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ABSTRACT OF THE DISSERTATION
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WITH ADDICTION PHENOTYPES

By EILEEN N. ONI
Dissertation Director:

Ronald P. Hart

Genome-wide association studies have identified several loci with variant sequences that
are correlated with the risk of nicotine addiction and alcohol use disorders (AUD),
however, little is known about the cellular mechanisms underlying these genetic variants.
Drugs such as nicotine mediate addiction behaviors via the activation of nicotinic
acetylcholine receptors (nAChR). We first prepared subject-specific induced pluripotent
stem cells (iPSC) from donors homozygous for either the major (D398) or the minor
(N398) allele of the nonsynonymous single nucleotide polymorphism (SNP),
rs16969968, in the CHRNAS gene encoding the nAChR o5 subunit . To understand the
impact of the N398 variant in human derived cells, we differentiated iPSCs to midbrain-
like dopamine (DA) or glutamatergic neurons and then tested their functional properties
and response to nicotine. Neurons from both variants demonstrated physiological and
biochemical properties consistent with mature neuronal function. Results show that N398
variant midbrain-like DA neurons differentially express genes associated with ligand

receptor interaction and synaptic function. The N398 neuronal population responded



more actively with an increased excitatory postsynaptic current response upon the
application of nicotine in both midbrain-like DA and glutamatergic neurons.
Glutamatergic N398 neurons responded to lower nicotine doses (0.1 uM, concentrations
of nicotine similar to those of heavy smokers) with greater frequency and amplitude and
rapid desensitization, consistent with previous analyses of N398-associated nicotinic
receptor function. Additionally, to understand the impact of AUD variants in humans, we
prepared iPSCs from four subjects diagnosed with AUD and carrying three SNPs within
the KCNJ6 gene (minor alleles of rs702859, rs702860, and rs2835872) encoding the
potassium inward rectifying GIRK2 channel. We differentiated iPSCs into neural stem
cells (NSCs) and all were positive for NSC markers (SOX2, Nestin, and Musashi). To
model acute alcohol exposure, we exposed NSCs to medium containing 75 mM ethanol.
To test whether this concentration would alter NSC growth dynamics, we assessed the
cell viability, size, and doubling time over 72 hrs of exposure to which there was no
detectable change. From RNAseq gene expression experiments following a 24 hr
treatment with or without ethanol, we have identified differential gene enrichment in
genes involved in neural differentiation as well as predicted alternative splicing variants
in the KCNJ6 gene. We have also begun to assess the neuronal activity using two sources
of basal culture medium (BrainPhys [Stem Cell Technologies] and Neurobasal [Gibco])
following Neurogenin 2 lentiviral differentiation of IPSCs. We detected substantial
calcium spiking in BrainPhys medium in comparison to Neurobasal medium though
calcium imaging analysis. This suggests that BrainPhys medium provides a more
sustainable culture environment for future experiments. Planned studies will utilize

cultures grown in BrainPhys based medium to assess specific changes in neuronal



activity for each genotype during ethanol exposure. Overall, the results of this work offer
a proof-of-principle for utilizing human derived neurons to study gene variants

contributing to addiction.
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INTRODUCTION

Addiction disorders are a major burden to society with the total cost of substance
abuse in the U.S. exceeding $600 billion annually (NIDA). Symptoms of addiction
disorders are defined by the U.S. Surgeon General, Diagnostic and Statistical Manual of
Mental Disorders (DSM-IV)’, the International Classification of Diseases (ICD-10), as
repeated and compulsive self-administration; highly motivated drug seeking behavior
despite known harmful consequences, regulation of emotions, greater value from use of
the drug over other activities, many repeated unsuccessful attempts to stop and the
manifestation of withdrawal or tolerance®. Drugs that mediate addiction behavior range
from plant based compounds such as cannabinoids and tobacco to manufactured
pharmaceuticals (morphine, oxycodone, etc.) originally intended to mediate pain. There
are several factors that can contribute to addiction behaviors, including socioeconomic
status, levels of access to drugs of abuse, perceptions of use and identified within the past
10 years, genetic variants'’. Some studies have suggested that these genetic variants may
contribute to the risk of relapse and/or risk of addiction phenotypes'*2. This work will
focus on genetic variants associated with the co-morbid addiction disorders that use
nicotine and alcohol.

Alcohol and nicotine addiction behaviors are co-morbid since people with alcohol
use disorders (AUDs) are three times more likely to be nicotine dependent®®. Nicotine
addiction is the largest preventable cause of mortality in the U.S., leading to more than
465,000 deaths in 2010, Additionally, AUDs are the third leading cause of death in the
U.S., contributing to about 1 in 10 deaths a year, and are estimated to cost 223.5 billion

15-17

annually in lost productivity and cost of treatment™"'. In addition to behavioral



therapies’®, the most common pharmaceutical treatments for nicotine and alcohol
addiction include drugs such as varenicline, bupropion and naltrexone'®®. These drugs
act as either antagonists for nicotine receptors or inhibitors of p-opioid receptor.
Although these treatments have resulted in a 19.8% decrease of smoking within the past
10 years®' , addiction behaviors using these drugs continue to be a leading health priority,
as the risk of relapse remains high. Similarly, outcomes of individual treatment for AUDs
are quite variable, to which some have suggested that genetic variants are a contributing
factor®. It then becomes important to understand specific neuronal, synaptic and cellular
biological mechanisms that underlie the contributions of genetic variants addiction

behaviors for the development of more effective treatments®®2*.

Synaptic systems involved in addiction

Addiction phenotypes are influenced by internal and external cues, where the
success of receiving a reward (from drugs such as alcohol or nicotine) increases the
probability of behaviors that provide reward; this also known as positive reinforcement
2 One of the primary synaptic systems that contribute to the positive reinforcing
physiological effects of behaviors seen with drugs such as nicotine and alcohol is within
the mesolimbic system, the ventral tegmental area (VTA). Within the VTA, activity is
mediated by two major neuronal subtypes; The largest population (around 60%) % is
midbrain dopamine (DA) and y-aminobutyric acid (GABAergic) neurons (25%)?’, with a
small percentage of VTA neurons that express neuronal features of glutamate-releasing

neurons. This small population of neurons was identified by vesicular glutamate receptor

(VGIuT2") staining of midbrain DA neurons®®?. Many if not most DA neurons within



the VTA are inhibited by GABAergic neurons *°. GABAergic neurons in the VTA serve
as the bridge to the lateral habenula controlling dopamine release and are found
exclusively in the interpeduncular nucleus (IP), which is innervated by the medial

habenula 3133,

VTA neurons project and release dopamine into multiple regions as
diagrammed by Juarez et al.* (Figure 1), including the nucleus accumbens, dorsal
striatum, amygdala, and cortical forebrain glutamatergic neurons®*3*. Synaptic inputs to
the VTA include the rostral medial tegmental nucleus (RMTg)®, striatum®, lateral
habenula, pedunculopontine tegmental nucleus, nucleus accumbens, prefrontal cortex
PFC and the amygdala as diagrammed in Figure 1. These sites are the primary source of
addiction phenotypes mediating motor behaviors, fear response and are mediated by
dopamine.

During a reward stimulus such as nicotine or alcohol, DA neurons undergo a shift
from tonic to burst firing mode, increasing the amount of extracellular dopamine in the
brain. The downstream effect of dopamine release is mediated by variations in VTA
neuronal firing patterns®’. DA neurons in the VTA have two firing patterns: phasic
firing, which consists of rapid multi-spiked activity (15-30 Hz), and single slow spiking

activity known as tonic firing (2-4 Hz)**%

. This change in firing pattern was observed
through cyclic voltammetry experiments in cocaine self administered rats*®. In these
experiments, the initial cocaine seeking behavior led to the rapid increase of extracellular
dopamine in the nucleus accumbens. This suggests that drugs of abuse can potentially

mediate the firing frequencies, altering the release of extracellular dopamine, which can

influence motor behaviors.



Upon the release of dopamine, postsynaptic dopamine-specific, G-protein coupled
receptors (GPCRs) are activated. These dopamine receptors are divided into D1 and D2
sub-groups, where intracellular cyclic adenosine monophosphate (CAMP) is increased
and decreased, respectively*’. The D1 subgroup, consisting of D1 and D5, are found in
the nucleus accumbens, amygdala and frontal cortex and are activated by G-protein
Gyas, increasing CAMP levels, mediating further downstream signaling pathways. They
are almost always found post-synaptically*’. The D2 sub-group, consisting of D2, D3 and
D4, is found in the nucleus accumbens, amygdala and frontal cortex and is activated by
G-protein G, decreasing cCAMP levels modulating potassium currents*®. One example of
dopamine release influencing drug seeking behavior came from a cocaine seeking rat
model by Phillips et al.** From this study cocaine-seeking behavior was increased
following electrically stimulated phasic firing of dopamine neurons, which was directly
caused by an increased extracellular dopamine. This example illustrates of how changes
in extracellular dopamine levels can mediate reward-learning signals causing drug

seeking reward behavior *%44.
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Figure 1 VTA structure including synaptic inputs and outputs as diagrammed by
Juarez et al.*

VTA Dopamine neurons (orange) project to glutamatergic and GABAergic neurons within the NAc,
Amyg, and mPFC and are targets of VTA GABAergic, LDT and mPFC excitatory neurons, among
others. VTA GABAergic neurons (blue) project to VTA dopamine neurons and are targets of an array

of glutamatergic, acetylcholine, and GABAergic neurons from the PPTg, LDT, and mPFC among
others.

Mediators in the neurological response to nicotine: NAChRs

VTA neurons mediate the reinforcement of drugs of abuse by increasing the
amount of dopamine within output areas, mediating positive reinforcement and
motivation of addiction behaviors. Drugs of abuse such as nicotine mediate the activity of
VTA neurons via the nicotinic acetylcholine receptors (NAChR)**®. NAChRs are
permeable to potassium and calcium ions and are able to modulate synaptic activity®.
The five-subunit, transmembrane, ligand-gated nAChRs contain two distinct classes of
subunits consisting of variations of nine alpha subunits (a2-a10), and three beta subunits
([32-[34)50'53. The structures of functional hetero or homo oligomeric nAChRs, individual
subunit structures and ligand binding sites are diagrammed by Zoli et al.! (Figure 2). The
two ligand binding domains each contain a principal component comprised of the

cysteine loop (C-loop) binding pair provided by the a—subunit. The complementary



component is supported by three mainly hydrophobic aromatic amino acids from the -

subunit located at the interface of the binding pocket®>**.
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Plasma membrane
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Figure 2 Structure of NAChR subunits as
diagrammed by Zoli et al.*

A) Example diagram of individual nAChR subunits displaying
four trans membrane domains (M1-M-4), ligand binding sites
and o and B subunit configuration. B) Possible combinations
of homomeric (a7) and heteromeric nAChR subunit
configurations, including accessory subunits

The most commonly expressed nicotinic subunits in the brain are a3-06, and 33
and B4, with two of the most common nAChR configurations being a4p2 and a2p34. The
o4B2 configuration is the most directly affected by chronic exposure to nicotine and is

involved in regulating the fast synaptic transmission of GABAergic and dopaminergic



neurons™™’.  The o5 and P3 subunits, however, have neither the principal nor the

complementary component for functional ACh binding sites but are considered auxiliary
subunits that can replace the canonical non-binding subunits, such as B2°%%®. The a5
subunits co-assemble with both the o432 and a3B4 configurations and have been shown
to mediate nicotine aversion in mouse models®. a5 knockout mouse models show

increased nicotine consumption compared to controls, suggesting a role for the ob

subunit in reward and aversion behavior in mice®*®*.

Risk variants associated with nAChRs

Genome-wide association GWA studies use statistical associations of probability
to identify a causal variant within a population that contributes to a complex disease®.
Specifically, these studies can identify common genetic variants: single nucleotide
polymorphisms (SNPs) which can have two alternative base pairs at a specific locus®.
The allelic frequencies of SNPs reflect its prevalence within a population of individuals.
For example, a particular SNP variant with a minor allele frequency of 0.34 would
correspond to 34% of a population of individuals. GWAS studies identify SNPs in
linkage disequilibrium (LD), a measurement of whether the linkage of a gene is
interrupted by meiosis, as a function of distance or as simplified by Slatkin® the
nonrandom association of alleles at two or more loci. This is represented in terms of an r?
correlation value. The higher the r? value, the more likely the inheritance of any
calculating the LD of a SNP would allow a GWAS to associate the inheritance of a SNP
with other phenotypes and compare between populations using the HapMap database. In

2009, a using data collected by the Collaborative Genetic Study of Nicotine Dependence



(COGEND) ®>% Bierut et al®® identified several SNPs associated with increased risk of
addiction phenotypes.

For this study, one of the top SNP variants, selected due to the highest statistically
significant associations (r?= 0.15, minor allele frequency of 0.34), was rs16969968. This
SNP is positioned within the CHRNA3-CHRNAS5-CHRNAA4 gene cluster that codes for
the o3, a5, a4 subunits of NAChR, respectively, is located in the 1525 region °®®”. More
importantly, this variant encodes an aspartic acid (D) to asparagine (N) amino acid
change at amino acid 398 located within the o5 accessory subunit, making it non-
synonymous. Other non-synonymous variants within this particular gene cluster have
previously been associated with the negative effects from nicotine addiction such as
higher levels of plasma nicotine and its derivative cotinine, to a higher chance of

developing lung cancer’®®,

These findings suggest that a genetic change within the
CHRNA3-CHRNAS5-CHRNAA4 cluster contributes to addiction behaviors.

Studies using animal models provide some clues on how the rs16969968 SNP in
the a5 nAChR subunit may contribute to addiction behaviors. a5 knockout mouse
models exhibit increased nicotine consumption compared to controls, suggesting a role
for the o5 subunit in modulating reward behavior®®®. The N398 o5 subunit, when
selectively expressed in the VTA DA neurons of Chrna5™ mice, produced a partial loss
of function of the receptor and increased nicotine self-administration®®. Mechanistic
studies using similar systems have also concluded that the functional change in N398 is
likely due to intracellular modulation of the receptor’®. In the chick, a5 is associated

within the o4p2 subtype and has been shown to have a higher conductance,

desensitization rate, and calcium (Ca®") permeability’*. Similar studies have reported that



the incorporation of rs16969968 SNP at the 398 subunit location reduces Ca?*
permeability and increases short-term desensitization to nicotine®*’2. These findings
suggest that the intracellular modulation of this receptor may mediate the effects of
genetic risk variants giving us some clue as to their contributions to addiction behaviors.
Specifically, these studies highlight an important role of the auxiliary a5 subunit in
mediating synaptic activity upon nicotine stimulation.

