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Abstract
Chronic alcohol consumption may result in sustained gene expression alterations in the

brain, leading to alcohol abuse or dependence. Because of ethical concerns of using live

human brain cells in research, this hypothesis cannot be tested directly in live human

brains. In the present study, we used human embryonic stem cell (hESC)-derived cortical

neurons as in vitro cellular models to investigate alcohol-induced expression changes of

genes involved in alcohol metabolism (ALDH2), anti-apoptosis (BCL2 and CCND2), neuro-
transmission (NMDA receptor subunit genes:GRIN1,GRIN2A,GRIN2B, andGRIN2D),
calcium channel activity (ITPR2), or transcriptional repression (JARID2). hESCs were differ-

entiated into cortical neurons, which were characterized by immunostaining using antibod-

ies against cortical neuron-specific biomarkers. Ethanol-induced gene expression changes

were determined by reverse-transcription quantitative polymerase chain reaction (RT-

qPCR). After a 7-day ethanol (50 mM) exposure followed by a 24-hour ethanol withdrawal

treatment, five of the above nine genes (including all four NMDA receptor subunit genes)

were highly upregulated (GRIN1: 1.93-fold, P = 0.003;GRIN2A: 1.40-fold, P = 0.003;

GRIN2B: 1.75-fold, P = 0.002;GRIN2D: 1.86-fold, P = 0.048; BCL2: 1.34-fold, P = 0.031),

and the results ofGRIN1, GRIN2A, andGRIN2B survived multiple comparison correction.

Our findings suggest that alcohol responsive genes, particularly NMDA receptor genes,

play an important role in regulating neuronal function and mediating chronic alcohol con-

sumption-induced neuroadaptations.

Introduction
Alcohol use disorders (AUDs), including alcohol abuse and dependence, are common and
complex genetic disorders, affecting about 8% of adult Americans each year [1] and causing
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substantial morbidity and mortality. Genetic association studies, including genome-wide asso-
ciation studies, have shown that many variants in numerous genes contribute to the risk of
developing AUDs [2]. Moreover, chronic alcohol consumption could also lead to AUDs by
altering expression of specific genes in reward-related brain regions [3]. Additionally, heavy
and long-term use of alcohol can harm tissues, organs, or body systems because alcohol and its
metabolite acetaldehyde are toxic [4]. Alcohol consumption is often related to or comorbid
with a number of diseases such as neuropsychiatric disorders, liver cirrhosis, cancers, cardio-
vascular diseases, and infectious diseases [5].

To understand the mechanisms of AUDs and alcohol-related diseases, it is necessary to
investigate alcohol-induced gene expression changes. It would be particularly informative to
analyze gene expression changes in the brains of subjects affected with AUDs or alcohol-related
diseases, but this is experimentally highly challenging. Due to ethical concerns of using live
human brain tissues or neurons for research, most published studies have used cell lines, ani-
mal models, or postmortem human brain tissues to analyze alcohol exposure or consumption-
induced expression changes of genes participating in alcohol metabolism, neurotransmission,
neurotoxicity, intracellular calcium homeostasis, or transcriptional regulation.

Previous studies have revealed that alcohol consumption could alter the expression of alco-
hol-metabolizing genes, particularly the aldehyde dehydrogenase 2 (ALDH2) gene (ALDH2).
Acetaldehyde, the major ethanol metabolite that is toxic and responsible for alcohol-induced
tissue and cell injury, as well as flushing and other subjectively unpleasant sensations, is con-
verted to acetic acid mainly by ALDH2. The expression and enzyme activity of ALDH2 can
dramatically influence the vulnerability of individuals to AUDs [6,7]. Alcohol-induced upregu-
lation of ALDH2 expression has been observed in several studies. For example, preexposure of
C57BL/6J mice to ethanol led to increased activity of ALDH2 [8]. Elevated expression levels of
ALDH2mRNA were observed in human peripheral blood leukocytes after alcohol ingestion
[9]. In our recent postmortem brain study, we reported that several alcohol-metabolizing genes
including ALDH2 were upregulated in the prefrontal cortex (PFC) of AUD subjects [10].
Additionally, Li et al. found that transgenic overexpression of ALDH2 could effectively prevent
acetaldehyde-induced cell injury [11]. These results indicate that ALDH2 is a potential thera-
peutic target for the prevention and treatment of AUDs and alcohol-related disorders.

Long-term alcohol exposure alters the expression of genes involved in neurotransmission,
leading to neuroadaptation to alcohol in the form of alcohol tolerance and dependence. N-
methyl-D-aspartate (NMDA) receptors are a class of ionotropic glutamate receptors, and
they play an essential role in synaptic transmission and plasticity as well as excitotoxicity
[12,13]. They are the major targets of alcohol in the central nervous system and involved in
ethanol-associated traits such as tolerance, dependence, withdrawal, craving, and relapse
[14,15]. NMDA receptor channels are heterotetramers composed of two NR1 (or GluN1) and
two NR2 (GluN2A-D) subunits [16] that surround a cation channel highly permeable to cal-
cium ions [17]. Studies in animals have shown that both acute and chronic alcohol exposure
affects the expression and activity of NMDA receptors. Acute alcohol exposure decreased
NMDA excitatory postsynaptic potentials [18] and inhibited NMDA-dependent long-term
potentiation [19–21]. However, chronic ethanol ingestion facilitated the expression of GluN1,
GluN2A, and/or GluN2B subunits in rat cerebral cortex [22,23], amygdala [24], and hippo-
campus [23,25]. Therefore, expression alterations of NMDA receptor subunit genes due to
chronic alcohol consumption may contribute to the development of AUDs.

