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Abstract

Factors influencing the development of alcohol use disorder (AUD) are complex and
heterogeneous. While animal models have been crucial to identifying actions of alcohol on neural
cells, human-derived /n vitro systems that reflect an individual’s genetic background hold promise
in furthering our understanding of the molecular and functional effects of alcohol exposure and the
pathophysiology of AUD. In this report, we utilized induced pluripotent stem cell (iPSCs)-derived
neural cell cultures obtained from healthy individuals (CTLs) and those with alcohol dependence
(ADs) to (1) examine the effect of 21-day alcohol exposure on mMRNA expression of three genes
encoding GABA receptor subunits (GABRAL, GABRGZ, and GABRD) using quantitative PCR
and (2) examine the effect of acute and chronic alcohol exposure on GABA-evoked currents using
whole cell patch clamp electrophysiology. iPSCs from CTLs and ADs were differentiated into
neural cultures enriched for forebrain-type excitatory glutamate neurons. Following 21-day
alcohol exposure, significant treatment effects were observed in GABRA1, GABRGZ2, and
GABRD mRNA expression. A modestly significant interaction between treatment and donor
phenotype was observed for GABRD, which was increased in cell cultures derived from ADs. No
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effect of acute or chronic alcohol was observed on GABA-evoked currents in neurons from either
CTLs or ADs. This work extends findings examining the effects of alcohol on the GABAA
receptor in human cell /n vitro model systems.
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Introduction

Alcohol use disorder (AUD) is a prevalent condition which affects nearly 14% of the U.S.
population during a given year (Grant et al. 2015). Inhibitory gamma aminobutyric acid
type-A (GABA,) ionotropic receptors have been implicated in the behavioral effects of
alcohol and the pathophysiology of alcohol use disorder (Enoch 2008). GABA receptors
are pentameric structures composed of various combinations of 2a., 2p and 1 non-a/p
subunit (19 GABA subunits have been identified a1.6, B1-3, Y1-3, 8, &, 6, T, and p;.3) that
surround a chloride-permeable pore. The subunit stoichiometry of receptors dictates their
functional and pharmacological properties (Olsen and Sieghart 2009). Interactions between
alcohol and GABA receptors were first suggested by similarities between the behavioral
effects of alcohol and the GABA 4 allosteric modulators benzodiazepines and barbiturates,
the cross tolerance that develops between alcohol and these drugs, and findings in rodent
models indicating that the behavioral effects of acute alcohol intoxication can be modified
by co-administration of various agonists or antagonists of the GABAA receptor (for detailed
reviews, see (Grobin et al. 1998, Weiner and Valenzuela 2006, Kumar et al. 2009).

Electrophysiological recordings from rodents provides evidence for potentiating effects of
alcohol on postsynaptic GABA receptor activity in neurons located in the cortex and
hippocampus (Aguayo 1990, Weiner et al. 1994), amygdala (Nie et al. 2004), nucleus
accumbens (Nie et al. 2000), and the retina (Yeh and Kolb 1997), although subsequent
research has yielded variable findings including no effect (Criswell et al. 2003) or an
attenuating effect (Xie et al. 2013) of alcohol, suggesting that alcohol’s actions at these
receptors are complex. The GABAA receptor’s sensitivity to alcohol may be dependent on
subunit stoichiometry (Sundstrom-Poromaa et al. 2002, Wei et al. 2004, Wallner et al. 2006),
and molecular adaptations that regulate subunit expression in response to prolonged alcohol
exposure are thought to contribute to alcohol tolerance and withdrawal. In rodent models,
chronic alcohol exposure produced changes in GABA subunit gene expression that varied
with the length of alcohol exposure, duration of the withdrawal period, and the brain region
examined (Mhatre and Ticku 1992, Mhatre and Ticku 1994, Devaud et al. 1995, Kumar et al.
2009). Because the subunit composition of GABA receptors influence their functional and
pharmacological properties (Olsen and Sieghart 2009), the changes in subunit expression
following chronic alcohol exposure are thought to restore excitatory/inhibitory balance. In /n
vivo and in vitro rodent studies, chronic alcohol exposure increased the expression of the
GABA a4 subunit and decreased the expression of the a1 subunit (Devaud et al. 1995,
Cagetti et al. 2003), a switch that reduces the chloride current passing through exogenously
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expressed GABAA receptors in mammalian cells (Picton and Fisher 2007), consistent with a
compensatory response to alcohol’s potentiation of inhibitory transmission. Studies
examining post mortem human brain samples from alcoholics and controls have reported
differences in expression of the -y2 (Enoch et al. 2012) and & subunits (Bhandage et al.
2014), although observed differences in expression may be limited to specific brain regions
(Jin et al. 2012, Jin et al. 2014).