However, several factors limit the conclusiveness of these studies. For example,
oocyte injection experiments do not take into consideration extracellular factors that can
affect nicotine addiction such as the composition of native nAChRs. Even though
carefully controlled mouse models have been quite successful in understanding the
general mediating factors of motivational and reward behaviors, attempts to study more
complex human diseases may correlate poorly and results can become difficult to
interpret given the evolutionary distance between mice and humans. This effect has been
demonstrated in inflammation models”, spinal cord injury’®, and neurodevelopmental
disorders’™. To circumvent the limitations of previous work, and to better highlight the
functional consequences of the N398 genetic variant of CHRNADS, we will use human
stem cells. To do this, we will use subject-derived iPSC lines to generate human
midbrain-like DA and glutamatergic neuronal cultures resembling midbrain VTA
neurons, a pathway whose performance is altered in addiction’®’’. The findings from past
studies and the results of our work will pave the way to understanding how genetic

variants contribute to drug abusing behaviors at a synaptic level.
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GIRK channels: targets of alcohol abuse

G protein-coupled inward rectifying potassium channels (GIRK) are responsible
for maintaining the resting potential of neurons "®"°. GIRK channels restore resting
membrane potential following depolarization by increasing the outward current of
potassium (K*) ”°. Although first cloned from rat heart, GIRK channels can be found in
brain and pancreatic tissues and are composed of several subunits; named GIRK1-4 (Kir
3.1-3.4 in mouse). The most common GIRK channels found in the brain are GIRK1,
GIRK2 and GIRK3®*8!. GIRK1 and GIRK3 are incapable of making functional channels
and form heteromultimers®. GIRK2 channels however, form homotetramers or co-
assemble with GIRK1 and GIRK3%84 Functional GIRK channels consist of a core
region with two transmembrane domains containing a P-loop between the N and C
terminals ®. All GIRK combinations are activated via the GPCR/ G beta-gamma
complex (GBy) transduction pathway®. Specifically, activation of GIRK2 channels

occurs though G-protein (G; and G,) By dimers (GBy) via their C terminal domains®*"%,

GPCRs that activate GIRK channels, include D2 dopaminergic® and p-opioid®
receptors, suggesting that the ligands which bind to these GPCRs may play an important
role in mediating the hyperpolarity of neurons. Specifically, GIRK channels are activated
by neurotransmitters such as dopamine, opioids and ethanol.**

GIRK2 (encoded by the KCNJ6 gene) channels, unlike the other functional
potassium channels, open upon binding to ethanol. Blednov and colleagues observed this
effect through a reduced response during analgesic hot plate experiments on weaver mice

(GIRK2 knockout mice) %. To further determine the effects of ethanol, Kobayashi et al.*®

used Xenopus oocyte expression assays to show that ethanol activation of brain-specific
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GIRK channels did not occur though G-protein activation, but at some other location on

the channel. Recently, Aryal et al.*

identified a discrete ethanol-binding pocket. Their
experiments mutating this pocket residue (a leucine residue within the D to BE regions
of the GIRK channel), reduced alcohol mediated activation. Thus illustrating that ethanol
activation is directly related to GIRK channels and highlights the role of ethanol in
mediating neurological activity within the brain.

While this past work strongly suggests a role of ethanol activation of GIRK
channels, a study by the Collaborative Study on the Genetics of Alcoholism (COGA)
sought to determine the genetic contribution to alcoholism?. To identify genetic variants,
this GWAS study focused on oscillations from electroencephalogram (EEG) recordings
following oddball task paradigm experiments. The use of EEGs allows for the recording
of spontaneous brain activity and is a method of measuring cholinergic brain activity™.

Past work from Lukas et al.®®

used EEGs as means of measuring theta activity in
alcoholics as theta frequencies are associated with prefrontal and posterior brain
corresponding to memory performance®’. Additionally, the EEG theta phenotype is
considered an endophenotype; a measureable heritable trait related to alcoholism %%, The
GWAS study associated subjects with reduced EEG frequencies at 3-7 Hz to three SNPs
located on chromosome 21 within KCNJ6. These SNPs are located synonymously within
exon 4 of KCNJ6 (rs702598) and within the intronic region between exon 3 and 4
(rs2835872 and rs2385880). These SNPs are assigned as a haplotype, thus are a
combination of alleles along the same chromosome inherited as a unit®. The presence of

these SNPs as a haplotype may suggest an increased impact on its association with the

risk of AUDs. Given the behavioral effects of ethanol in GIRK2 knockout mouse studies
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and GWAS studies associating GIRK2 in the increased risk of alcohol addiction, it is
evident that ethanol exposure mediates synaptic response. Thus it becomes important to
determine the contributions of genetic variants on a biological mechanism that associates

them to the risk of AUDs.

Induced Pluripotent Stem Cells in studying neurodegenerative diseases

To overcome the lack of a renewable source of human neurons to study the role of
human nAChR genetic variants, we used subject-specific induced pluripotent stem cells
(iPSCs). This technology was developed in 2006, when Takahashi and Yamanaka
reprogrammed somatic cells to a pluripotent state by the over expression of transcription
factors OCT4, cC-MYC, SOX2, and KLF4*®. Once reprogrammed, iPSCs are able to
produce cell types that are specific for any of the three germ layers in the same way as
embryonic stem cells'®. This methodology allows for the creation of subject specific
iPSCs to model human neuropsychiatric disorders or genetic mutations at a cell
biological and mechanistic level as diagrammed by Marchetto et al.® in Figure 3'9+1%.
Additionally, the technology of iPSCs will allow us to identify novel therapeutic
strategies to circumvent the mechanisms that cause addiction phenotypes while
minimizing the use of animal models. Specifically, we will utilize various iPSC neuronal

differentiation protocols.
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Figure 3 Marchetto et al.? illustration for the uses for iPSC
technology

This diagram illustrates the potential use of iPSC neural differentiation protocols
to streamline drug screenings to alleviate phenotypes of diseases related to
circuitry, connectivity and neural phenotype.

In order to study neurological diseases, much work has been done focusing on

developing various neuronal subtype specific differentiation protocols, including direct

106 7

lentiviral induction %, small molecules’®” and combinatorial viral- small molecule
methods'®. These differentiation protocols have been used to model neural development
in an in vivo system, from autism spectrum disorders (ASDs), to Parkinson’s disease as
described in a recently summarized report following a Banbury meeting'®. Furthermore,
these stem cell model based system have been utilized to identify the synaptic properties
that contribute to neurodegenerative disorders. Using fibroblast generated iPSCs from

Rett syndrome patients, Marchetto and colleauges™*°

observed synaptic alterations during
differentiation, including reduced glutamatergic synapse numbers and X- inactivation. In

another study, Brennand and colleagues showed aberrant migration in neurons derived
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from iPSCs from patients with schizophrenia ****

. In generating iPSC models from
GWAS studies, Nguyen et al**? generated cell lines that carry the G3019S point mutation
in the leucine repeat-related kinase 2 (LRRK2) gene associated with Parkinson’s disease,
and found increased expression of oxidative stress-associated genes and variation in
hydrogen peroxide sensitivity. Additionally, recent work has attempted to identify the
mechanisms underlying risk alleles. One such example was from work by Lieberman et
al.'™®, who identified altered expression of GABAA subunit genes from iPSC derived
neurons carrying a synonymous SNP rs279858 within the GABRAZ2 subunit. Overall, the
result of these studies highlights the impact and power of using iPSCs as a model system
for neurodegenerative diseases. Our experiments will involve the characterization of

neurons derived from iPSC lines from subjects carrying the major or risk-associated

minor alleles of KCNJ6 and CHRNAJS genes.

Rationale

To elucidate a source of the predisposition for addiction behaviors of subjects
who carry minor allele SNPs that are associated with nicotine or alcohol use disorders,
we will utilize iPSC differentiation technology to probe the synaptic relationship between
individual neurons. We hypothesize that the presence of these single nucleotide minor
allele genetic variants contributes to modulating neurological activity. First, in the case of
CHRNAS minor allele variant, we hypothesize that the minor allele modulates the
synaptic response of excitatory and dopaminergic neurons contributing to the addiction
behaviors. Given that variation in o5 expression alters nAChR expression and

114

function™", the non-synonymous variants within o5 are likely to affect physiological



15

functions contributing to addiction behaviors®®. Previous work with mice carrying the
rs16969968 minor allele variant have shown increased intracranial self stimulation
(ICSS) for nicotine ®. Additionally, studies in Xenopus oocytes have shown increased
desensitization of constructs that include the o5 subunit within the most common

composition of NACHRs*"

. In the following chapters, we will show that inherent
synaptic activity of neurons that carry the genetic variant is altered upon naive nicotine
stimulation. This work uses a novel approach of cell lines from those who carry the
variant and test our hypothesis on a cell-by-cell basis.

Our second study involves identifying the minor allele SNPs in the inward
rectifying channels GIRK2 and their contributions to addiction behaviors. We
hypothesize that these SNPs alter the genetic profile by modulating splicing variations
which may alter gene expression of GIRK2 channels thus modulating the overall inward
reactivity of neurons. Recent work on the GIRK channels suggests that ethanol is a direct
activator as GIRK2 knockout studies have shown reduced effects of ethanol®*. Recent
work has also identified a specific ethanol binding pocket outside of the GPCR activating
domain™®. This suggests a role of GIRK2 in mediating ethanol activity and thus we
expect an alteration of synaptic activity in the response to ethanol. The results of this
work provide important and supportive insights on how gene variants within familial

populations may affect neuronal activity though the use of in vitro human iPSC derived

neurons.
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CHAPTER 1: CHRNADS minor allele variant N398 contributes to increased synaptic
frequency and desensitization

In an effort to determine the contributions of genetic variants to addiction disorders,

we have established in vitro reward pathway models that differentiate iPSC

differentiation into dopamine and excitatory neurons, typical targets of nicotine. Results

obtained from the following work should be directly applicable to contribute to previous

animal studies involved in understanding the genetic association with the increased risk

of addiction.

IPSC Characterization: subject identification and reprogramming

Nicotine dependent subjects were selected from the Collaborative Genetic Study
of Nicotine Dependence (COGEND) collection ®®®. Dependent subjects were classified
by Fagerstrom test of nicotine dependence (FTND) scores of 4 or more (out of a total of
10) ™. These subjects carry the homozygous minor allele (AA) of rs16969968 as well as
the presence of homozygous major alleles for other SNPs known to affect addiction
behaviors and/or nAChR function: rs880395 (GG), rs8192475 (GG), rs12914008 (GG),
and rs56218866 (TT) (Table 1). Non-nicotine-dependent control subjects who smoked
came from the same collection, and were homozygous for the major allele of rs16969968
(GG) but matched at the other SNPs. One male and two females were selected for each
group. Verification of risk-associated SNP rs16969968 was done in the lab of Dr. Alison

Goate of Washington University, using DNA prepared from iPSC samples.
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Table 1 Genotypic profile of subjects used in this study

List of subject cell lines profiles including, ID number (RUID), Gender, minor SNP status,
allele of SNP (minor allele in red) and CHRNADS amino acid group. All SNP genotypes (were
confirmed by PCR in iPSC DNA.

[o0] 0] [{e]
[{e) — [Te] o O
L [2] N~ N~ o [o0]
(2] D [*2) <t < [o0]
[se] O (2] [aN] i —
o (2] (2] (2] (2] o
[o0] [Te] ~ — N [{e]
[e0) — — QQ — 0
2 2 2 4 £ 2
03NA10370 Affected
03NA11467 Female Affected | GG AA AA GG GG T N398
04NA12831 Female Affected | GG AA AA GG GG TT N398
03NA10137 Female Control GG GG AA GG GG TT D398
04NA12973 Female Control GG GG AA GG GG T D398
03NA09641 Male Control GG GG AA GG GG TT D398

Somatic cells were reprogrammed to a pluripotent state by expression of critical
transcription factors shown to maintain the pluripotency in both early embryos and

18 "In this project, CD4+ T-cells were used as a somatic cell

embryonic stem cells
population to be reprogrammed to iPSC. The CD4" T cells are prepared from
cryopreserved lymphocytes obtained from RUCDR Infinite Biologics®. T- cells were
transduced to iPSCs with Sendai viruses containing cDNA encoding transcription factors
OCT4, SOX2, KLF4, and C-MYC (CytoTune™, Life Technologies) as described in the

methods section. After transduction, we then characterized the IPSC lines for

pluripotency.

IPSC Characterization: Indicators of pluripotency

To verify that the transformation process from iPSCs produced from somatic T-
cells produced iPSCs, we characterized the lines using an array of indicators. We first

defined the ability of iPSCs to differentiate into all three germ layers through embryoid
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body immunocytochemistry (not shown) and by gene expression studies, including the
PluriTest algorithm®*® (Table 2). According to Miiller et al.**®, pluripotency can be
identified via the PluriTest in two ways. The first is the pluripotency score; which uses
hundreds of both pluripotent and differentiated samples from many research labs to
identify a pattern of genes separating pluripotent from non-pluripotent samples. The
ranking of samples are according to genes that separate the samples the most. The
threshold for pluripotency is a score greater than 20. The second indicator of pluripotency
is the novelty score, a measurement of the biological variations with respect to the gene
expression of data set. For pluripotency, a novelty score less than 1.67 is required. As a
control comparison for the results of PluriTest, a human embryonic stem cell (H1 hESC)
sample was used as a control for pluripotency. To serve as controls for differentiated
cells, we used cryopreserved lymphocytes (CPL) and enriched CD4+ T-cells. In order to
compare scores for the source CPL, T-cell samples, and the resulting iPSC from the same
source we used cell line 04NA15503 from an unrelated study. All iPSC prepared for this

project pass these thresholds.
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Table 2. PluriTest algorithm values

Comparisons of pluripotency scores (Pluripotency raw and Novelty) between
iPSC, EPSC and parental lines. Sufficient pluripotency status is determined
with a pluripotency score higher than 20 and a novelty score greater than 1.67
grouping the iPSCs with hESCs together from parental T-cell (TiPSC) and

CPL lines.

g

c

2

o

2

5

z
H1 ESC hesC 20.863 1.53
04NA15503 cpL cpL -105.33 3.04
04NA15503 T-cell T-cell -93.18 2.862
04NA15503 iPSC TiPSC 32.179 1.657
03NA10370 (P26) | iPSC TiPSC 28.115 1519
03NA10370 (P13) | iPSC TiPSC 28.238 1.507
03NA09641 iPSC TiPSC 38.518 1.491

We then confirmed pluripotency by two immunocytochemistry (ICC) markers
OCT4 and TRA-1-60 that are traditionally found in carcinoma and embryonic stem cells.
OCT4 is a SOX2 binding protein which acts to enhance the expression of fibroblast
growth factor (FGF2) and Nanog *'? and TRA-1-60 is a pericellular matrix

123 All iPSC prepared for this project stained positively for these

peptidoglycan protein
pluripotent markers as shown by representative imaging in Figure 4. These results
demonstrate that subject-specific T-cell derived iPSCs for this project have been

successfully reprogrammed to a pluripotent state regardless of presence of N398 variant.
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TRA-1-60/DAPI
A

D398
OCT4

N398
OCT4

Figure 4 Immunocytochemistry for

pluripotency markers
Positive ICC for OCT4 (Red) and TRA-1-60
(Green) of D398 A) and N398 B) iPSCs

Differentiation of iPSC to midbrain-like DA neurons: Dual SMAD inhibition

To study the functional consequences of the N398 genetic variant of CHRNADS,
we used each of the six subject-derived iPSC lines to generate human midbrain-like DA
neuronal cultures. We began with modeling midbrain VTA DA neurons as they are
critical mediators of the mesolimbic system, a pathway whose performance is altered in

addiction "®"".
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Figure 5 Schematic of dual SMAD inhibition protocol diagrammed by Chambers et al."**

The protocol by Chambers et al."* used small molecules (SB431542, Noggin) to inhibit SMAD proteins
involved in the downstream signaling of TGFB and BMP. This protocol in a time dependent manner,
directed iPSC differentiation towards an endodermal fate and further into a final state of midbrain
dopamine neurons.

