanoscale distribution, and we found relatively homogeneous distribution of PI(4,5)P2 in the
large areas of PM. Moreover, using optogenetic tools, we successfully manipulated PI(4,5)P2
levels in live cells, we are aiming to dissect its interactions with different effectors proteins in
exocytosis. Our preliminary data suggest PI(4,5)P2 regulated exocytosis at multiple steps,
including docking, priming, and final membrane fusion via different mechanisms.
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Abstract: Body movement is severely 