Induced pluripotent stem cell (iPSC) technologies (Takahashi et al. 2007) allow for the /n
vitro examination of human neural cultures derived from characterized donor subjects to
explore molecular phenotypes related to disease. Biological mechanisms underlying
psychiatric disorders including addiction are complex and heterogeneous. Our understanding
of these disorders could benefit from an examination of human neural cultures in vitro. To
date, only a few studies have utilized human iPSCs in addiction research, including reports
examining opioid (Sheng et al. 2016), nicotine (Oni et al. 2016), and alcohol use disorder
(Lieberman et al. 2012, Lieberman et al. 2015). In the current report, we generated iPSC-
derived neural cultures from a total of 24 donor subjects (11 controls and 13 alcoholics) and
examined the effects of acute and chronic alcohol exposure on the expression and function
of the inhibitory ionotropic GABAA receptor, a well-characterized target of alcohol.

Materials and Methods

iPSC Derivation and Culture

iPSCs were generated from fibroblasts obtained using a skin punch biopsies of the inner,
upper arm from 24 participants enrolled in studies at UCONN Health (UC, Farmington,
CT). Fibroblasts from 11 control subjects (CTLs) were generated from non-alcoholic
participants enrolled in a study examining the subjective effects of acute alcohol intoxication
(Covault et al. 2014, Milivojevic et al. 2014). Fibroblasts from 13 individuals with a DSM-
IV diagnosis of alcohol dependence (ADs) were generated from participants enrolled in a
pharmacological treatment study (Kranzler et al. 2014). The average age of CTLs was 30.5
years while that of ADs was 46.1 years. All CTLs were male, while the ADs included 10
males and 3 females. The control sample was limited to males due to restrictions of
enrollment in the clinical study the fibroblast samples were obtained (Covault et al. 2014).
Biopsy samples were minced and cultured in Dulbecco’s modified eagles medium (DMEM,
Thermo Fisher Scientific) supplemented with 20% fetal bovine serum (FBS, Thermo Fisher
Scientific), 1x non-essential amino acids (Thermo Fisher Scientific) and 1x penicillin/
streptomycin (Thermo Fisher Scientific). Fibroblast cultures were expanded and passaged
using trypsin (Thermo Fisher Scientific) prior to being frozen or sent for reprogramming.

The UC Stem Cell Core (Farmington, CT) reprogrammed fibroblasts to pluripotency using a
retrovirus to express five factors (OCT74, SOX2, KLF4, c-MYC, and LIN28) or a sendai
virus to express four factors (OCT4, SOX2, KLF4, and c-MY(C), reflecting a change in
reprogramming methodology over the course of the project. Two to four weeks after viral
transduction, multiple pluripotent stem cell colonies for each subject were selected and
expanded as individual iPSC lines. Expression of pluripotency markers by iPSC cells was
verified by immunocytochemistry for SSEA-3/4 and NANOG by the UC Stem Cell Core.
The total sample for the current experiments consisted of 35 iPSC lines generated from the
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24 subjects, with 2 (or 3) clones examined from 10 subjects (6 CTLs and 4 ADs) and 1 clone
examined from 14 subjects (5 CTLs and 9 ADs). In total, 5 of the 35 lines examined in this
report were from female donors.

As previously described (Lieberman et al. 2012), iPSCs were cultured on a feeder layer of
irradiated mouse embryo fibroblasts using human embryonic stem cell media containing
DMEM with F12 (DMEM/F12, 1:1 ratio, Thermo Fisher Scientific) supplemented with 20%
Knockout Serum Replacer (Thermo Fisher Scientific), 1x non-essential amino acids, 1 mM
L-glutamine (Thermo Fisher Scientific), 0.1 mM p-mercaptoethanol (MP Biomedicals), and
4 ng/mL of basic fibroblast growth factor (b0FGF, Millipore). iPSCs were monitored daily
and colonies exhibiting spontaneous differentiation were manually removed. Media was
fully replaced daily and cells were cultured for 7 days, or to confluency, before being
passaged using 1 mg/mL Dispase (Thermo Fisher Scientific) in DMEM/F12.

Neural Differentiation

iPSCs were differentiated into neural cell cultures as previously described (Lieberman et al.
2012) using an established protocol developed by the WiCell Institute for the differentiation
of human embryonic stem cells into neural cells of a forebrain lineage (#SOP-CH-207, REV
A, www.wicell.org, Madison, WI). In the absence of specific neuronal lineage morphogens
the protocol results in forebrain neurons containing both glutamatergic and GABAergic
neurons in an approximately 3:1 ratio as well as astrocytes (Fink et al., 2017). Mature
neurons contain focal clusters of synaptic proteins and exhibit spontaneous excitatory and
inhibitory currents. Briefly, we used an “Embryoid Body” (EB)-based protocol wherein
iPSC colonies are removed from the feeder layer substrate and cultured in suspension before
going through a neural induction phase to generate primitive neuroepithelial cells. Following
3 weeks of culture in neural induction media containing 1x N2 supplement and 2 pg/mL
heparin (Sigma-Aldrich), cells were dissociated and cultured in 24-well plates on 0.1mg/mL
polyornithine and Matrigel (BD Biosciences, Bedford, MA) coated glass coverslips in neural
differentiation media containing the neural growth factors 1x B27 supplement (Thermo
Fisher Scientific), 1ug/mL laminin (Sigma-Aldrich), and 10ng/mL of each brain-derived
neurotrophic factor (BDNF, Peprotech, Rocky Hill, NJ), glial-derived neurotrophic factor
(GDNF, Peprotech), and insulin-like growth factor 1 (IGF-1, Peprotech). All cells were
incubated at 37° in 5% CO2.