Numerous studies have demonstrated the importance of Noggin, an inhibitor of
the BMP signaling pathway, in neural induction and in the inhibition of neuronal
differentiation **'?%°. To mimic midbrain DA neuron induction via BMP/TGFf3 mediated
signaling, we used a small molecule based modified dual SMAD inhibition protocol by
Kriks et al. **” who had developed modified version from Chambers et al.'?* (Figure 5).
However we must note that the neurons from these protocols are intended to mimic DA
induction and we realize that this culture system does not completely possess all of the
synaptic inputs of a developing midbrain. Because of this, we can only accurately refer to
neurons generated from dual SMAD inhibition protocol as “midbrain-like”. The
expressed mature neuronal markers in midbrain-like DA neurons was confirmed by
positive staining of the rate-limiting enzyme in dopamine production tyrosine
hydroxylase (TH), the early neuronal dendritic marker beta Il tubulin (known by its

127 and a more mature neuronal marker microtubule associated

antibody name as TUJ1)
protein (MAP2) (Figure 6A and 6B). We quantified the population of mature neurons that

co express TH. More than 75% of MAP2 and TUJ1 labeled cells co expressed TH,
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indicative of mature dopamine neurons. We also probed for co-expression of TH and
vesicular DA transporter (DAT). The cultures had punctate DAT and TH staining
distributed throughout the culture (Figure 6D). There was no significant difference in the
population MAP2 * TH" cells of midbrain-like DA neurons between both genotypes
(D398 75.0% +* 0.092, n=3; N398 78.4% + 0.027, n=3). To confirm that TH" cells were
post mitotic, cultures were incubated with EdU for 24 hours to label cells in S phase.
Only a small fraction of TH™ cells stained positive for EdU (Figure 7D 3.0 + 0.007% for
D398; 2.02 + 0.008% for N398, n=3), indicating that nearly all cells were post mitotic.
These results clearly show that the dual SMAD inhibition protocol produces post-mitotic
midbrain-like neurons whose generation is not affected by the N398 genotype (Figure 6).
However, the dual SMAD cultures also contained a small minority of serotonergic (5-HT
positive) and inhibitory (GAD6 positive) neurons (Figure 7). ICC also identified cells

128 129,1
8 129,130 and

that were both TH" and VGIUT" (Figure 7) seen in both rat and monkey
suggests that some DA neurons could potentially co-release glutamate which may

modulate dopamine activity.
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Figure 6 Pan neuronal immunocytochemistry of Dual SMAD
inhibition neuronal cultures

Majority cells in iPSC-derived DA cultures expressed both TUJ1, MAP2*
and DAT (green) cells and TH (red) in both D398 A-C) and N398 groups.
D) Few TH" were labeled with a pulse of EdU (green), indicating that most
cells were post mitotic
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Functional assessment of midbrain-like DA neurons: The release of dopamine and

expression of NAChR subunit mRNA

To determine whether the midbrain-like DA cultures were capable of releasing
DA in response to nAChR activation, we used high performance liquid chromatography
(HPLC) analysis. For this experiment, the DA culture medium was replaced with buffer
containing 1 mM nicotine for 30 minutes. The HPLC analysis was done by Jessica
Verpeut in the laboratory of Dr. Nicolas Bello in the department of Animal Sciences at
Rutgers University. The medium was analyzed for DA content as described in the general
methods. A distinct peak consistent with DA retention time indicates that the
extracellular levels of dopamine due to nicotine activation via nAChRs in neuronal
cultures and was not affected by either genotype (Figure 7). Similar retention time was
seen with cultures exposed to 40mM of KCI (not shown). Taken together, the results

are consistent with the presence of midbrain-like DA neurons.
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Figure 7 Genetic and functional analysis of DA neurons

A) gPCR analysis of nAChR subunit-encoding mRNAs o3, o4 ,a5 ,06, B2, B4, of D398 (red) or
N398 (blue), for either iPSC (lighter) or DA (darker) cultures. mRNA levels are normalized to
GAPDH and human fetal VTA RNA. Cultures were also assayed by gPCR for mRNAs encoding (H)
TH and the midbrain marker PITX3. For all gPCR assays, DA neurons were different from iPSC
cultures (ANOVA, p<0.05) but there was no difference between N398 and D398. HPLC
chromatogram demonstrates the presence of dopamine released by (C) D398 or (D) N398 cultures
following KCI treatment. Midbrain-like DA cultures were stained with TH (red) and either SHT (E, F),
GADEG (G, H), or VGIUTL1 (1, J) (green).

Having confirmed the DA neural lineage of the cultures through biochemical

methods, we then used gPCR to determine if the neurons express not only mature
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dopaminergic neuronal markers, but also the mRNAs encoding the nAChR subunits. As a
control to ensure results are similar to levels of the developing brain, we used human fetal
VTA mRNA generously provided by Drs. Yuka Imamura Kawasawa and Nenad Sestan
from Yale University. Both the N398 and D398 40-day differentiated midbrain-like DA
cultures expressed mRNA specific for NnAChR subunits a3, a4, a5, a6, B2, and B4 at
levels similar trends to that found in the VTA of 13-25d rats ** (Figure 7). To further
confirm the midbrain-like lineage of our culture, we observed mRNA expression for TH
and the classic midbrain marker, PITX3 (Figure 7). All nAChR subunit and marker
MRNAs increased significantly upon differentiation from iPSC to midbrain-like DA
neuron cultures (ANOVA, p<0.05), indicating the active transcription of nAChR
receptors. There was some variability between iPSC lines derived from different subjects,
as depicted by the large error bars shown in Figure 7A, there was no significant
difference in expression of subunit mMRNAs between CHRNAJS variant groups. Therefore,
the rs16969968 SNP in CHRNAS does not affect the generation of the DA cellular

phenotype through the dual SMAD inhibition protocol.

Functional assessment of midbrain-like DA neurons: Electrophysiological

recordings reveal active and mature DA neurons

Next, we established the exhibition of an excitable membrane potential to confirm
the functionality of iPSC derived midbrain-like DA neurons. Through whole cell patch
clamp recordings done by Guohui Li from the lab of Dr. Zhiping Pang, both the D398
and N398 midbrain-like DA neurons produced robust and repetitive spontaneous action

potentials (APs), and had similar membrane
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Figure 8 Electrophysiological analysis of midbrain-like DA cultures

A-B) Spontaneous action potentials of D398 and N398 DA neurons. C) Membrane capacitance,
D) Membrane resistance, E) Resting membrane potential (RMP), and F) Spontaneous firing
frequency of D398 and N398 DA neurons. G-H) Repetitive action potentials from depolarizing
current injections in D398 and N398 DA neurons. 1) Interstimulus intervals of induced action
potentials of D398 and N398 DA neurons. J-K) ICC of TH (Red) and Synapsin (Green) for
D398 and N398 DA neurons. L) Spontaneous postsynaptic currents of D398 and N398 DA
neurons. M) Frequency of inward currents from D398 and N398 DA neurons.

properties, including membrane capacitance, resting membrane potentials, and input

resistance, confirming the maturity and functionality of the neurons (Figure. 8). While the

spontaneous APs in midbrain-like DA neurons of both genotypes have statistically
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similar frequencies (p=0.258), the N398 neurons tend to fire more APs (Figure 9F). Next,
we tested the intrinsic excitability of the midbrain-like DA neurons by inducing APs
using different current injected amplitudes. Neurons of both genotypes exhibited similar
frequency of induced APs, suggesting similar neuronal excitability (Figure 8G and H).
This suggests that the N398 variant in CHRNAS does not impair the propensity for
neuronal excitability, nor does it produce any major changes in the passive membrane
properties of D398 or N398 neurons (Figure 8C-E). However, the N398 variants have a
slightly higher frequency of spontaneous APs (Figure 8F), which could be due to
differences in synaptic network activity. Since the midbrain-like DA neuronal cultures
also form synapses, as revealed by synapsin puncta (Figure 8) and K), we turned to

measurements of postsynaptic activity.

To test whether the N398 variant alters synapse function, we measured
spontaneous postsynaptic currents (sPSCs, Figure 8L). Both N398 and D398 neurons
exhibited robust sPSCs, indicative of mature synapse formation and synaptic
transmission. Interestingly, consistent with the slightly greater spontaneous AP firing
frequency in N398 DA neurons, the N398 DA neurons also exhibited greater spontaneous
post-synaptic activity (Figure 8L and M), indicated by the increased frequency and the
amplitudes of the sPSCs in N398 neurons when compared to the D398 DA neurons.
Therefore, neurons in the N398 cultures have a higher excitability due to more synaptic

activity.
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RNA sequencing highlights link to alterations in calcium response mechanisms

Our goal was to identify genes that may contribute to or result from the
functional differences observed between D398 and N398 human neurons. To confirm the
cellular identity of midbrain-like DA cultures gene expression profiling was done by
RNA sequencing (RNAseq). We used replicate cultures from single donors from each
variant group (Figure 9). This was done to reduce the noise from using multiple
individual samples. However this approach raises the possibility that the gene expression
analysis would be limited to that particular individual and not the risk variant itself. This
was shown in RNAseq analysis within isogenic mutants versus control subjects, where
there the variability between individuals was much greater than an isogenic pair of a
mutant line*®. The expression analysis was compared to hESC-derived NSCs at two
stages of differentiation (leading to primarily glutamatergic neurons, day 0 and day 5) ***
Also included in the data analysis was RNAseq data from DA cultures published by the
Studer lab ***. Clustering shows that D398 and N398 cultures are more similar to
midbrain-like DA neuron cultures than to glutamatergic (cortical) NSC (Figure. 9A)™".
Additionally, we found similar expression levels of several mRNAs known to be
associated with DA neurons in midbrain-like DA, D398, and N398 cultures (Figure 9B).
These genes included, CORIN is a floor plate cells cell surface marker originally found
as an activator of atrial natriuretic peptide (ANP) cardiac hormone™®, and it has been
associated with OTX2 during dopamine neurogeneis™. FOXAL is a positive regulator of
NGN2, NURR1 and EN1™’. LMX1A also targets NGN2 by repressing HES1'®, Lastly,
NR4A2, a ligand mediated receptor normally expressed in the developing midbrain,

binds to TH where NURR1 knockout mice have an irregular movement **°
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Additionally, the midbrain-like DA neurons expressed the paired-like homeodomain
transcription factor 3 (PITX3) which is found within the substantia nigra and VTA
neurons during embryonic day 10'*'. Overall, the mRNAs of these factors are all
prominent within midbrain-like DA cultures providing more evidence that the genetic

profile is similar to levels found in previously published midbrain-like DA cultures.
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Figure 9 RNA sequencing analysis of midbrain-like DA cultures

A) Hierarchical clustering of D398 and N398 DA cultures, iPSC or iPSC-derived
NSC (NSCO0), or NSC differentiating into glutamatergic neurons (5 days of
differentiation, NSC5). The dendrogram shows relative distances (based on the
Jenson-Shannon divergence metric) for the top 500 genes varying by group. (B)
Expression patterns for genes characteristic on midbrain DA neurons. The mean
FPKM is plotted + the 95% confidence interval, n=3/group. (C) RNAseq volcano
plot. The horizontal axis shows the log2 fold-change, comparing N398 to D398.
The vertical axis shows the false discovery rate (FDR) as the —log10 of the value.
Points are plotted as individual genes not significantly different (grey dots) or
significantly different (black dots) at 1% FDR (horizontal dashed line) and at least 2-
fold different (vertical dashed lines). Colored dots indicate the nAChR receptor
neuronal markers (green), GO dopamine differentiation genes (blue) and
differentially regulated genes belonging to the significantly-enriched pathways
relatively increased in N398 (red). (D) Pathway (KEGG) analysis identifies three
functional groups as enriched in the list of genes increased in N398. Bar colors
indicate enrichment in N398 (red) or D398 (blue). The bar length indicates the
FDR, and the color intensity (alpha) indicates the number of genes enriched.

Furthermore, the majority of mMRNAs detected in these cultures was expressed at

similar levels in either D398 or N398 DA neurons, as depicted by the grey dots within the
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vertical dashed lines indicating 2-fold differences and below the horizontal p-value cut-
off dashed line in Figure 9C. The set of nAChR subunit mRNAs (Figure 9C green dots),
as previously detected by qgPCR (Figure 8A), was primarily within the 2-fold difference
range (vertical dashed lines), except for CHRNADS, which was relatively increased in
D398 (8.7-fold higher, 0.02% FDR). QPCR assay (Figure 8) indicated a similar
difference although it was not statistically significant. Other groups of genes indicative of
neuronal identity or maturity, including the gene ontology group members specific for
dopaminergic differentiation (Figure 9C, blue dots) were unaffected by the variation.
This again confirms that the genetic variants in this study do not affect the differentiation

into neurons further suggesting a more downstream effect.

We then focused on differences between D398 and N398 cultures, where 1,194
genes were significantly different (<1% FDR and at least 2-fold different, dashed lines;
black dots in Fig. 9C). Taking the 349 genes that were relatively lower in N398, only
two KEGG pathways were found to be enriched at relatively low confidence levels (blue
bars in Fig. 9D), as determined by DAVID software™**'*®. However, the 845 genes
relatively increased in N398 were significantly enriched in neuroactive ligand-receptor
interaction, Ca** signaling pathway, and axon guidance KEGG pathways (red bars in
Figure 9D) highlight neuron activity-specific biological processes. This predicts that
N398 DA neuron cultures are likely to exhibit functional differences in response to
ligand, potentially through changes in calcium influx. This also implies that the N398
variant may contribute to the excitatory response of neurons during nicotine exposure and
that deregulated mRNAs may be due to intracellular signaling events far downstream of

the nicotine receptor variants.
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Neuronal activity upon stimulation by nicotine

Ca’* -imaging analysis suggests increased network activity in N398 affected subjects

As an initial first step to survey the network-wide activity within cultured
midbrain-like DA neurons, Ca** imaging was done in response to nicotine stimulation.
Observed Ca** transients, though not providing direct evidence of synaptic activity, give
meaningful information about intracellular Ca** levels in living cells, because Ca* is a
key intracellular signaling ion, particularly for vesicular release at the synapse ***.
Neuronal Ca?* transient responses to nicotine were recorded during perfusion of 3 pM
nicotine in either D398 or N398 midbrain-like DA neurons, using replicate cultures from
a single individual from each group to reduce the phenotypic variability between
subjects. A nicotine concentration of 3 uM while not physiologically relevant to
humans** has been shown to cause a significant increase in desensitization in Xenopus
oocytes expressing the N398 variant'*>. In order to mimic past work, we began with a
higher nicotine exposure. After trials with nicotine were completed in each field, only
cells that showed an increase in Ca®* signal after perfusion with 40 mM KCI solution
were considered neurons and selected for analysis. This allowed us to distinguish neurons
from glia in the co-culture system. For the time resolution of our assays (1 frame per
second) we usually observed bursts of transients as a single, aggregated peak in a pattern

similar to burst firing found in substantia nigra sections of rats*® (an example from

Smetters et al.” is shown in Figure 10).
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Figure 10 Calcium imaging correlation to action potential depicted

from the work of Smetters et al.’

This sample of perforated patch clamping during calcium imaging displays
similar amplitude and responses between action potential measurements and
calcium fluorescence.

Only fluctuations in fluorescence intensity in the neurons after the addition of
nicotine were classified as events. This was done to ensure that results from each neuron
analyzed were due to nAChR activation. Each neuron within the field of view was further
classified as one of the following: Oscillators, whose fluctuations in fluorescence
intensity preceded nicotine application and continued after nicotine application (Figure
11A, B); Nicotine responders, which exhibited increased fluorescence intensity only after
application of nicotine (Figure 11C, D); and nicotine non-responders (not shown), which
failed to exhibit fluctuations in fluorescence intensity following the application of
nicotine. Results from neuronal cultures with the N398 genotype displayed an increased
number of nicotine responder neurons when compared to the D398 neurons (Figure 11E).
This suggests that neurons carrying the N398 variant show increased network activity

compared to D398 neurons.
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Figure 11 Representative traces of Ca’* events

Ca’* imaging detects patterns of cells identified as oscillators or nicotine responders. The time
phase shown as the yellow box is when the flowing buffer was supplemented with 3 uM
nicotine, which was then washed out and followed with 40 mM KCI (not shown). (A, C)
Representative trace of an Oscillator event and a nicotine response event in D398 DA neurons.
(B, D) Representative trace of an Oscillator event and a nicotine response event in N398 DA
neurons E) Summary of nicotine response events per trial between D398 and N398 subject

groups.

These results are consistent with the predictions from gene expression analysis and

increased basal EPSC frequencies (Figure 8). Overall, the results of the calcium imaging
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focused on the global neural network activity following exposure to high levels of
nicotine. During the calcium imaging analysis, we observed increased network activity in
neurons with the N398 variant. We then reasoned that to further elucidate the cell-to-cell
synaptic properties of the N398 variant, nicotine exposure experiments needed to be done

using whole cell patch clamping.

Increased excitatory response to nicotine exposure
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The results from gPCR and RNAseq analysis suggest that the contributions of the

rs16969968 minor allele variant may lie with an altered synaptic response to nicotine. To
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Figure 12 Excitatory response following high dose of nicotine
A) Representative traces of PSCs observed after 3 puM nicotine
exposure to D398 DA neurons. B) Pie graph showing the number of
cells showing different responses to nicotine application in
D398neurons. “Potentiation, inhibition and no effect” reflect the
frequencies of PSCs during the applications of nicotine, when
compared to before the application of nicotine, were higher, lower or
no change, respectively. C) Representative traces D) Pie graph showing
the number of cells with different responses to nicotine application in
N398 neurons. E) Quantification of EPSCs observed after 3 uM
nicotine exposure to N398 DA neurons.
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test this hypothesis, postsynaptic electrophysiological analysis on both the D398 and
N398 DA neurons was conducted in response to 3 uM nicotine. Results illustrate that
D398 DA neurons respond variably to nicotine exposure, as some are potentiated and
others are inhibited in response to nicotine (Figure 12A and B). The N398 DA neurons,
however, are potentiated more frequently following 3 UM nicotine exposure (Figure 12C
and D). We also observe the frequency of EPSCs following nicotine exposure is higher
compared to basal levels in the N398. Our work thus far has suggested that the nAChR
ab subunit variant contributes to a phenotypic difference between these two populations
of neurons in the form of increased synaptic response to nicotine. Additionally, our basal
electrophysiology, calcium imaging, and genetic studies have suggested that subjects
with this variation may react differently to nicotine exposure. However, such a
concentration would not be suitable for understanding how physiologically relevant

levels of nicotine*®

affect the N398 risk variant. Thus we designed our next set of
experiments to determine if there is any altered synaptic activity after a dosage curve with

physiologically relevant levels of nicotine.

Glutamatergic N398 neurons exhibit increased activity following nicotine exposure

Results from the dual-SMAD-derived midbrain-like DA cultures suggest that
human DA neurons may co-release glutamate (Figure 7) and that the release of glutamate
was likely differentially affected by the N398 or D398 nAChR variants due to increased
basal EPSCs in the N398 (Figure 8). Furthermore, gene expression patterns predict a
difference in neurotransmitter response pathways, particularly for glutamate signaling

(Figure 9). We considered whether the difference in response between N398 and D398
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variant nAChRs could be observed in cultures of purely excitatory neurons. Additionally,
forebrain excitatory glutamatergic neurons are modulated by nAChRs®. To study the
impact of nicotine on synaptic transmission N398 and D398 iPSC were differentiated into
excitatory neurons using induced neuronal (iN) protocols*’. The iN protocol uses a
lentiviral transduction method to increase the uniformity of excitatory cultures through
puromycin drug selection (Figure 13). Our previous results displayed increased EPSC
frequency, thus we hypothesize that the N398 variant would have a greater functional
impact on excitatory neurons.

The induced excitatory neurons produced from this protocol expressed mature
neuronal markers based from positive ICC of vesicular glutamate transporter (VGIuT1),
Synapsinl and MAP2 (Figure 14). The expression of vesicular glutamate transporter is
indicative of the ability to release glutamate, a major transmitter in excitatory neurons
located within the synapses of excitatory neurons and has been found within the VTA.
Additionally, the presence of the synaptic vesicle permeable protein synapsin'*®
illustrates the ability of the excitatory neurons generated by the iN protocol to shuttle

neurotransmitters such as glutamate.
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Figure 13 Schematic of adapted induced neuronal protocol from Zhang et al.°

The induced neuronal protocol begins with an infection of lentiviruses containing a doxycyline
inducible Neurogenin2 (NGN2). Following puromycin selection, iN neurons are passaged onto
mouse glia and supplemented with neural maturation factors BDNF, GDNF, and NT3. After a 30
day maturation period, excitatory neurons are subjected to nicotine dosage experiments until 30
days post infection.
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Figure 14 ICC of Glutamatergic iN cultures

Positive staining for mature glutamatergic neurons: MAP2
(green), vesicular glutamate transporter 1 (VGIuT1, top, red), and
Synapsin (bottom, red).

The effects of nicotine on spontaneous excitatory PSCs (SEPSCs) in both D398
and N398 human excitatory neurons were examined by whole cell patch clamping
performed by Apoorva Halikere in Dr. Zhiping Pang’s laboratory (described in the

methods section). Excitatory post-synaptic potential (EPSC) responses were recorded
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during a single increasing exposure dose of nicotine ranging from 0.1 uM to 6 uM every
three minutes. Within 30 s of 0.1 uM nicotine exposure, frequencies of SEPSCs were
significantly increased in the N398 subjects compared to the D398 controls (Figure 16C).
Interestingly, following the dramatic increase of the SEPSCs in N398 neurons at low
doses, the facilitatory effects appeared to decrease over time in the continued presence of
nicotine, likely due to the desensitization of the receptor, which mimics the
desensitization reported with ectopic expression studies in Xenopus oocytes™.
Similarly, the amplitude of response trended higher during the initial 30 s but then fell
below D398 shortly thereafter (Figure 15D). The difference in response at 0.1 uM
nicotine was not limited to a single outlier cell or to cells prepared from a single subject
(Figure 15E and F, with an example trace in A). The distribution of responses was
variable but showed clearly that multiple cells from multiple subjects exhibited increased
EPSC frequencies and amplitudes following the application of nicotine (Figure 15).
These effects of nicotine even more convincing due to the fact that the frequencies of
SEPSCs in that both N398 and D398 neurons were stable before the application of
nicotine (Figure 15B-D). This suggests that the increased frequency and amplitude were

in response to the application of nicotine.
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Figure 15 Nicotine dose response curves

Example traces from a patched neuron to show changes in response upon introduction of
0.1 uM nicotine (indicated by bar). Patched neurons increased frequency (C) and
amplitude (D) during initial exposure to 0.1 uM nicotine. By 60 s after nicotine addition,
frequency trended lower in N398 cells, although not significantly. Plotting the initial
response to 0.1 uM nicotine for individual cells, it is clear that the changes in frequency
(E) or amplitude (F) in N398 was not due to a single cell or subject. D398 samples are
plotted as circles and N398 as squares. Color denotes cells from individual subjects (Table
1). However, subsequent additions of increasing doses of nicotine had reduced initial
frequency (F) and amplitude (G) in N398 compared with D398 cells. N398 was different
in frequency response from D398 as assessed by a Tukey post-hoc test of a general linear
mixed-effects model with repeated measures (p=0.00046, n=115 cells per genotype; 5 cells
per culture; 5-7 cultures per individual cell line).
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Creating isogenic iPSCs for the CHRNAS SNP

The result of this work addresses the role of rs16969968 SNPs in individual
synaptic activity within an in vitro nicotine simulated neuronal network. Based on the
results of electrophysiology, gene expression and calcium imaging, we have made the
case for a possible role of N398 variants in the mediation of neuronal nicotine responses
through increased frequency and desensitization. For our experiments, we used control
lines from subjects that were unrelated to N398 subjects, each with their own unique
genome. The use of these types of controls raises the possibility of diluting subtle
phenotypes that can become overshadowed by differences between individuals, thus we
run the risk of misinterpreting phenotypical differences between individuals as if they
were due to the risk variant. This will require a better way to validate phenotypes seen
from iPSC-derived neurons. To address this issue, we will need to create isogenic pairs of
iPSC lines.

For the creation of isogenic lines, we utilize genome editing technology based on
clustered interspaced palindromic repeats (CRISPR) developed by Doudna et al.™*!. To
make isogenic iPSC lines, we will replace the CHRNAS exon5 rs16969968 minor allele

with a major allele sequence.

CHRNAS editing: Donor plasmid cloning

For successful production of isogenic cell line, genome editing technology relies
on several components. First is the Cas9 protein, which creates double stranded breaks,
specifically at regions that contain clustered short interspaced repeats (CRISPR). To

ensure that the Cas9 protein successfully targets CRISPR sites, the Cas9 protein must
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complex with a small trans-activating RNA sequence RNA (tracrRNA) which activates
RNA-guided DNA cleavage®. The tracrRNA sequences bind to the target sequence and
a proto spacer motif or PAM site, located immediately upstream of the target site. A
double stranded break (DSB) is created once the Cas9/tracrRNA complex binds to target
sequences. Cellular mechanisms to repair a DSB include non-homologous end joining
(NHEJ) or homologous recombination. In order to modify the target sequence, one can
rely on potential replication errors during NHEJ which would disrupt intended target.
Additionally, one could replace the target sequence by homologous recombination of a
donor plasmid. Since NHEJ may create a mutation within the CHRNADS coding sequence
that may affect synaptic activity, we chose to replace the entire CHRNADS exon 5 with the
major allele using homologous recombination of a donor plasmid (diagrammed in figure
16).

The donor plasmid contains many features to ensure selection of repaired iPSC
lines. The first feature of our plasmid is a fusion puromycin/EGFP backbone. This
selection will allow for visualization and positive drug selection of transfected cells.
LoxP sites flank the puromycin/EGFP, which provides the option to remove the sequence
using the Cre recombinase if the puromycin/EGFP sequence is found to altered cell
dynamics or undergone non-homologous recombination. As a negative selector for non-
homologous recombination of the entire donor plasmid, we included a herpes virus
thymidine kinase (TKHSV) gene. During successful homologous recombination, the
TKHSV is lost as it is outside the right homologous flanking region. Thus the inclusion
of TKHSV gene within the genome (non-homologous recombination) will increase the

sensitivity to DNA polymerase inhibitor, gancyclovir, causing cell death*>****. The donor
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plasmid consists of the CHRNAS exon 5 containing the major allele flanked by
homology regions to ensure recombination at the correct locus (Figure 16).

LoxP LoxP
A CHRNAS exon 5 I
major

- - v ~—

PAM site
+ Mutation
B CHRNAS exon §
minor

516969968 l
LoxP LoxP

C CHRNAS exon 5
major I
T - v ~—
PAM sile
+ Mutation

Figure 16 Homologous insertion profile of CHRNAGS exon 5 CRISPR repair
donor plasmid

A) Plasmid map of CHRNAS donor plasmid. Illlustrated from left to right is the CHRNAS
exon5 left homologous flank, the major allele of the CHRNAS exon 5 sequence, which
contains a synonymous cytosine base changes at the PAM site. Following the CHRNAS
exon5 sequence, the PGK promoter driven Puromycin/EGFP fusion sequence is flanked by
loxP sites. The homology region then finishes with the CHRNAS exon5 right homology
flanks. To the outside of the homology region is the TKHSV gene. B) Genomic region of
minor allele CHRNAS5. C) Expected sequence following homologous recombination of
CHRNAGS donor plasmid.
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Figure 17 TracrRNA binding site mutation

To prevent targeting from the Cas9 protein, the binding sequence of the
tracrRNA sequence was synonymously mutated in the donor plasmid.
These mutations were within 15 nucleotides upstream of the PAM
sequence

However, when modifying a genome using a donor plasmid, simply recombining
the same sequence (with the exception to the intended correction) raises the possibility of
plasmid targeting or retargeting of repaired sequence following recombination by the
Cas9 protein. To circumvent this, we designed the repaired sequence with synonymous
mutation within the tracrRNA binding site as illustrated in Figure 17 under “PAM +
mutation”. The presence of CHRNAS homology sequences, mutated PAM sites within
the final donor construct should allow for efficient and direct isolation of minor allele
corrected isogenic iPSC lines.

To construct the donor plasmid, we used the Gibson assembly protocol developed

by Barnes™ and licensed by New England Biolabs. This exonuclease based cloning
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protocol assembles multiple DNA fragments by generating and ligating complementary
adjacent overhangs. In our case, we required the assembly of the CHRNAS exon 5 and its
homology regions within a puromycin GFP fusion plasmid. This first required the
generation of PCR fragments of the major allele of CHRNAS exon 5 and its homology
regions. To produce the homology fragments, we designed PCR primers within
sequences that flanks either side of the CHRNAS exon 5 using genomic DNA from a
minor allele iPSC line. For the major allele CHRNAS exon 5 sequence, we used a
synthetic oligo. Following amplification, complementary extension overhangs were
generated from an additional PCR reaction for each fragment. The assembly of the donor
plasmid occurred in several Gibson reactions. Each reaction required a gel-purified,
restriction enzyme-linearized form of the fusion plasmid along with the repair flanks
containing the extension overhangs. CHRNAS minor allele containing iPSC lines were

electroportated with the fusion repair plasmid, following sequence verification.

CHRNADS editing: edited iPSC selection

Following electroporation of editing components (donor clone, tracrRNA, and
Cas9 protein), iPSC cultures were allowed to recover and grow to 80% confluency.
Cultures were then replated into a 96 well plate (15,000 cells per each well) to easily
harvest single colonies following puromycin selection. Puromycin selection then began in
a stepwise fashion; by increasing from 50 pug/ml, 150 pg/ml every three days to a final
concentration of 300 ug/mL. This stepwise treatment is designed to allow for expression
of puromycin resistance gene product to be produced. Following puromycin selection,

surviving iPSCs clones were expanded, cryopreserved and harvested for DNA extraction.
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CHRNAGS editing: Culture screening

Once expanded, the candidate potentially edited iPSC samples were harvested for
genomic DNA to screen for rs16969968 minor allele correction. To identify homologous
recombination of the donor cultures, we used the formation of PCR products from primer
pairs designed within and outside the recombination site (Figure 18). The first primer
pair is located within the puromycin gene. We expected a PCR product as the iPSC
clones survived puromycin treatment. However, only three out of the four cultures had a
PCR product (Figure 19A). This may have been due to poor priming since the puromycin
gene has a high GC content. The next PCR reaction was to determine the presence of
homologous recombination. These PCR primers were located upstream of the loxP site
between the right homology flank and into the adjacent genomic DNA. Thus genomic
DNA (gDNA) isolated from the minor allele iPSC line would fail to amplify, since the
PCR product can only be made if the donor sequence is homologously inserted into the
genome. We used this concept as our negative control for homologous insertion of the
donor plasmid. We also designed a synthetic oligo containing the sequence overlapping
the loxP site to the right homologous region. This construct would act as a positive
control, since this sequence produced by the PCR product is unique only if there is
homologous insertion of the donor plasmid. All of the candidate isogenic iPSC lines
produced a homology PCR product (Figure 18A). Lastly, to determine if there was non-
homologous recombination insertion of the entire donor sequence into the genome, we
designed a primer pair within the TKHSV gene. Interestingly, all of the candidate edited

IPSC lines produced a TKHSV PCR product. This suggests that while we have
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homologous insertion of our donor sequence, there is the possibility of other insertions of

the entire donor plasmid somewhere within the genome.
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Figure 18 Detection of homologous CRISPR repair through PCR in
candidate isogenic iPSC lines

A) PCR confirmation of homologous recombination of donor plasmid due to Ai)
PCR product within the puromycin gene was detected in three out of the four
candidate isogenic iPSC lines (lettered lanes) and synthetic positive control oligo.
Aii) PCR product of homologous insertion, in all four candidate isogenic iPSC
lines (lettered lanes) and synthetic positive control oligo. B) PCR confirmation of
non-homologous insertion of donor plasmid due to PCR product within the
TKHSV gene was detected in all four candidate isogenic iPSC lines.