Immunocytochemistry

Twelve weeks after being plated onto glass coverslips, neural cell lines from CTLs and ADs
were fixed using 4% paraformaldehyde in PBS for 20 min at room temperature and
permeabilized using 0.2% triton X-100 (Sigma-Aldrich) in PBS for 10 min. Following a 1-
hr block using 5% donkey serum (Jackson ImmunoResearch, West Grove, PA), cultures
were incubated for 24-48 hours at 4° with the following primary antibodies diluted in 5%
donkey serum in PBS: mouse anti-GFAP (1:500, Millipore, Brillerica, CA), rabbit anti-
MAP2 (1:500, Millipore), or rabbit anti-TBR1 (a forebrain glutamatergic neuron marker;
1:1000, ProteinTech Group, Chicago, IL, incubation included 0.1% triton X-100). Cells
were then incubated at room temperature for 2-hours in donkey anti-mouse alexa fluor 594
(1:2000, Thermo Fisher Scientific) and donkey anti-rabbit alexa fluor 488 (1:1000, Thermo
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Fisher Scientific) secondary antibodies diluted in 3% donkey serum in PBS for visualization.
TBR1+ cells as a percentage of the total cell population were quantified from 6 control and
6 alcoholic neural cell lines (derived from 5 control and 6 alcoholic donor subjects).

Gene expression of GABA, receptor subunits

Twelve-week-old neural cultures were used to examine GABAa subunit mRNA expression
following alcohol exposure. In total, 22 neural cell lines derived from 15 donor subjects (13
lines from 8 CTLs, 9 lines from 7 ADs) were used. We cultured 3-4 coverslips per subject,
per condition in either neural differentiation media (sham condition) or neural differentiation
media supplemented with 50 mM alcohol for 21 days. Neural differentiation media with or
without alcohol was replaced daily. Evaporation results in ~18 mM alcohol remaining at 24
hours after treatment (Lieberman et al. 2012). Wells fed with alcohol-containing media were
separated in different culture plates to eliminate transfer of alcohol vapor into the sham
condition wells. RNA was extracted upon completion of the three-week alcohol exposure
using TRIzol reagent (Thermo Fisher Scientific) following the manufacturer’s instructions.
RNA was quantified using a NanoDrop 2000 spectrophotometer (Thermo Fischer Scientific,
Pittsburgh, PA) and cDNA was synthesized from 2 ug RNA using a High Capacity cDNA
Reverse Transcription kit (Thermo Fisher Scientific).

cDNA was analyzed by quantitative real-time polymerase chain reaction using an Applied
Biosystems 7500 instrument (Thermo Fisher Scientific) and TagMan Assay On Demand
(Thermo Fisher Scientific) FAM-labeled probe and primer sets for: GABRA1
(hs00168058_m1), GABRGZ2 (hs00158093_m1), and GABRD (hs00181309_m1).
Expression of these genes was normalized to the VIC-labeled housekeeping gene GUSB
(4326320E), which we used due to its moderate abundance in our culture system and our
prior demonstration of its reliability in studies of alcohol and genetic variation in iPSC-
derived neural cells (Lieberman et al. 2012, Lieberman et al. 2015). cDNA synthesized from
RNA extracted from each culture well was assayed in triplicate 20 L reactions using Gene
Expression Master Mix (Thermo Fisher Scientific) per the manufacturer’s protocol.

PCR cycles were as follows: 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and
60°C for 60 sec. A standard curve consisting of a 4-level serial dilution of 100%, 50%, 25%,
and 12.5% cDNA from 20-week old neural cells differentiated from one subject was added
to each plate to determine the relative mMRNA expression among all subjects and across
different gPCR plates. Data are displayed as mRNA abundance normalized to the
housekeeping gene GUSB where a unit of 1 is equivalent to the abundance of the target gene
relative to GUSB in the reference RNA sample.