So far, we have shown possible replacement of the minor allele of the CHRNAS
exon 5 sequence which would provide an isogenic control iPSC line. To confirm this
finding we will need to conduct sequencing of the CHRNAS exon 5 at the location of the
rs16969968 SNP from the candidate iPSC lines. Upon sequencing confirmation, the
isogenic iIPSC lines will allow for a more appropriate comparison of phenotypes while

confidently excluding the individual genetic background. We expect to validate the

findings of this chapter by isolating the increased desensitization and EPSC frequency
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within the minor allele carrying subject lines. We also expect to reverse this phenotype in

the edited lines.

Discussion of Chapter 1

The major goal of this work is to identify the synaptic activity of neurons during
initial nicotine exposure in subjects who carry the rs16969968 minor allele SNP. While
past studies in mouse and Xenopus oocytes reveal potential effects on reward circuitry,
we hypothesized that subtle affects of the a5 subunit genetic variants on nAChR would

be detectable at the cellular level.

We first began by selecting donors carrying homozygous rs16966968 major or
minor allele, encoding the D398 or N398 variant of the nAChR a5 subunit, respectively.
IPSC were prepared from de-identified, cryopreserved lymphocyte repository specimens
collected as part of a large genetics study (COGEND) previously used for genome-wide

association studies®®®.

To begin to test CHRNAGS variant function, we first generated midbrain-like DA
neuronal cultures in order to mimic the VTA, an important member of the

reward/addiction circuit’®"’

. Neuronal cultures were made through a dual-SMAD
inhibition method generating cultures of relatively high purity midbrain-like DA neurons
with co-expression of fundamental neuronal markers such as TuJ1 and MAP2 (Figure
6A and B). TH" cells were also labeled with DAT antibody (Figure 6D), indicating that

the midbrain-like DA neurons could potentially possess the capability of releasing

dopamine. This was followed up through HPLC analysis which confirmed DA release
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into the medium following depolarization. Lastly, we demonstrated that midbrain-like
differentiation protocol produced TH™ cells were post-mitotic as a small percentage
labeled with EdU (Figure 6E), as would be expected for mature neurons. From these
results, we conclude that dual SMAD inhibition protocol produces midbrain-like DA
neurons.

Although our results are consistent with the presence of midbrain-like DA
neurons, the cultures also contained a small minority of serotonergic (5-HT positive) and
inhibitory (GADG6 positive) neurons (Figure 7). We have also identified cells that were
both TH* and VGIUT1" (Figure 7), consistent with the notion that some DA neurons also
co-release glutamate’*®**®°. Thus these results suggest that while the N398 variant does
not alter the process of differentiation, it remains possible that a heterogeneous mixture of
neurons with any type of cell-cell synapse could be formed and may modulate synaptic
function in response to nicotine.

Functionally, the presence of the N398 variant does not interfere with the
generation of mature DA neurons, as determined by the expression of neuronal markers
(Figure 7). Similarly, the basic membrane properties, and the capacity for generating
action potentials, were not different between the two CHRNAS variants (Figure 8).
However, it appears that N398 neurons are receiving more synaptic inputs, as revealed by
an increased PSC amplitude and frequency in N398 compared with D398 (Figure 8M).
This is consistent with a possible increase in excitability of N398 neurons, or reduced

input from inhibitory neurons, suggested by the relative higher frequency of spontaneous

I 156 61,70

action potentials. This correlates with results from Morel et a and others who

suggest that while the a5 subunit does not contribute to nicotine binding with nAChRs,
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the loss or alteration of a5 contributes to a shift in nicotine response, specifically in VTA
DA neurons®®. These results further suggest that an altered N398 DA neuronal response
to nicotine can subsequently change the extracellular concentration of dopamine into

areas of the brain responsible for addiction behaviors such as the PFC and SN.

To investigate intracellular regulatory processes of global gene expression we
utilized RNAseq analysis. This type of analysis determines the gene expression from the
number of transcript reads and can be used to screen for genes that are differentially
expressed between variants which can be further validated™’. The RNAseq results
demonstrate identifiable differences between cultures based on CHRNAS genotype and
they predict that N398 cells will have altered response to stimuli. The most informative
and significant functional enrichment from our analysis was for KEGG pathways specific
for neuroactive ligand receptor interaction, calcium signaling, and axon guidance (red
bars in Figure 9D). The gene expression patterns are consistent with the presence of
midbrain-like DA-like neurons in our cultures and that the N398 and D398 cultures are
most similar to the previously-published midbrain-like DA cultures'®’. Coincidentally,
some of the differentially regulated genes were components of the glutamatergic
pathway, and because we detected a minority of excitatory glutamatergic neurons in the
midbrain-like DA cultures (not shown), it is also possible that some TH" cells co-release

128 thus the genetic differences may be due to TH*/VGIUT* neurons. Whether

glutamate
the altered expression of these genes is an effect of the N398 variant or whether it is only

a correlation due to differences in neuronal function, the RNAseq results demonstrate
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identifiable differences between cultures based on CHRNAS genotype and they predict

that N398 cells will have altered response to stimuli.

Our experiments suggest that N398 neurons are predisposed for an increased
neuronal network activity upon initial nicotine exposure. Calcium imaging was used to
indicate synaptic activity in response to nicotine stimulation. Cells were classified by the
pattern of response to nicotine (Figure 11A-D). Results demonstrate a significant
increase in nicotine responders in N398 (Figure 11E). It is possible that this increase is
due to nAChR activity in the DA neurons or the response may be due to pre-synaptic
input from other cells in culture. However, the results of Ca** imaging confirm the
prediction from RNAseq that N398 cells exhibit a more robust network activity response
to nicotine. This enhanced activity was confirmed by assessing postsynaptic currents in
response to nicotine (Figure 12). This could be due, for example, to an altered activity of
the individual receptor or to increased synapse formation. It is also possible that the
increased excitability in midbrain-like DA cultures may be due to nAChR mediated
activity in the DA neurons or to pre-synaptic input from other cells in culture—possibly

an excitatory input.

Postsynaptic electrophysiological analysis on both the D398 and N398 DA
neurons was conducted in response to 3 uM nicotine. Results illustrate that D398 DA
neurons respond differently in response to nicotine exposure, as some are potentiated and
others are inhibited (Figure 12A). The N398 midbrain-like DA neurons, however, are
potentiated more frequently following 3 uM nicotine exposure (Figure 13B). Not only are

the N398 neurons potentiated more frequently, but also the frequency of EPSCs
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following nicotine exposure is higher compared to basal levels when compared with the
D398 DA neurons. In conjunction with spontaneous EPSCs we show that the excitatory
output of N398 DA neurons following nicotine exposure. Thus it appears that nicotine
enhances the synaptic strength of the circuit more so in subjects with N398 genetic

variant.

To test the possible effect on nicotine on excitatory neurons, we differentiated
IPSC into glutamatergic neurons and exposed them to an increasing dosage of nicotine.
Results from our nicotine dosage experiments had an increased frequency of EPSC in
N398 iN cells at the lowest dose tested (0.1 uM). EPSCs at higher doses were consistent
with desensitization of the receptor, which was observed in a2p4-containing nNAChRs of
a Xenopus oocyte injection model™.This difference in response occurs at nicotine
concentrations typical of heavy smokers (0.025-0.5uM)*°. The results of this work
indicate that the N398 variant of CHRNADS is associated with greater excitability, which
suggests that dopamine neurons are affected postsynaptically. These results suggest that
individuals who carry the N398 variant may be subject to the dynamics of increased
synaptic frequency followed by rapid desensitization of DA neurons at physiological and
high doses of nicotine (Figure 12). This dynamic may enhance the pleasurable response
to nicotine increasing the amount of extracellular DA in areas responsible for motor
movement thus increasing possibility for reward seeking behavior. Consequently, these
repeated elevated nicotine responses during nicotine exposure may further increase and

potentiation leading to a feed forward cycle of addiction behavior. This series of events
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may potentially contribute to the increased risk of nicotine addiction of those carrying the

N398 variants %8,

However, we must take into consideration the possibility that the inherent genetic
variability between individuals may overwhelm any subtle disease-associated
phenotypes™®*®?, Indeed, our previous RNAseq analyses demonstrate broad variability
among subject iPSCs, even among members of the same family **2. The most convincing
solution to this problem is the creation of isogenic pairs of cells differing only in a single
locus, usually by genetic engineering techniques'®*®*. We have begun to implement
techniques of isogenic repair using CRISPR genome editing technology. More
specifically, we have isolated potential edited lines, but need to further verify repair by

sequencing at the location of the rs16969968 variant.

The results derived from different human subjects tested a number of subject-
specific iPSC and neuronal subtypes that are consistent and reasonably capture sufficient
variability while identifying for reproducible phenotypes based on the non-synonymous
SNP. Therefore in combining the increased neuronal activity identified by both Ca?*
imaging and PSC responses to nicotine, and supported by the increased basal frequency
of PSC and the predicted pathway changes revealed by RNAseq, we conclude that the
N398 variant produces neurons with increased responsiveness to nicotine. These results
would agree with work from CHRNAS knockout mouse models where reduced o5

subunit caused substantial behavioral effects such as increase nicotine intake®*%*,
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CHAPTER 2 Elucidating the role of genetic variants associated with
Alcohol Use Disorders

Alcohol Use Disorders (AUDs) affect millions of Americans, where large
components of these behaviors are heritable. The ranges of heritability of these behaviors
can be from 51-59%'®. In 2012, a family genome wide association study (GWAS)
sought to identify genetic variants associated with the increased risk of alcohol
addiction®. The genetic variants from that study are associated with decreased frontal
theta oscillations and are found within the KCNJ6 gene and encode a G-protein coupled
receptor stimulated inward rectifying potassium channel (GIRK2). This channel
modulates the hyperpolarization of neurons by forcing the membrane voltage towards the
resting potential, decreasing neuronal activity™®. For this study, we have developed a
culture-based model to identify the physiological and genetic mechanisms among patients
with AUD behaviors and their GWAS risk-associated SNPs. We have derived neurons
and neuronal stem cells from AUD patient-specific induced pluripotent stem cells

(iPSCs).

IPSC Characterization: pluripotency

To begin this study, we identified subjects with alcohol dependence from
collections of Dr. Bernice Porjesz of SUNY Downstate Medical Center, Brooklyn, NY.
These subjects each carry the three most significantly-associated haplotype SNPs
identified by Kang et al.? (rs2835880, rs702859, and rs2835872; Table 3). Cell lines from
alcohol dependent subjects with the KCNJ6 SNPs were identified as “KCNJ6 Affected”.

Non-alcohol-dependent control subjects came from the same collection, and were
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homozygous for the major alleles and corresponding cell lines were referred to as

“KCNJ6Control”.

Table 3 iPSC lines derived from cryopreserved lymphocytes provided from the COGA
repository by RUCDR

List of subject cell lines profiles including, ID number (RUID), Gender, minor SNP status, allele of
SNP (minor allele in red) and karyotype result. All SNP genotypes.
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AAG376 Male Affected GG Normal
AA11246 Male Affected | GG GG AA Normal
AA7351 Female Affected | GG GG AA Normal
AA10233 Female Affected | GG GG AA Normal
AAB4T2 Male Control | AA AA GG Normal
AAB407 Male Control | AA AA GG Normal
AA10474 Female Control | AA AA GG Normal
AA10171 Female Control | AA AA GG Normal

Cryopreserved lymphocytes from selected subjects were obtained from RUCDR
Infinite Biologics®. T-cells were reprogrammed by RUCDR to iPSCs using Sendai
viruses containing cDNA encoding four transcription factors shown to maintain
pluripotency (OCT4, SOX2, KLF4, and C-MYC; CytoTune™, Life Technologies) as
described in the methods section. After transduction, we verified the presence of risk-
associated SNPs in iPSC lines by sequencing gel purified PCR products (not shown),

During the process of reprogramming, iPSCs are at risk for induced copy number

197198 To ensure that reprogrammed iPSCs

variations and chromosomal aberrations
maintained the same chromosomal profile as their corresponding somatic cell lines, we
probed the samples for karyotyping analysis, which was done by Drs. Mary Konsolaki

and Li Deng of RUCDR. IPSC lines were found to have the full set of normal
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chromosomes and did not contain extra chromosomal bands, thus were judged to be
karyotypically normal (Table 3, representative analysis in Figure 19).

Pluripotency of subject iPSC lines was first confirmed by mRNA gene expression
analysis using microarray results and the PluriTest algorithm**°, which was performed by
RUCDR. PluriTest analysis yields a pluripotency and a novelty score set as defined by
Miiller et al.'*®. The pluripotency score distinguishes a pattern of genes separating
pluripotent from non-pluripotent using many samples from multiple laboratories. The
samples are then ranked according to the genes that separate them the most; the threshold
score for determining pluripotency is greater than 20. The second indicator of
pluripotency is the novelty score. This is defined by measuring the biological variations
with respect to the gene expression where the threshold for pluripotent cultures should be
less than 1.67. All eight iPSC lines passed the pluripotency thresholds (Table 4). The
failure of PluriTest novelty thresholds is due to a PluriTest algorithm to instrument
update. However, the process of passaging iPSCs over time selects for the most

169 and reduces copy number variations*®’. Furthermore, all eight lines

pluripotent cells
positively expressed pluripotent markers through immunocytochemistry (ICC) following
the PluriTest. Additionally, subsequent experiments were able to successfully

differentiate the iPSC lines into neural stem cells (NSCs) and neurons.
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Figure 19 Representative karyotyping from subject-derived iPSC lines
Karyotyping analysis shows similar chromosomal make up of iPSC lines regardless of variant

Table 4 PluriTest analysis of pluripotent gene
expression of iPSC lines

Pluripotency scores (Pluripotency raw and Novelty) for
KCNJ6 iPSC lines. Sufficient pluripotency status is
determined with a pluripotency score higher than 20 and a
novelty score greater than 1.67.

KCNJ6 Cell Line Pluripotency  Novelty
(RUID)
Control AA10171 25.857 1.816
AA10474 21.854 1.913
AABAT2 26.171 1.858
AAB407 29.25 1.95
Affected AAB376 21.109 1.961
AAT7351 25.82 1.72
AA10233 29.201 1.864
AA11246 32.63 1.97

60
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Pluripotency was further confirmed by positive ICC of markers traditionally found in
carcinoma and embryonic stem cells: OCT4 and TRA-1-60 (Figure 20). OCT4 is a SOX2
binding protein that acts to enhance the expression of fibroblast growth factor (FGF2)
and TRA-1-60 is a pericellular matrix peptidoglycan protein *2°*#12 Qverall, these
results demonstrate that subject-specific T-cell derived iPSCs have been successfully

reprogrammed to a pluripotent state regardless of presence of KCNJG6 variant.

IPSC
TRA-1-60/Hoechst

OCT4

KCNJ6 Affected KCNJ6 Control
OCT4

Figure 20 Representative ICC
for pluripotency markers Oct4
and TRA-1- 60

Positive ICC for OCT4 and TRA-1-60
in Control and Affected iPSC (A, B)

Differentiated neural stem cells express neural markers'™

We wanted to identify a neuronal mechanism that is associated with subjects
carrying the AUD related SNPs. We reasoned that the most significant effect of ethanol

would be regulating gene expression, since previous work has suggested that alcohol
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affects neural stem cells (NSCs) by altering DNA transcriptional regulatory

mechanisms!’t172

inhibiting growth, and reducing migration. Thus, we began our study
by differentiating iPSCs into (NSCs).

NSCs are homogenous, self renewing multipotent cells that have the ability to
differentiate into a neural ectodermal fate producing neurons, astrocytes and
oligodendrocytes'”®. By identifying the effects of ethanol in neural progenitor cells, we
can determine what intrinsic features of KCNJ6 risk variants contribute to AUD
behaviors. More specifically, NSC are similar to the precursor cells within the fetal brain
that may be exposed to high ethanol concentration when the majority of adult neurons are
made during the third trimester'™. To differentiate iPSC into NSC, we utilized an NSC
differentiation medium from Gibco (described in the methods).

The transition from iPSC to NSC results in loss of OCT4 and TRA-1-60
pluripotency factors (not shown), but other factors such as Sox2 and Pax6 are expressed.
Full NSC differentiation was confirmed by positive expression of NSC markers such as:
Nestin, an intermediate filament protein which is a major cytoskeletal protein in the

S neural RNA binding protein, Musashi*’®, PAX6, which is expressed

mammalian CN
in early development of the CNS modulating NSC self renewal and cell cycle
progression’’’, and SOX2, required for NSC maintenance’”® (Figure 21). The result of

this analysis confirms that regardless of genotype, the NSC differentiation protocol

developed by Gibco produces NSCs that stain correctly for neural progenitor markers.
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Nestin/Hoechst PAX6/Hoechst

KCNIJ6 Affected KCNJ6 Control

Figure 21 Representative positive ICC staining of neural lineage markers

in KCNJG6 lines differentiated NSCs
Positive ICC of Nestin (green) Musashi (red), SOX2 (red), PAX6 (green) and Hoechst
(blue) in Control (A, C) and Affected (B, D) NSCs

Ethanol exposure does not affect the growth characteristics of NSCs

Previous work has noted the negative effects of alcohol on neurogenesis and cell
cycle genes, specifically during NSC proliferation as reviewed by Oni et al'”. This paper
reviewed as series of studies including work by Hicks et al.}"* who showed that ethanol
disrupts growth factor-mediated cell cycle progression. The work by Vangipuram et al.**
identified a significant reduction in gene expression of at least five major signaling
pathways involved in neural differentiation. Additionally, Liu et al.*®! showed altered
methylation following ethanol treatment in NSCs. These studies suggest that ethanol

exposure mediates the intrinsic growth characteristics of NSCs. We hypothesized that the
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ethanol treatments would not cause massive cell death, but may alter growth dynamics of
the NSCs. This would include genes involved in growth and neurogenesis. To address
this hypothesis, we began by assessing growth and expansion of NSCs during ethanol
exposure. Over the course of 72 hours, we determined the effects of cell viability and
number in NSCs that were exposed to ethanol (-/+ 75 mM in sealed flasks) collecting
samples every 12 hours. This experimental set up is an effective way to maintain near-
constant ethanol levels in culture as shown by personal correspondence from Dr. Lily
Deng. A concentration of 75 mM that is high, but within range of blood alcohol levels
(BAC) of alcohol dependent subjects'®?. We began to study NSC growth with this high
dose, and future work will also assess NSC growth dynamics at BAC levels of non-
alcoholics which are around the 10 uM- 15 uM range'’*180-181.183

Comparing all eight cell lines, there was no significant variation in cell diameter
or cell viability between genotypes, with or without exposure to 75 mM ethanol at any
time during the 72 hour exposure. There was also no change in doubling time between
genotype and treatment (Figure 22). These results are in contrast with published work,
where cell growth in NSC is reduced after ethanol exposure '®*. Other studies have

suggested that the effects of ethanol exposure on NSCs may occur following more

chronic ethanol exposure, possibly affecting the neural differentiation scheme™®”.
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Figure 22 Effect of 75mM on growth dynamics of Neural Stem Cells
(A-C) Cell diameter, number, and viability following 72 hours of 75 mM ethanol exposure to
NSCs. D) Quantification of Doubling time +/- ethanol exposure. There was no change in any

measurement between samples

KCNJ6 variants differentially express neural development genes

We hypothesized that the contributions of the AUD risk variant SNPs may alter
the ethanol mediated synaptic response capacity of neurons. This may be due to changes
in the gene expression of GIRK2 channels in neuronal precursors following ethanol
exposure. Our first step in addressing this question was identifying changes in gene
expression between KCNJ6 variants using RNAseq analysis (method described
previously). Using ethanol exposure methods described previously, iPSC derived NSCs
were exposed to 75 mM ethanol for 24 hours in order to determine the effect of ethanol

exposure following a full NSC cell cycle and cell pellets were collected for RNAseq

analysis.



66

G0:0030182
Neuron differentiation

G0:0030900
Forebrain development

logCount

G0:0045165 "
Cell fate commitment =:j
G0:0006928
Cell motion

G0:0048663
Neuron fate commitment

4 6 8
—log1g(p value)

o
N

Figure 23 RNAseq functional enrichment analysis

Differentially expressed in NSCs of KCNJ6 affected and control subjects after 24 hours
exposure to 75mM of ethanol. These differences were seen- by genotype in neuronal
differentiation, and forebrain development. The bar lengths are the -logl0 of the false
discovery rate. The color intensity is the log10 of the number of genes in that GO group, as
indicated by the key (logCount)

The results of the RNAseq analysis revealed genes that were involved in neuronal
differentiation and cell fate commitment. These genes were more enriched in subjects
with the KCNJ6 variant (Figure 23). Top genes included forkhead box F2 (FOXF2), a
gene recently identified to play a role in blood brain barrier and palate development'®-1¢,
and receptor tyrosine kinase (ROR2), which is involved in Wnt pathway activation'®
(Table 5). Thus these results suggest that acute ethanol exposure affects genes involved in

development, as ethanol exposure plays a role in altering the expression of genes

involved in the cell cycle as seen in previous work'™*. To expand on this, we performed
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gPCR expression analysis on genes previously found to be altered during ethanol
exposure’™'"2 These genes include G1 regulators (CCND1, MCM5 and E2F7) and G2
regulators and DNA binding transcription factors (PTTG1, BUB1, SOX2, MECP2 and
CUX2). We followed a similar dosage and time scale as the growth curve (Figure 22) but
used a single control NSC line to determine if there were any inherent effects of ethanol
without the KCNJ6 variants (Figures 24-26). The results of this assay found that 24 hours
of ethanol exposure induced a slight increase in expression of G1 and G2 related genes
(Figure 24A-B, Figure 25A-B) while the opposite was true in M phase related genes
(Figure 26A and C). Our finding, while preliminary, suggests that there is a slight cycling
effect on gene expression over the course of 72 hours with the largest expression
difference with or without ethanol at 24 hours. However, the effects of ethanol did not
translate in altering the cell growth or viability during this period. Which suggests that
the observed gene expression effects may not mediate NSC proliferation dynamics but
may alter the ability of NSCs to exit the cell cycle affecting differentiation 2%, We will
need to expand this experiment to all NSC lines to confirm if there are any significant
effects of ethanol on cell cycle genes. Additionally, we will need to determine whether
the effects of ethanol on NSCs lies in modulating their differentiation scheme by
differentiating ethanol treated NSCs and quantifying the number of mature neurons

produced.



Table 5 List of top ten genes differentially expressed between

KCNJ6 variant and control subject NSCs

Top genes from RNAseq that were differentially expressed between the KCNJ6
minor allele variant and control major allele variant were isolated based on
edgeR ANOVA modeling. Differential expression between genotypes was
noted by the log2 fold change of gene expression compared to control lines. The
false discovery rate (FDR) notes the rate of type | (rejection of the null
hypothesis), for each gene.

o
(@)
L
[<5]
g
FOXF2 2.825 4.194E-07
LOC253039 2.255 5.477E-06
ROR2 0.999 2.779E-04
SLCA5A3 -0.899 3.900E-04
MSX1 2.228 4.471E-04
ALX4 2.388 7.852E-04
DSP 1.483 8.955E-04
WSCD2 3.322 1.288E-03
CDH6 1.124 1.927E-03
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Figure 24 Quantitative PCR from following 75mM ethanol
treatment of G1 cell cycle genes: CCND1, MCM5 and E2F7
Control cell line “KCNJ6 72” NSCs were exposed to 75mM ethanol
and probed for expression of various cell cycle genes A) CCND1 B)
MCM5 C) E2F7.
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Figure 25 Quantitative PCR of genes involved in G2 phase
from following 75mM ethanol treatment

Control cell line “KCNJ6 72 NSCs were exposed to 75mM ethanol and
probed for expression of various cell cycle genes A) PTTG1 B) BUB1
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Figure 26 Quantitative PCR of genes involved in M phase following
75mM ethanol treatment

Control cell line “KCNJ6 72 NSCs were exposed to 75mM ethanol and
probed for expression of various DNA binding transcription factors: A)
SOX7 B) MECP2 C) CUX2
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Neuronal activity in the presence of ethanol

In addition to modulating the gene expression profile of NSCs, ethanol directly
targets GIRK2 channels though a distinct binding pocket™. Ethanol modulates the
excitation of DA neurons. This is done through the decreased firing of GABAergic
neurons via the p- opioid receptor a activity *°. Past work from Zhang et al.'*!
demonstrated a minor allelic SNP (rs1799971) within the OPRM1 gene reduces mRNA
expression and lowers p-opioid protein yield. Similarly, Duan et al.** showed decreased
MRNA stability and protein expression in DA receptors with synonymous SNPs. These
studies suggest that the synonymous KCNJ6 variants may contribute to reduced gene
expression of GIRK2 channel. We hypothesized that the risk variants alter the gene
expression of GIRK2 channels and modulate the synaptic activity. To address this, we
started by determining synaptic response of excitatory neurons, but first needed to
optimize culture conditions. KCNJ6 variant iPSC were differentiated into excitatory
neurons using an induced neuronal (iN) protocol**’. The iN protocol uses a lentiviral
transduction method to increase the uniformity of excitatory cultures through forced
expression of transcription factor, Neurogenin 2 (NGN2). Neurogenin 2 is a transcription
factor involved in neurogenesis, and whose forced expression in stem cells produces
excitatory neurons'®. Generally, the NGN2 iN differentiation protocol uses a common
basal medium (Neurobasal, Gibco). However, work by Bardy et al*®*. argues that
Neurobasal medium is not physiologically suitable for production of neuronal cultures
and interferes with neuronal differentiation. Thus, they developed a novel neural basal
medium, which is more physiologically similar to cerebrospinal fluid, a commonly used

medium during electrophysiological analysis, which they named “BrainPhys.” We
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decided to use this protocol and expected this medium would enhance the reliability and
quality of synaptic experiments using excitatory neurons.

Following a modified differentiation scheme (found in methods), excitatory
neurons were produced and cultured for 45 days. We then determined the neuronal
phenotype from both variants using ICC markers for excitatory neurons: vesicular
glutamate transporter (VGIuT1), synapsin (hSyn), and microtubule associated protein
(MAP2) (Figure 27). The expression of VGIuT1 and hSyn together is indicative of the
ability of the neurons to formulate synaptic vesicles and release a major excitatory
transmitter (glutamate)'*®. The KCNJ6 variant neuronal cultures had similar VGIuT and
hSyn expression patterns. From these results, we illustrate the ability to generate

I 194

excitatory neurons by the protocol from Bardy et al.” regardless of genotype. From here,

we will explore the neural circuitry effects of the KCNJ6 variants.
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KCNJ6 Control KCNJ6 Affected KCNJ6 Control KCNJ6 Affected

MAP2

Figure 27 Neuronal differentiation through Ngn2 induction produces spontaneously
active excitatory neurons using BrainPhys basal medium

A, B) ICC of iN cultures (day 40) shows expression of VGIuT1, hSyn and MAP2, indicative of
maturing excitatory neurons. Excitatory neurons were induced using the NGN2 protocol.

Calcium imaging

To determine whether changing the basal culture medium would significantly
enhance activity of the iN neuronal cultures, we used calcium imaging (Ca®"). Because
Ca®" is a key intracellular signaling ion, particularly for vesicular release at the synapse
144145 \ve can observed Ca?* transients, though not providing direct evidence of synaptic
activity, this assay provides meaningful information about intracellular Ca?* levels in
living cells. We shipped day >40 neuronal cultures in both neurobasal and BrainPhys to

the laboratory of Dr. Paul A. Slesinger at Mount Sinai. Neuronal cultures were incubated
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with the calcium-chelating agent Fluo-4AM, as described in methods, and assessed for
spontaneous synaptic activity. Results from preliminary experiments showed an increased
amount of spontaneous Ca** influx in BrainPhys cultures (Figure 28). While this work is
ongoing, our initial results using two types of medium find the BrainPhys medium to be
more suitable for our continued experiments. As our main goal is to determine basal
synaptic activity between KCNJ6 variants in the presence of alcohol, we are currently
continuing Ca®" imaging to observe the circuitry effects of ethanol exposure. We are
conducting single cell electrophysiology experiments in coordination with the laboratory

of Dr. Zhiping Pang.
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Figure 28 Representative images of Ca’* activity show increase in Ca** spikes in

cultures grown in Neurobasal (A-C) BrainPhys medium (D-F)

D) Time lapse of Ca®" activity from panel shows stable Ca®* signals in neurons cultured with
Neurobasal medium (C), as compared to more dynamic Ca?" signals in neurons cultured with

BrainPhys (F).

Alternative splicing variants

The work by Isomoto et al. **® identified KCNJ6 splicing variants within GIRK2

channel by screening mouse brain cDNA libraries. These particular splicing variants

altered the length of the of GIRK2 channel at the C-terminal domain which plays a role in

binding to GBy GCR™®. While there are predicted alternatively spliced GIRK2 mRNAs

in the human genome, there have not been published reports verifying their presence in

human cells. To identify whether alternatively spliced isoforms of KCNJ6 gene are
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present in NSC lines we needed to identify candidate variants. We began by isolating
predicted KCNJ6 isoforms using assembled transcript maps from assembled by

cufflinks®’

of ethanol treated NSC RNAseq data. Candidate novel isoforms were termed
T433 and T434. We also used a GIRK2 cDNA variant, designated AK313997, that was
identified by the New Energy and Industrial Technology Development Organization
(NEDO), who created a cDNA library from a functional analysis of protein and research

application project (Figure 29). Additionally, we used the NM_002240 Reference

Sequence (RefSeq) from the National Center for Biotechnology Information (NCBI)

database as the base sequence for KCNJG6.
KCNJ6
l } |
Spzl NR2E3

[ 42 I
B
(o2

rs2835880  rs2835872 rs702859

Figure 29 Transcript map of KCNJ6 gene

KCNJ6 transcript map listing possible splicing variants from ethanol treated NSC RNAseq analysis, and
predicted cDNAs. Sequence is not to scale due to space limitations. NM_002240 is the NCBI
Reference Sequence (RefSeq) NCBI database with “NM” as the accession molecule identification for
MRNA. AK313997 is a predicted cDNA variant from (NEDO). T443 and T434 are predicted splicing
variants isolated by RNAseq analysis from ethanol treated NSC lines. The locations of the KCNJ6
synonymous SNPs identified by Kang et al.? is noted at the end of this diagram. Highlighted in red are
predicted Spzl and NR2E3 transcription factor-binding sites.
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We designed primers to determine the presence of these splicing variants from
PCR products of >40 day neuronal cultures (Figure 30). The PCR reaction products
overlapped the RNAseq predicted splicing variants (T433 and T434), AK313997 and
GAPDH as an input control. To differentiate between variants, PCR primers were
designed to produce products within an exon sequence or between two different exons
crossing exon-exon junctions. As a control, we designed a primer pair that would create a
product that is common for all variants (Exon3). The presence of PCR products would be
indicative of the presence of corresponding variant. Results in Figure 30 revealed bands
from all lines, with the exception of line “71”, which may have been due to low RNA
yield especially since the GAPDH control also failed to amplify. Overall, there were
strong PCR bands between exon 3 and 4 and exon 4A and 4C. This suggests that the
neuronal cultures express the RefSeq mRNA, AK313997, and predicted isoforms T433
and T334. Interestingly, the PCR product spanning exon 1B to 3 revealed bands with
varying intensity. However, the intensity of the splicing isoform PCR products was
variable and was not specific to any particular subject or variant. At the same time, these
results suggest that all three predicted isoforms are present in neuronal cultures regardless
of KCNJ6 variant. Because this type of endpoint PCR is not quantifiable, we then
reasoned that the splicing isoforms within each subject line needed to be quantified by

gPCR.
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Figure 30 PCR analysis to determine presence of predicted and verified KCNJ6
splicing variants

KCNJ6 (NM_002240) and predicted variant splicing forms are illustrated above. Sizes are not to
scale. PCR primers were designed to assess the presence of each splicing variant within all subject
samples. The last number of the RUID was used for space constrains. The colored boxes denote
which cell line contains the KCNJ6 variants (Green, control, Red, Affected). Primers were within
common KCNJ6 exons (Exon 3 and Exon3>4) and across predicted exon-exon junctions (Exon
1B>3, Exon4A and 4C). GAPDH was used as a control for mMRNA expression. KCNJ6 Affected line
“71” did not amplify in any PCR reaction.
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Figure 31 qPCR analysis to determine quantity of KCNJ6 splicing variants

KCNJ6 (RefSeq: NM_002240) and predicted variant splicing forms are illustrated above. Sizes are
not to scale. gPCR primers were designed to cross exon-exon junction for quantification of each
splicing variant.