Electrophysiology

Whole cell patch-clamp electrophysiology was performed on mature neurons (20-36 weeks
old) derived from 6 CTL and 7 AD cell lines using previously described techniques
(Lemtiri-Chlieh and Levine 2010). Neurons were selected for recording based on
morphology, including pyramidal-shaped soma and presence of neurites. Artificial
cerebrospinal fluid (aCSF) containing 125 mM NaCl, 2.5 mM KCI, 1.25 mM NaH,POy, 1
mM MgCl,-6H,0, 25 mM NaHCO3, 2 mM CaCl2, and 25 mM dextrose was perfused
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through the recording chamber at 1-2 ml/min at room temperature. A high chloride internal
recording solution was used containing 130 mM KCI, 10 mM HEPES, 10 mM
phosphocreatine, 1 mM EGTA, 0.1 mM CaCl,, 1.5 mM MgCl,, 4 mM Na2-ATP, and 0.3
mM Na-GTP (pH 7.3), which allowed for GABA-evoked currents to be examined at a
resting membrane potential of =70 mV. Upon break-in, patched cells were confirmed as
neurons by the presence of voltage-gated sodium and potassium currents upon depolarizing
voltage steps, ability of cells to fire an action potential upon depolarizing current injections,
and noted for their resting membrane potential by injection with 0 current, which was
corrected post hoc for liquid junction potential. Inward and outward currents were elicited in
voltage clamp mode by applying 300-ms steps from =100 mV to +40 mV in 10 mV
increments with the membrane potential held at =70 mV. Action potentials were evoked in
current clamp mode at ~—70 mV by applying 500-ms duration current steps from -20 pA to
+40 pA in 5 pA intervals. Only cells that could fire a mature action potential (either a single
spike or a train of action potentials) were analyzed.

To examine the effect of acute alcohol exposure on GABAa-receptor-mediated chloride
currents in neurons from CTLs and ADs, a micropipette attached to a positive-pressure
applying Picospritzer (Parker Hannifin Corp) was filled with aCSF containing 50 UM GABA
and placed ~20-30 um away from the patched neuron. GABAA-mediated currents were
examined in voltage clamp mode with the cell held at =70 mV. Currents were evoked every
30 sec by a 50-200 mS focal GABA application at 5-10 PSI. Following a 5-min baseline
recording in normal aCSF, the perfusion was switched to an aCSF containing 50 mM
alcohol for 15 minutes, following which a normal aCSF was perfused for a 15-min washout
period.

The peak of GABA-evoked responses was used to examine the effect of chronic 50 mM
alcohol exposure (9-21 days) on GABA-mediated current in neurons from CTLs and ADs.
Sham- or alcohol-treated coverslips were removed from the incubator, placed in the
recording chamber containing oxygenated aCSF, and neurons were patched and validated by
the presence of voltage-gated sodium and potassium channels and the ability to fire an action
potential. Following a 1-2 min baseline recording in normal aCSF in voltage clamp mode at
=70 mV, GABA-mediated current was examined by bath application of aCSF containing 10
UM GABA. The change in current was monitored and the perfusion tube was switched back
to a normal aCSF upon plateau and slight reversal of the GABA-evoked current, which
occurred after ~ 30 seconds. The maximum value of the GABA-evoked current was
normalized to membrane capacitance (pF) to control for differences in cell size.

All electrophysiological recordings were performed using a HEKA EPC9 amplifier and
PatchMaster software (version 2x67). Analysis and quantification of peak GABA-mediated
currents was performed using Axon Clampfit software (version 10.3.1.4).

Statistical Analysis

All statistical analyses were performed using GraphPad Prism software (V5.0f for Mac,
GraphPad Software, www.graphpad.com). Student’s t-tests were used to compare basal
differences between neural cells derived from controls and alcoholics. A two-way repeated
measures ANOVA containing donor status (i.e. control or alcoholic) and alcohol treatment as
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factors was utilized to examine the effect of 21-day alcohol exposure on GABA subunit
gene expression and the effect of acute alcohol exposure on GABA-evoked currents. The
electrophysiology analysis of puff-applied GABA currents compared a 5-minute baseline
recording to the last 5-minutes of acute alcohol exposure. A regular two-way ANOVA
containing donor status and alcohol treatment was used to examine the effect of chronic
alcohol exposure on bath-applied GABA-evoked currents. Statistical significance was
defined as p < 0.05.