To quantify the predicted splicing variants, we designed gPCR primers spanning
over the exon-exon junctions (Figure 31). We used the mean cycle threshold (CT) values
of the exon 2 to exon 3 splice site as a baseline as it was common between all variants.
The results suggest a slight non significant variation in the expression of splicing
isoforms between KCNJ6 affected and control populations, specifically in isoform T433
exon 4C that contains a predicted binding site for NR2E3 (Figure 30), a human nuclear
receptor involved in retinal differentiation'®®. Additionally, exon 4 contains the 3’
untranslated region (UTR), which could be a possible target for microRNAs and have
been shown to mediate GABAA channel expression by deadenylation ***?%. Following

analysis from TargetScan software?* we identified microRNAs such as let7-5p and miR-
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96 whose expression is significantly increased in the serum of subjects with AUD?*,
Furthermore, in exon 1, there is an Spz1l transcription factor binding sites predicted by
Portales-Casamar and colleagues®® located within the “1C” variant upstream of exon 1
transcription start site. Spz1 is a part of the basic-helix-loop-helix (bHLH)-leucine zipper
(Zip) family of proteins that are involved in spermatogenesis and is a candidate
oncogene®®?%®_ QOverall, the qPCR results suggest that subjects carrying KCNJ6 variants
contain splicing isoforms which targets of transcription factors that can alter GIRK2
expression or activity, which could lead to downstream variations in synaptic activity
during ethanol exposure, thus changing the concentration of GIRK2 channels that are
expressed on the cell membrane'®?. Currently, neuronal cultures are being assessed for
alterations in synaptic dynamics and splicing isoforms of induced neuronal cultures

following ethanol exposure.

Summary and future directions of Chapter 2

The goal of this work was to identify genetic and phenotypic profiles that
highlight the contributions of risk associated SNPs. These risk variants were identified by
reduced EEG theta waves and are located within intronic and one exon regions of the
GIRK2 potassium inward rectifying channel gene KCNJ6. This channel is responsible for

decreasing neuronal activity *°

and may play a role in mediating addiction behaviors.
We began by using an in vitro stem cell model, differentiating subject specific
IPSCs into NSCs and excitatory neurons. We have demonstrated that subject iPSCs were

appropriately reprogrammed and have normal karyotypes (Figure 19 and 20).

Additionally, the NSCs derived from iPSC consistently expressed the neural stem cell
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markers Nestin, Musashi, SOX2 and PAX6. This suggests that the NSC differentiation
protocol produces robust NSCs whose differentiation was not affected by the presence of
KCNJ6 SNPs.

Although past work has identified migratory and growth changes in NSC

following ethanol exposure!™ 7

, our experiments demonstrated no change in cell
proliferation or viability during within a 72-hour time exposure to 75 mM ethanol,
regardless of the presence of the KCNJ6 variant (Figure 22). These results suggest that
acute ethanol exposure may not alter population dynamics (cell growth, viability) of
NSCs'"**". Some have suggested that the effect of ethanol on NSC growth dynamics is
due to the resilience of NSCs to acute ethanol exposure, but also note that ongoing
proliferation of NSC may still be affected'®. Rat models showed reduced NSC
proliferation after chronic ethanol exposure, these findings conflict with our findings, and
implies that this model may be more appropriate for chronic ethanol exposure.'®%%.
Furthermore, our experimental setup of whole cell live/dead counts may not have the
resolution to determine subtle changes in the amount of dividing NSCs during chronic
exposure. Perhaps a more sensitive experiment such as Bromodeoxyuridine (BrdU)
labeling would be able to address this. This type of analysis would allow us to visualize
the total number of cells proliferating overtime by labeling actively dividing NSCs.
Overall, our NSC model, warrants further study into the long-term proliferative effects
(>5 days) of ethanol exposure. In the meantime, we continued to explore the effects of
acute ethanol exposure on the gene expression of NSCs.

To assess the gene expression effects of acute ethanol exposure, we conducted

RNAseq analysis following a 24-hour ethanol treatment of NSCs. The results of our
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analysis presented genes associated with development that were enriched in subjects
within KCNJ6 risk-associated variants (Figure 23). These genes included FOXF2 and
ROR involved in Wnt pathway activation (Table 5). These results suggest that genes
involved in development may be expressed differentially following acute ethanol
exposure in subjects who carry the KCNJ6 SNP. Additionally, gPCR experiments
following ethanol treatment highlight slight differences in differentiation and cell cycle
genes such as MECP2, PTTG1 and SOX7 (Figure 24). This may affect ability of the
NSCs to differentiate and/or migrate as demonstrated by Zhou et al*”®. However, our
gPCR analysis was done using a single control NSC line. We plan to expand this analysis
to the remaining subject lines, which will give a more comprehensive phenotype of gene
expression during ethanol exposure.

Since the KCNJ6 SNPs are located in non-coding regions and are synonymous,
we do not expect the SNP to alter the overall activity of GIRK2 channels, but may
modulate MRNA expression or stability through splice isoforms®’. This could affect the
population of GIRK2 channels on the synaptic surface and the potential synaptic response
to alcohol?®. To explore the possibility of multiple splicing variants, we have designed
primers against predicted splicing isoforms from cDNA products listed in online genomic
databases as well as from our own RNAseq data. Our preliminary PCR suggests that the
neuronal lines variably express, by gPCR and PCR, predicted KCNJ6 splicing variants
(Figure 30and 31), which may correlate with functional differences. However, these
initial results were not consistent between genotypes.

To follow up with these findings, we designed gPCR primers to determine the

relative quantity of predicted splicing variants in mature neurons. QPCR results indicated
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differential expression of RNAseq predicted splicing variants specifically, splicing
variant “T434”. These results imply that there are multiple KCNJ6 splicing variants in
neurons and their precursors. More specifically, these splicing isoforms have a slight non-
significant differential expression between KCNJ6 variants; this may indicate a
differential GIRK2 channel response to ethanol. To address this concept, we are planning
experiments to identify the gene expression and synaptic activity following ethanol
exposure.

We have also identified possible microRNAs (let7-5p and miR-96-5p) binding
sites within the KCNJ6 3’UTR. The work of Ignacio et al.*®> have associated the
increased expression of these microRNAs with those that have AUD behaviors. The
presence of these predicted microRNAs binding sites at the 3°’UTR of KCNJ6 along with
their increased expression in those carrying AUDs, implies that these microRNAs affect
the stability of KCNJ6 which may lead to downstream expression levels of the GIRK2
channel. This association warrants further verification of the expression of microRNAs
let-7-5p and miR-96-5p in addition to their predicted KCNJ6 3’UTR binding site in
NSCs and mature neurons.

Furthermore, our results raise the possibility that subjects carrying the KCNJ6
SNPs could have varying quantities of splicing variants. For example, in mouse there are
at least five variants of Girk2 channel (Girk2-1, Girk2A-1, Girk2A-2, and Girk2B.
Girk2C, Girk2D) 2%, However, these isoforms have no effect on the channel properties®.
A closer look at the locations of alternatively predicted splice isoforms suggest that there
are potential transcription factor binding sites, which may affect protein expression or

trafficking. For example, the predicted isoform T434 contains a longer version of exon 1
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and was expressed slightly more in the KCNJ6 affected subjects and may be a potential

129 showed

targeting site for bHLH-zip protein Spz1. Additionally, work from Ma et a
splice isoforms mediating the expression of GIRK2 channels. Here, the authors used a
fibroblast cell line or COS cells to identify ER export and post Golgi trafficking motifs
from splicing variants of Girk2 (Kir3.1) in the N and C terminals in both hetero and
homotetrameric channel formations. This implies that in order to identify the
contributions of risk variants in synaptic behavior, the possible effects of these splicing
variants may be identified in mature neurons following ethanol exposure.

We also plan to repeat RNAseq in mature neurons following ethanol exposure;
this will allow us to determine if the differential gene expression effects seen from our
ethanol treated KCNJ6 affected NSCs affect downstream gene expression. We should
also be able to better measure differences in isoforms, and may discover novel isoforms
not found in NSC. This would correlate with KCNJ6 variants that may mediate some of
the effect of ethanol treatment, beginning at the neural progenitor stage. Splicing
elements within the C-terminal region of GIRK2 channels can translate into altered

pharmacological activity of GIRK2 channels**

, Which may lead to alterations in
neuronal activity in the presence of ethanol. We also intend to follow up our gene
expression studies in NSC with longer ethanol exposures using all KCNJ6 variant NSC
lines in order to mimic chronic ethanol exposure and resolve whether these variants may
affect synaptic activity.

Finally, we have seen from our PCR data that those carrying the minor allele

KCNJ6 had a trend of increased mRNA expression of predicted alternative splicing

isoforms. However, our gPCR experiments to quantify splice isoforms did not yield
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significant changes between KCNJ6 variants, perhaps these differences may be enhanced
in neuronal cultures following ethanol exposure. We can improve these experiments by
adding more biological replicates from each subject cell line. This work argues for more
effort to illuminate the role of GIRK2 channel risk SNPs within addiction phenotypes.
Identifying the molecular mechanisms behind these behaviors would pave the way for a
new source of possible drug targets or screening based off subjects who carry these risk

variants.
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DISCUSSION

With more emphasis on precision and personalized medicine, the identification of
individual genetic risk factors of addiction diseases opens up new strategies for
prevention and treatment. Studies have suggested that genetic variants may contribute to
the risk of relapse and/or risk of addiction phenotypes'*2. To understand the genetic
contributions to addiction behaviors, we have utilized a stem cell based approach. The
use of iIPSCs will allow us to identify novel therapeutic strategies to circumvent the
mechanisms that cause addiction phenotypes while minimizing the use of animal models.

As our long-term goal is to identify novel therapeutic strategies for overcoming
addiction mechanisms and circumventing the use of animal models, we utilized the
technology of subject specific iPSCs that carry a genetic variant. This technology is
powerful in that one can have an expandable cell population, which can be used to study
the contributions of risk SNPs in multiple cells type or neuronal subtypes. In order to
study the impact of risk variants using stem cells, much work has been focusing on
developing various neuronal subtype specific differentiation protocols. One such example
was from work by Lieberman et al."*®, who identified reduced expression of GABAA
subunit genes from iPSC derived neurons carrying a synonymous SNP rs279858 within
the GABRA2 subunit. Additionally, work by Duan et al.'® determined that a
combination of synonymous variants could contribute to the overall mRNA stability and
receptor synthesis in the D2 dopamine receptor. These results imply that synonymous
mutations could lead to quantifiable biological phenotypes. Moreover, stem cell-derived
neuronal cultures are likely to be most similar to neurons present in early stages of human

development, and not those in adults responding to repeated nicotine stimulation such as
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in addiction. Thus, it is possible that a systems approach to studying risk variants in
addiction phenotypes is possible within a stem cell based model.

Previous experiments using heterologous expression of CHRNAS suggest that the
N398 variant alters Ca”* permeability and mediates nicotine consumption®°16912021L o5
knockout mouse models have resulted in increased nicotine consumption compared to
controls, suggesting a role for the o5 subunit in reward and aversion behavior in mice
%061 “While these carefully controlled mouse models have been quite successful in
understanding the general mediating factors of motivational and reward behaviors,
attempts to study more complex human diseases in mouse models may poorly correlate
whose results can become difficult to interpret given the evolutionary distance between
mice and humans, the inbred characteristics of the mouse model . Additionally,
knockout studies fail to take into account adaptations due to compensation for lost
subunits and may carry alternate splicing variants®® *2. To overcome the lack of living
human neurons to study the role of human genetic variants, iPSC differentiation
technology, now allows the use of human neurons derived from phenotypically variant
subjects to model human neuropsychiatric disorders at a cell biological and mechanistic
level

In addition to mouse studies work on genetic risk variants has been done using
synthetic MRNA Xenopus oocytes CHRNA5 mRNA injections "*#*2. These studies have
reported that along with other receptor components, the incorporation of N398 SNP
variant reduces Ca®* permeability and increases short-term desensitization to nicotine

°272 Qverall, these studies highlight an important role of the auxiliary o5 subunit in

mediating synaptic activity upon nicotine stimulation. However, oocyte injection
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experiments do not take into consideration other intracellular factors that can affect
nicotine addiction and may not correspond to native nAChRs.

Since our goal was to represent isolated genotypes in order to test the difference
between the major and minor alleles within the CHRNA5S and KCNJ6 gene, we used
control lines from subjects that were unrelated to N398 subjects. Indeed, our previous
RNAseq analyses demonstrate broad variability among subject iPSCs and KCNJ6 splice
isoform screen, even among members of the same family. This raises the possibility of
diluting subtle phenotypes that can be overshadowed by differences between individual
genetic backgrounds.

We believe that by testing a reasonable number of subject-specific iPSC lines we
capture sufficient variability while searching for reproducible phenotypes. It has been
suggested that cell lines from multiple patients and controls as well as multiple subclones
from each patient should be analyzed to statistically provide a convincing cellular or
functional phenotype. However, this approach can lead to a high workload can be time
consuming and may not always practical for smaller research groups. This is a major
obstacle to the identification of disease-associated phenotypes******. The most convincing
solution to this problem is the creation of isogenic pairs of cells differing only in a single
locus, by genetic engineering techniques™®**®. Isogenic samples compared to unrelated
controls can vastly reduce RNAseq variability demonstrated by Lin et al."*2>. To alleviate
the issue, we are creating of isogenic cell lines from rs16969968 affected subjects. The
creation of isogenic cells lines will eliminate the potential for genome variability between

subjects allowing for analysis of subtle phenotypic differences between variants.
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We must also take into consideration the co morbidity of nicotine and alcohol use
disorders'®?'*. Behaviorally, the co-morbidity of these nicotine and alcohol use disorders
was demonstrated by the work of Rose and colleagues, where peak human blood alcohol
concentrations (BAC 0.03g/dl) potentiated the pleasurable effects of nicotine?.
Evidence of the co-morbidity of alcohol and nicotine use disorders can also be found
within the polymorphisms in the a4 subunit?. This polymorphism changes alanine to
threonine at position 529 increasing the startle response amplitude, suggesting an
enhanced activity of nAChRs following alcohol exposure. Our work provides a unique
opportunity to determine the molecular phenotypes of these two comorbid disorders and
how risk associated SNPs may contribute to them. Our stem cell based approach is a
valuable way to assess contributions of these risk variants on the synaptic activity
following the addition of nicotine, alcohol or both. For example, we can ask if the
increased synaptic response seen in the CHRNADS variant is exacerbated in the presence
of levels of alcohol and nicotine present in heavy smokers and drinkers. Future
experiments, could involve mimicking nicotine or alcohol pharmacological environments
such as heavy smoking and fetal alcohol exposure. Synaptic activity would be assessed
by either whole cell patch clamping or circuitry-based analysis (calcium imaging)
following ethanol exposure. We could assess the downstream effects of gene expression
or protein population after long term exposure to nicotine or ethanol.