Chronic alcohol exposure regulates GABA, subunit gene expression

Twelve-week-old iPSC derived neural cultures contained a mixture of MAP2-postive
neurons and GFAP-positive astrocytes (Figure 1A), with no overall morphological
differences observed between neural cultures derived from CTLs and ADs. About half of the
total cells in these cultures expressed TBR1, a transcription factor marking excitatory
forebrain-type glutamate neurons. The percentage of TBR1+ cells did not differ between 6
CTL and 6 AD neural cell lines (p = 0.94) (Figure 1B—C). Neural cultures generated by this
protocol also include GAD67 positive GABA neurons (~ 20% of cells; Fink et al., 2017)

Neural cultures derived from 13 CTL and 9 AD neural cell lines were exposed to neural
differentiation media or media containing 50 mM alcohol for 21 days, with media replaced
daily. We examined mRNA expression of GABAp subunit-encoding genes GABRAI,
GABRGZ, and GABRD. Two-way repeated measures ANOVA revealed significant effects
of alcohol treatment on GABRA1 [F(1,40)= 19.9, p < 0.001] GABRGZ[F(1,40)=13.8,p <
0.01], and GABRD [F(1,40)= 4.6, p < 0.05] gene expression (Figure 1D-F). No significant
main effect of donor status was observed for any of the three genes (p’s > 0.05). There was
no significant interaction between alcohol treatment and donor status for GABRAI or
GABRGI (p’s > 0.05), while a modestly significant interaction was observed for GABRD
[F(1,40) = 4.2, p = 0.054], such that average gene expression was unchanged in control-
derived cultures and increased in alcoholic-derived neural cultures by 24%. The 3- to 8-fold
range in basal expression among iPSC lines (Figure 1D—F) could reflect different rates of
neural maturation of individual lines and/or individual differences in donor genome between
lines. The variation in expression change between lines after chronic alcohol exposure is
more modest and may reflect genomic variation, as it represents a within-subject (culture)
difference. The cell lines used for gene expression analysis included independently
generated clones derived from 5 CTL and 2 AD donors. Examination of the concordance for
the direction of change in RNA following alcohol exposure (increase or decrease relative to
sham) for the 7 pairs of replicate clones derived from individual donors for the three
GABA, subunit genes showed directional concordance for 16 and non-concordance for 5
clones, suggesting that individual genomic variation between subjects may contribute to
observable variation in gene expression response. Of the 16 concordant expression changes
among pairs, 15 were upregulated and 1 was downregulated.
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Acute or chronic alcohol exposure does not alter GABA-evoked current

To examine the effects of acute alcohol exposure on the amplitude of GABA-mediated
currents, responses were evoked by pressure application of 50 uM GABA in mature (20-33
week old) neurons derived from CTLs and ADs (Figure 2A). These responses could be
consistently evoked every 30 sec over a 35-min recording period (Figure 2B). The acute
effect of alcohol was examined in a total of 88 neurons derived from 6 CTL and 7 AD lines
(average of ~7 cells per subject). There was no significant effect of 15-minute bath perfusion
of 50 mM alcohol on the amplitude of GABA-evoked response (p = 0.81), and there was no
significant interaction between alcohol treatment and donor status (p = 0.48) (Figure 2C).

To examine the effects of chronic alcohol exposure on maximum amplitude of GABA-
mediated current, responses were evoked by bath application of 10 UM GABA in mature
(22-36 week old) neurons from 4 CTL lines and 5 AD lines treated with either neural
differentiation media or media containing 50 mM alcohol for 9-21 days, with media
replaced daily. Bath application of GABA produced a robust, reversible current that
plateaued approximately 30-40 sec following application (Figure 2D). There was no
significant effect of prolonged alcohol exposure on maximal current density of GABA-
evoked responses (p = 0.42), and there was no significant interaction between alcohol
treatment and donor status (p = 0.89) (Figure 2E). Importantly, comparison of non-alcohol
exposed cells derived from CTLs and ADs used for the electrophysiological experiments
revealed no difference in membrane capacitance (an indicator of cell size) (p = 0.22) or
resting membrane potential (p = 0.91) (Figure 2F-G), suggesting that the cells used for
electrophysiological analysis were of similar developmental maturity.

Discussion

A variety of factors influence the risk for alcohol use disorder, which is heterogeneous and
polygenic (Gelernter and Kranzler 2009). Alcohol research may benefit from /n vitro human
neural cell model systems that capture an individual’s genetic complexity to elucidate
alcohol’s actions on neural cells and examine how these actions may differ in at-risk
individuals. Here, we utilized iPSCs derived neural cultures from non-alcoholic CTLs and
individuals diagnosed with alcohol dependence. Using an established neural differentiation
protocol (Zeng et al. 2010), we examined GABA, receptor gene expression and
electrophysiological function following alcohol exposure in differentiated human neural
cultures enriched for forebrain-type neurons.

We found that mRNA expression of GABRA1, GABRGZ, and GABRD was upregulated in
iPSC-derived neural cultures following 21 days of exposure to 50 mM alcohol. Findings
from previous studies using rodent /n vitro and in vivo models to examine GABA subunit
expression following alcohol exposure have yielded variable results (for a detailed review,
see (Grobin et al. 1998, Kumar et al. 2009). Variability in results may reflect differences in
cell-type specific or brain-region specific regulation of gene expression in response to
chronic alcohol exposure (Kumar et al. 2009). This work suggests that our results may only
reflect transcriptional response in embryonic forebrain glutamatergic neurons. When
considering inhibitory interneurons, a possibility arises that we did not observe robust
changes in gene expression or electrophysiologic effects in response to prolonged alcohol
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exposure due to our cultures being enriched for excitatory glutamate neurons. While our
electrophysiological recordings clearly demonstrate the presence of functional GABAA
receptors, it may be that robust endogenous GABAergic synaptic transmission is needed
during the alcohol exposure period to observe compensatory changes in expression and
function. Utilizing a differentiation protocol to produce a heterogeneous population of
glutamatergic and GABAergic neurons, or co-culturing enriched cultures, may provide a
model system more relevant to the human brain.

Downregulation of the GABRAI gene following alcohol exposure has often been observed
in adult rodent models (Mhatre and Ticku 1992, Devaud et al. 1995, Kumar et al. 2009). In
contrast, we found increased expression of GABRA1 following 21-day alcohol exposure in
our human neural cell model. This difference in findings may be related to the difference in
age and maturity of our neural cultures compared with adult rodent cells. Comparisons
between iPSC-derived neural cells and human brain showed that the transcriptome profile of
iPSC-derived neural cultures most closely resembles that of first trimester fetal brain tissue
(Brennand et al. 2015), suggesting that iPSC-derived neural cultures may be a particularly
suitable model to examine the toxic effects of prenatal alcohol consumption related to fetal
alcohol spectrum disorder. Rodent models of fetal alcohol syndrome have reported excessive
activation of GABA synaptic transmission (Ikonomidou et al. 2000) and regulation of
GABA receptor subunits including a downregulation of a5 expression in brain (Toso et al.
2006), upregulation of the p2/3 subunit in the hippocampus (Igbal et al. 2004) and
upregulation of & expression and function in cerebellar granule neurons (Diaz et al. 2014),
the latter of which was recapitulated in the current study, suggesting that iPSC-models of
alcohol exposure early in development could elucidate novel effects of alcohol on relatively
immature human neurons.

We observed a modestly significant interaction between alcohol treatment and iPSC donor
status for GABRD mRNA with a 24% increase in RNA for AD subjects but no change for
CTLs. Prior reports have demonstrated an increase in GABRD expression in the
periaqueductal gray matter and dorsal raphe nucleus of alcohol preferring rats following
alcohol exposure (McClintick et al. 2015, McClintick et al. 2016), while studies using non-
preferring rats found no change in expression (Devaud et al. 1995, Petrie et al. 2001).
Expression of GABRD mRNA was lower in the orbitofrontal cortex and caudate nucleus,
but not in the hippocampus, amygdala, or putamen of post mortem brain samples from ADs
compared to CTLs (Jin et al. 2012, Bhandage et al. 2014, Jin et al. 2014). This prior work,
taken together with our finding that 21-day alcohol exposure increased levels of GABRD
mRNA in AD neural cell lines, suggests that the regulation of the & subunit may be relevant
to the pathophysiology of alcohol use disorder. Because iPSCs reflect the donor subject’s
genetic background, we may have seen an increase in GABRD in AD lines due to AD-
derived neural cultures harboring a greater number of risk-associated genetic variants related
to the regulation of GABRD expression than CTLs. Further studies are needed to elucidate
the underlying genetic contributions of changes in GABRD regulation following alcohol
exposure and to identify mechanisms linking the expression of GABRD to
electrophysiological and behavioral outcomes. In this regard, it is noteworthy that GABRD
has been implicated as an alcohol use disorder candidate gene (Rodd et al. 2007) and
GABRD knockout mice show alcohol-related behavioral phenotypes, including reduced
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voluntary alcohol consumption and alcohol preference (Mihalek et al. 2001). Furthermore,
pharmacological modulation of 6-containing GABA receptors induced glutamate receptor
plasticity on dopamine neurons in the ventral tegmental area suggesting that modulation of
&-containing GABA, receptors may be sufficient to induce the synaptic plasticity in this
region that is commonly observed following administration of drugs of abuse (Vashchinkina
et al. 2012, Vashchinkina et al. 2014).