Overall this work supports previous studies addressing the roles of addiction risk
variants within the synaptic response to drugs of abuse thus affecting human neuronal

61,115

functions . We have observed this through alterations in synaptic response to

nicotine, and gene expression changes with the acute exposure to alcohol and nicotine.
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This work serves as a proof of principle and a systems approach to bridge the gaps from
population genetics to molecular biology in understanding the cell-to-cell mechanics of
those carrying a risk associated alleles. The techniques of this work can also be used as
drug screens within subjects carrying genetic variants. Similarly, groups such as
Germany’s SysMedAlcoholism consortium?® have begun to address the challenges in
finding new ways to combat alcohol addiction by using a combined omics- informational
approach (genetic transcriptome, neurodynamics and neuroimaging ) to create predictive
models which are subsequently validated by clinical sampling and animal models
including iPSC. Continuing these studies is likely to lead to a better understanding of the
impact of gene variants on human behavior and may identify intervention and treatment

strategies that are more effective to combat addiction.
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METHODS

IPSC generation from CPLs

Preparation of iPSC from human primary lymphocytes using Sendai viral vectors
(CytoTune™, Life Technologies) has been described Moore et al 2. Human induced
pluripotent stem cells were maintained at 37°C, 5% CO;, 4% O, on Matrigel™ (BD
Biosciences)-coated wells in mTeSR medium (Stem Cell Technologies). Once every
week or when wells were 70-80% confluent, cultures were cleaned of spontaneous
differentiation material by hand-dissection. Colonies were dissociated into clumps using
1 U/mL Dispase (BD Biosciences, Franklin Lakes, and NJ) and plated on Matrigel (BD
Biosciences, Franklin Lakes, NJ) coated plates in 1:12 dilution. Plating ratio was
dependent on the well density prior to passaging. The medium was changed every day.
All biomaterials were de-identified repository specimens and therefore are exempt from

human subjects’ regulations.

Neural induction via Dual SMAD inhibition

Midbrain dopaminergic (midbrain -like DA-like) neurons were generated using a
dual SMAD inhibition protocol'®. IPSCs were dissociated using Accutase (Stem Cell
Technologies) and plated at a density of 6.0 x 10° cells per well in a 60 cm Matrigel (BD)
coated dish 20 days after differentiation, neuronal cultures were dissociated using
Accutase and passaged at a 1:1 plating ratio. 30 days after differentiation, midbrain-like
DA-like neurons (1.5 x 10°) were co-cultured with mouse glia (7.5 x 10* cells).
Electrophysiological and Ca®** imaging analyses were performed following at least 40

days of differentiation.



93

Glial cell isolation.

Forebrains were dissected from postnatal day 3-5 wild-type mice and were
manually dissociated into ~0.5 mm2 pieces in a total of 2 ml of HBSS. A total of 500 pl
of 2.5% trypsin were added and dissociated tissue was incubated at 37°C for 20 min.
Solution was mixed every 5min. Using a pipette, the remaining tissue was further
dissociated and passed through a 70 uM nylon mesh filter (BD Biosciences) into DMEM
with 10% Fetal Bovine Serum and L-glutamine. Glia cells were passaged three times
before culturing with human neuronal cells. These procedures were approved by the

Rutgers University Institutional Animal Care and Use Committee (#111-073-10).

Neural induction via Induced Neuronal differentiation

To generate excitatory neurons, we will employ the exogenous expression of
specific excitatory linage transcription factors that are introduced into iPSCs via a
modified lentiviral-induced neuronal differentiation protocol described by Zhang et al.
47 Transcription factors (NGN2) were generously provided by the Pang lab. On day -1
iIPSCs were treated with Accutase (Stem Cell Technologies) and plated as 6 well plates
(5x10° cells/well) with Y-27632 dihydrochloride (Tocris; also known as “Y-compound”)
on matrigel coated dishes. On day - | lentiviral infection cocktail consisting of
Doxycycline TetO neuronal transcription factor to rtTA mix with a 1:1.5, ratio was added
to cells to mTeSR medium with Y-compound. On day 1, the culture medium was
replaced with neurobasal medium supplemented with B27/L-Glutamine (Invitrogen) with

Doxycycline (10 ng/mL, MP Biomedicals) and Y-compound (10 ng/mL). On day 2 and
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3, a 48 hour Puromycin (10 ng/mL, Fisher Scientific) selection of neurons begins with
medium changes of Neurobasal medium with Doxycycline & Puromycin every 24 hours.
On day 4, the culture medium was replaced with Neurobasal with Doxycycline medium.
On day 5, infected cells (1.5 x 10°) were dissociated with Accutase and co-cultured with
mouse glia (7.5 x 10%) to further promote synaptogenesis, with 50% of neurobasal
containing 10 ng/ml of Doxycycline, BDNF, GDNF and NT3 in each well exchanged
every 3 days. For the Bardy et al. protocol, iPSCs were infected as previously stated until
day 4 where %2 of the medium was exchanged with iNC medium from the Bardy protocol.
Using BrainPhys (Stem Cell Technologies) as a basal medium. The medium was
exchanged Y2 iNC every three days for three weeks. On day 21, infected cells (1.5 x 10°)
were dissociated with Accutase and co-cultured with mouse glia (7.5 x 10%) to further
promote synaptogenesis, with BrainPhys based iNM from the Bardy protocol

supplemented with N2 and B27.

Neural Stem cell induction

To preferentially induce human NSC formation from hiPSCs, 25% confluent cells
were passaged by disaggregation into clumps of cells (approximately 50-100 cells per
clump) with 1 U/mL Dispase and plated at a ratio of 1:1 on matrigel coated dishes in
mTeSR. HiPSCs were induced using Life Technologies PSC neural induction protocol

(Gibco, 2013).

Real-time RT-PCR (gPCR)

Total cellular RNA preparations will use TRIzol reagent (Invitrogen). For gPCR,

500 ng of RNA was reverse transcribed using High Capacity cDNA reverse transcription
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kit with RNAse inhibitor (Life Technologies). Human-specific TagMan™ probes were
purchased from Life Technologies and PCR conditions followed the manufacturer’s
recommendations. No amplification was detected in RNA prepared from only mouse glia
(not shown). GAPDH was used as endogenous control. A sample of 17-week post-
conception human fetal VTA RNA (a generous gift from Drs. Yuka Imamura Kawasawa
and Nenad Sestan, Yale University) was used to normalize expression levels to obtain
relative quantity (RQ) values. Data were analyzed by the AACt method for determining
relative quantities (Ct=cycle threshold). gRT-PCR assays were performed on either the
AB7500 Fast System or Viia7 system. Statistical analysis was performed using R

software; ANOVA was used to compare control and affected group means.

PCR

Total cellular DNA preparations used Zymo Genomic DNA prep kit (Zymo).
PCR amplification used the Q5 High Fidelity master mix (New England Biolabs),
GAPDH was used as endogenous control. PCR products were run on a 0.8% agarose gel

in 1X TBE buffer run with a 1K DNA ladder (Promega).

RNA sequencing (RNAseq)

RNA samples were used to prepare cDNA libraries with the TruSeq Kit
(Illumina) and run on an Illumina HiSeq 2500 instrument by RUCDR Infinite Biologics®
(Piscataway, NJ). The resulting data were aligned with human genome using a genome
transcription map of hgl9 from UCSC (from the Illumina iGenomes repository) using
TopHat. Comparisons between groups used Cuffdiff and results were analyzed in

197,218

R/BioConductor using the cummeRbund package Raw sequencing data can be
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found in the NIH SRA archives under accession number SRP040275 and processed gene
expression levels are in NIH GEO under accession number GSE56398. H1 hESC-
derived NSC data for Days 0 and 5 are part of GEO series GSE56785. Datasets for
midbrain-like DA neuron cultures were downloaded from SRA using the following

accession numbers: SRR1030497, SRR1030496, SRR1030493, and SRR1030492 134,

Dopamine release via High Performance Liquid Chromatography (HPLC)

Nicotine induced dopamine release was measured via HPLC, performed by
Jessica Verpeut in the lab of Dr. Nicholas Bello at Rutgers University. After aspiration of
medium, the cells were blanked using a HEPES external solution (140 mM NaCl, 5 mM
KCI, 2 mM CaCl2, 2 mM MgCI2, 10 mM HEPES, 10 mM Glucose, Osm 36, pH 7.4) for
45 min. Medium was collected and flash frozen and replaced with either 20 mM of KClI,
or 1 mM of nicotine for 30 min. Culture medium samples were analyzed by reverse phase
high performance liquid chromatography (HPLC; Dionex Ultimate 3000) with
electrochemical detection (Coulochem I1I1). An acetonitrile-based phosphate buffer
mobile phase (Thermofisher, Sunnyvale, CA) was used for all experiments. The internal
standard, 3, 4-Dihydroxybenzylamine (DHBA), was added to all samples prior to
extraction. To each sample, 385 ul of 0.1 N perchloric acid solutions was added, and then
centrifuged at 12,000 rpm for 5 min. The supernatant was filtered using a 0.2 um nylon
disposable syringe filter prior to injection. This extraction procedure resulted in
measurements of norepinephrine (NE), epinephrine (Epi), and dopamine (DA) by HPLC.
Peak quantification was performed with Chromeleon 7.1 software (Thermofisher,

Sunnyvale, CA).
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Electrophysiology

Current clamp whole-cell recordings were used to record action potentials. This
was performed by Guohui Li in the lab of Dr. Zhiping Pang at Robert Wood Medical
School. The pipette solution for current-clamp experiments consisted of (in mM): 123 K-
gluconate, 10 KCI, 1 MgCl2, 10 HEPES, 1 EGTA, 0.1 CaCl2, 1 K,ATP, 0.2 Na,GTP and
4 glucose. The pH of the solution was adjusted to 7.2 with KOH. A membrane potential
of =65 to —70 mV was maintained during current-clamp recordings, and currents were
injected into the cell in a step-wise manner to stimulate action potentials. For whole-cell
voltage-dependent current recordings, the same internal solution as described above was
used. For evaluation of synaptic function, the internal solution consisted of (in mM): 135
CsCl, 10 HEPES, 1 EGTA, 4 Mg-ATP, 0.4 Na;GTP, and 10 QX-314, pH 7.4. The bath
solution consisted of (in mM): 140 NaCl, 5 KCI, 2 CaCl2, 2 MgClI2, 10 HEPES, and
glucose, pH 7.4. Stimulus artifacts in the recording, when stimuli were provided during
evoked synaptic responses, were removed in the graphical representation of the data.
Electrophysiological data are presented as mean + SEM. All statistical comparisons were
made using Student’s t-test or with general linear mixed model packages in

R/BioConductor.

Immunofluorescence and Confocal imaging

NSC, midbrain-like DA and excitatory neurons were fixed for 15 min in 4%
paraformaldehyde (Electron Microscopy Sciences) in PBS at room temperature. Cells
were incubated in blocking buffer (1X PBS, 1% goat serum, 4% BSA) for 1 hr. Cells

were permeabilized in 0.2% Triton X-100 in PBS for 10 minutes and incubated overnight
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with primary antibodies. The following primary antibodies were used: rabbit anti-
Musashi (Abcam, 1:200), mouse anti-NESTIN (Millipore, 1:200), mouse anti OCT4
(Millipore, 1:2000), mouse anti- TRA-1-60 (Millipore, 1:1000), mouse anti-TH
(Millipore, 1:1000), mouse anti-VGIuT1 (Synaptic Systems, 1:500), mouse anti-TuJl
(Covance, 1:1000), rabbit anti-SOX2 (1:100) rabbit anti-Synapsin (Abcam, 1:500),
mouse anti-MAP2 (Millipore, 1:500), rabbit anti-DAT (Millipore, 1:250), rabbit anti-
GADG (1:1000). After additional PBS washes, cells were incubated with fluorescently
labeled secondary antibodies from Molecular probes (Alexa 488, Alexa 594, or Alexa
647) used at 1:500 dilution. The Click-iT EdU Alexa Fluor® 488 Imaging Kit was used
to assess the mitotic state of TH™ neurons. Confocal and spinning disk epifluorescence
confocal imaging analysis was performed using a Zeiss LSM700 or Olympus Axiovert
100M confocal microscope (Carl Zeiss, Olympus). NSC imaging was performed using
InCell6000 confocal microscope (GE) Cells were counted using Zeiss confocal
microscope software (Zeiss). Ten images from one coverslip from two independent

experiments were used for counting.

Ca’* Imaging

Cultures were incubated with 1 uM Fluo4 AM (F-14201; Invitrogen) in the
SMAD inhibition differentiation medium at 37°C for 20 min. Excess Fluo4 AM was
removed from the neuronal cultures by washing twice in prewarmed HEPES-based
extracellular solution (in mM): 140 NaCl, 5 KCI, 2 CaCl2, 2 MgCI2, 10 Glucose, 10
HEPES, pH 7.4, mOsm 290-300). Cultures were incubated in Neurobasal medium (Life

Technologies) supplemented with 1 mM glutamate and 1X B27 supplement (Life
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Technologies) at 37°C for 20 min to allow complete de-esterification of the Fluo4 AM
loading dye. All calcium-imaging experiments were performed under the guidance of Dr.
Kelvin Kwan of Rutgers University. Coverslips containing neurons from cultures were
transferred to the bath chamber and placed in extracellular solution. Solutions flowed into
the chamber on the Quick Exchange Platform (Warner Instruments, Holliston, MA) using
a Valvelink 8 pressurized flow system configured with a programmable ValveBank
Controller (Automate Scientific, Inc., San Francisco, CA). Neurons were perfused with
extracellular solution, extracellular solution containing 3 uM nicotine or a 40 mM KCI
solution. Extracellular solution was perfused into the bath chamber for 120 s, followed
by extracellular solution containing 3uM nicotine for 120s and ending with extracellular
medium for 120 s. For each field of view, this perfusion protocol was done a total of
three times. To elicit a neuronal response, after the third perfusion step, cells were
perfused with a 40 mM KCI solution (in mM: 100 NaCl, 40 KCI, 2 CaCl2, 2 MgCl2, 10
Glucose, 10 HEPES, pH 7.4, mOsm 290-300) for 120 s to depolarize cells and identify

neurons.

Analysis of Ca®* Signals

Changes in fluorescence intensity from different fields of view of a single
coverslip of midbrain-like DA neurons were captured. The cell bodies, visualized in
phase contrast, were defined as the region of interest in Image J (NIH). Changes in Fluo4
fluorescence intensity were determined via integrated density during the experimental
period, extracted, and exporting into an Excel spreadsheet. Ca®* fluctuations were

calculated as (Af/f0), where f is defined as the fluorescence intensity measured by sum of
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pixels within the soma region of interest or “integrated density”” when the cell is at rest (0

s) and Af is the change in fluorescence intensity.

Nicotine exposure

Cultures were whole cell patch clamped as described previously. Nicotine was
perfused in extracellular medium in increasing amounts 0.1 uM to 6 uM in 3 minute
intervals. EPSC frequencies were counted using the pClampfit software (Molecular
dynamics). Frequencies were normalized to the first 30 seconds of wash buffer and
dosage frequencies were averaged over 30 second intervals within first minute.

Amplitudes within each 10 second interval were also averaged in the same time frame.

Ethanol exposure

NSC cultures were fed with equilibrated neural induction medium (Gibco) in non-
vented flasks with and without 75mM ethanol. Culture samples were dissociated every 12
hours with Accutase (Stem Cell Technologies) and assessed for cell viability (live/dead
and total cell number) using the ViCell analyzer (Beckman Coulter). Cell viability was

calculated using the slope over the course of the experiment.
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