It is possible that we did not observe robust effects of alcohol exposure on either GABAA
subunit gene expression or GABA-evoked currents due to deficits in neuroactive steroid
signaling in iPSC-derived neural cultures. Exposure to alcohol stimulates the production of
GABA-receptor modulating neurosteroids (Morrow et al. 2001, Sanna et al. 2004, Morrow
et al. 2006, Tokuda et al. 2011), which, in part, mediate the potentiating effects of alcohol at
GABAA receptors in rodent brain slice preparations (Sanna et al. 2004). Prolonged exposure
to neurosteroids produces GABA subunit gene expression changes that mimic alcohol
exposure, and can be blocked by the inhibition of neurosteroid biosynthesis with finasteride
(Yu et al. 1996, Follesa et al. 2000, Follesa et al. 2004), suggesting that some of the effects
of alcohol on GABA receptor function and gene expression may be mediated through
neurosteroids. Further, using brief applications of the synthetic neuroactive steroids
gaboxadol and ganaxolone together with GABRD knock out mice Vashchinkina et al., (2012
and 2014) have shown that neurosteroid activation of GABRD receptors results in long-
lasting glutamate receptor synaptic plasticity in ventral tegmental area dopamine neurons,
including changes in AMPA/NMDA glutamate signaling ratios similar to those induced by
acute alcohol exposure, further implicating endogenous neuroactive steroids in the
neuroplastic effects of alcohol. Therefore, we may not have observed a robust effect of
alcohol on GABA receptor expression or function because our iPSC neural culture system
may lack endogenous neurosteroids or neurosteroid precursors necessary to fully manifest
alcohol’s effects. Future work could address this by examining changes in GABA receptor
gene expression following chronic treatment with neurosteroids or by examining the effect
of alcohol in cultures containing neuronal media supplemented with upstream precursors for
neurosteroid synthesis.

Strengths of the current study include its novel examination of acute and chronic effects of
alcohol on the GABA receptor in human neural cells /n vitro and the examination of iPSC-
derived neural cell lines from a cohort of 11 control and 13 alcoholic donor subjects. Our
findings should be considered in light of several limitations, including that GABA-mediated
currents were evoked via puff application of GABA with the micropipette targeted at the cell
soma, which allowed us to examine only the postsynaptic effects of alcohol on primarily
somatic GABA, receptor function. Presynaptic actions of alcohol have been reported,
including increased the frequency of spontaneous inhibitory events (Sanna et al. 2004, Zhu
and Lovinger 2006, Criswell et al. 2008) and increasing the amount of GABA released from
presynaptic terminals (Nie et al. 2004). The presynaptic effects of alcohol may be mediated
though actions on metabotropic glutamate and GABAg receptors (Nie et al. 2000, Zhu and
Lovinger 2006). By exogenously applying GABA to evoke a current, we could examine only
postsynaptic GABA receptor function. Future studies using iPSC-derived neurons could
extend our findings by examining the effects of alcohol on endogenous inhibitory synaptic
transmission, including the frequency and amplitude of spontaneous inhibitory currents.
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Using drugs targeting presynaptic metabotropic GABAg receptors in conjunction with
alcohol could aid in differentiating presynaptic from postsynaptic effects of alcohol in this
model system. Although our method of puff-application of GABA to evoke a postsynaptic
current targeted primarily somatic GABAp receptors, rodent models suggest that alcohol
effects are greater on the potentiation of GABA, receptors located on the soma and
proximal vs. distal dendrites (Weiner et al. 1997, Wu et al. 2005). Although these finding
suggest that somatic and proximal GABA receptors are more sensitive to the effects of
alcohol, it remains to be determined whether these findings translate into human iPSC-
derived neurons. Future studies could examine the possible sub-localization of more alcohol-
sensitive GABA receptors by focal puff application of GABA onto different regions of the
neuron.

An additional limitation was that we examined only three genes encoding GABA receptor
subunits (GABRA1, GABRGZ, and GABRD). These genes were selected because their
expression is reliably detected in our iPSC-derived neural culture system and because prior
studies reported differences in their expression following alcohol exposure (for review, see
(Kumar et al. 2009). We did not examine the effects of alcohol on the expression of GABAA
subunit-encoding genes located on chromosome 4 due to our prior observation of large basal
expression differences of genes within this cluster among iPSC-derived neural cell lines
(Lieberman et al. 2015). The variability in expression of chromosome 4 GABA genes among
iPSC lines (Lieberman et al. 2015), with very low to undetectable levels in 40% of lines, was
an unforeseen limitation of the model system that prevented us from examining these genes
of interest in the current study.

Furthermore, based on our current experimental methods it is not possible to easily relate
changes observed in gene expression following alcohol to functional adaptations that may
relate to the development of tolerance. Due to the extensive recording time required for
whole cell patch clamp electrophysiology we needed to examine cells over a range of
alcohol exposure lengths (9-21 days) in order to accumulate sufficient number of cell
recordings for each neural cell line. Cells used for electrophysiological analysis were also
maintained longer in culture prior to alcohol exposure to enhance the maturation of neuronal
properties (Fink et al. 2017). Whether molecular adaptations in control and alcoholic-
derived neurons lead to functional electrophysiological differences might be better examined
by use of GABA, subunit-selective agonists and antagonists during electrophysiology
recordings following chronic alcohol exposure, such as the GABAA &-subunit-preferring
agonist gaboxadol (THIP) (Chandra et al. 2010, Diaz et al. 2014).

Because iPSC culture is costly and time consuming, we were limited to the examination of a
single concentration of alcohol (50 mM), which we selected because it has been used for /n
vitro studies using rodent neurons examining the effects of alcohol on GABA receptor
expression and function, and because we used this concentration in our previous study
examining alcohol’s actions on NMDA receptors in iPSC-derived neural cell lines
(Lieberman et al. 2012). The 50 mM concentration corresponds to a breath alcohol
concentration of 0.24 g/dL, which is three times the legal driving limit of 0.08 in most U.S.
states. Lower concentrations of alcohol (<10 mM) that are reached with social drinking have
been shown to target extrasynaptic & subunit-containing GABA receptors (Sundstrom-
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Poromaa et al. 2002, Wei et al. 2004). Future studies could utilize iPSC-derived neural cells
to examine the effects of low concentrations of alcohol, which may be more relevant to the
initiation of drinking, and may help to elucidate cellular mechanisms important in the
transition from social drinking to the development of an alcohol use disorder.

In summary, we utilized human iPSC-derived neural cell lines from CTL and AD donor
subjects and found that chronic treatment with 50 mM alcohol increased the expression of
al (GABRAI) and y2 (GABRGZ2) subunit mRNA in both groups of neural cell lines, while
expression of &6 (GABRD) subunit mRNA was increased only in AD cell lines. Acute and
chronic alcohol exposure had no effect on GABA-evoked currents examined via whole cell
patch-clamp electrophysiology. This work supports the application of iPSCs to the study of
alcohol use disorder, but suggests that future work should employ additional neural
differentiation protocols that may generate more alcohol-responsive neural cell types to
better elucidate molecular phenotypes that differentiate CTL- and AD-derived cell cultures.
Additional evaluation of neural media supplements, including neurosteroid precursors, may
help to improve the utility of /n vitro cultures in recapitulating the /n vivo milieu.
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Highlights
iPSCs were generated from control and alcoholic donor subjects
iPSCs differentiate into neural cells enriched for functional glutamate neurons

GABA subunit gene expression was increased following 21 day alcohol
exposure

No effect of acute or chronic alcohol exposure was observed on GABA-
evoked currents
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Figure 1. Effect of 21-day alcohol exposure on GABA, subunit mRNA expression
12-14 week old neural cultures derived from controls and alcoholics were characterized by

immunocytochemistry. (A) Representative image from a control subject indicating iPSCs
differentiate into mixed neural cultures containing MAP2-postive neurons and GFAP-
positive astrocytes. (B) Representative image from a control subject indicating that cultures
are enriched for TBR1+ forebrain-type glutamate neurons. (C) No difference was observed
in the number of TBR1+ neurons between neural cultures derived from controls and
alcoholics. 10,255 DAPI+ cells derived from 6 control and 6 alcoholic neural cell lines were
analyzed. (D, E, F) 12-week old neural cell lines (13 control and 9 alcoholic) were treated
daily with neural media supplemented with 50 mM alcohol. (D) A significant effect of
alcohol treatment was observed for GABRAI gene expression. (E) A significant effect of
alcohol treatment was observed for GABRGZ gene expression. (F) A significant effect of
alcohol treatment was observed for GABRD gene expression. A modestly significant
interaction between donor status (alcoholic vs. control) and alcohol treatment was observed.
(Two-way repeated measures ANOVA: *p < 0.05, **p < 0.01, ***p < 0.001 for alcohol
treatment; #p = 0.054 for interaction between donor status and alcohol treatment)
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Figure 2. Effect of acute and chronic alcohol on GABA-evoked currents
Mature neurons (22—-36 weeks post plating) derived from 6 control and 7 alcoholic lines

were used for electrophysiological recordings. (A) Example trace of a GABA-evoked
current in response to brief pressure application of 50 uM GABA.. (B) Example recording of
a neuron from a control subject. Each dot represents a GABA-evoked response, which was
evoked every 30-seconds. Following a 5-minute baseline recording, aCSF containing 50 mM
alcohol was perfused for a total of 15 minutes, which was subsequently washed out for an
additional 15 minutes. Boxes indicate responses within 5-minute bins that were averaged for
analysis. (C) No significant effect of acute alcohol was observed on the amplitude of GABA-
evoked responses in neurons derived from 6 control or 7 alcoholic iPSC lines. Washout
contains data from a subset of 46 control neurons and 32 alcoholic neurons. (D) Example
trace of a GABA response in a control neuron evoked by bath perfusion of aCSF
supplemented with 10 uM GABA. Bath perfusion of GABA evoked a reversible current that
plateaued after 30—-40 seconds. (E) No difference in maximum current density of GABA-
evoked current was observed following 9-21 days of exposure to 50 mM alcohol in neurons
derived from 4 control or 5 alcoholic iPSC lines. (F and G) No significant difference was
observed in membrane capacitance (an indicator of cell size) or resting membrane potential
in non-alcohol treated neurons derived from the 6 control and 7 alcoholic iPSC lines.
(Numbers within bars indicate the total patched neurons).
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