Long-term exposure to alcohol can also lead to altered expression of genes involved in other
biological pathways that are relevant to neurotoxicity, calcium ion transmembrane transport,
or gene transcriptional regulation. The B-cell CLL/lymphoma 2 gene (BCL2) and the cyclin D2
gene (CCND2) are two anti-apoptotic genes. BCL2 encodes an integral outer mitochondrial
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membrane protein that blocks the apoptotic death of cells and participates in the regulation of
neural differentiation [26,27]. CCND2 is a cell cycle regulatory gene that encodes cyclin D2
functioning in cell cycle G1/S transition and neurogenesis [28]. Yadav et al. reported that long-
term ethanol exposure induced altered expression of BCL2 and CCND2 in human neuroblas-
toma cell line SH-SY5Y [29]. The Jumonji, AT rich interactive domain 2 gene (JARID2)
encodes a DNA-binding protein that functions as a transcriptional repressor [30]. The inositol
1,4,5-trisphosphate receptor, type 2 gene (ITPR2) is involved in glutamate-mediated neuro-
transmission, intracellular calcium concentration regulation, and also plays an important role
in apoptosis [31]. Recently, we found that the expression of both JARID2 and ITPR2 was upre-
gulated in postmortem PFC of AUD subjects [10,32].

Although interesting findings have been generated from ethanol-exposed cells or animals or
postmortem human brain tissues of AUD subjects, it is still unknown whether alcohol-induced
gene expression changes reported in the above studies occur in live human brain neurons of
AUD subjects. To model this living system, we used human embryonic stem cell (hESC)-
derived cortical neurons in vitro to investigate chronic (defined, in this case, as one week) alco-
hol exposure-induced gene expression changes. We reported a significant upregulation of
NMDA subunit gene expression in hESC-derived cortical neurons due to chronic ethanol
exposure and ethanol withdrawal treatment.

Materials and Methods

Differentiation of human embryonic stem cells (hESCs) into cortical
neurons
H1 hESCs (obtained from the WiCell Research Institute, Madison, USA) were differentiated
into cortical neurons as previously described [33,34]. Briefly, H1 cells were dissociated with
accutase and cultured on Matrigel coated plates with mTeSR1 medium (Stemcell technologies,
Vancouver, Canada) for 4 days or until cells achieve over 95% confluence. Neural induction
was initiated by culturing H1 cells in N3 medium containing TGF-β inhibitor (1 μM), retinoic
acid (1 μM), and Noggin (500 ng/ml) for 8~11 days. Neuroepithelial cells were then isolated
using dispase and replated into Ploy-L-laminin coated plates to induce the mature neuronal
differentiation with N3 medium containing BDNF (10 ng/ml), GDNF (10 ng/ml), NT-3 (3
ng/ml), and CNTF (10 ng/ml). We also used Knockout Serum Replacer (KSR), N2 supplement,
100 nM LDN-193189, 10 μM SB-431542, and 2 μMXAV-939 to initiate differentiation for
10 days. N2 medium supplemented with B27 and containing 100 ng/mL SHH and 1 μM pur-
morphamine was then used for ventral patterning for eight days. After ventral patterning,
medium was changed to neurobasal medium supplemented with B27 and containing 20
ng/mL BDNF, 200 μM ascorbic acid, and 200 μM cAMP for final differentiation and matura-
tion. Neurons were differentiated for over two months before use.

Immunostaining
H1 hESC-derived cortical neurons were characterized by immunostaining to confirm the
expression of neuronal biomarkers as described previously [35]. Briefly, the differentiated neu-
rons were fixed with 4% formaldehyde/PBS solution and then incubated with rabbit polyclonal
antibody Tuj1 (Sigma-Aldrich, St. Louis, USA), which is specific for neuronal biomarker beta-
III tubulin (a microtubule element of the tubulin family found almost exclusively in neurons).
The expression of beta-III tubulin on the surface of hESC-differentiated neurons was visualized
by incubation of the cells with Alexa Fluor 555-conjugated goat anti-rabbit secondary antibod-
ies [36]. Similarly, the production of inhibitory neurotransmitter gamma-aminobutyric acid
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(GABA) by hESCs-derived neurons was detected by immunostaining using anti-GABA anti-
bodies produced in rabbit (Sigma-Aldrich, St. Louis, USA).

Chronic ethanol treatment and morphological examination
H1 ESC-derived cortical neurons were cultured in neuronal differentiation medium containing
different concentrations of ethanol (0, 1, 5, 10, 50, and 100 mM) for seven days. The cultural
medium was replaced every other day. Morphological changes of neurons due to ethanol
exposure were investigated using fluorescence microscopy with the adoption of DAPI (4',6-dia-
midino-2-phenylindole) for chemical staining of DNA [37] and the Tuj1 antibody for immu-
nostaining of neuronal biomarker beta-III tubulin [35].

Determination of ethanol-induced gene expression changes using RT-
qPCR
H1 hESC-derived neurons were used as in vitro cellular models for investigating ethanol-
induced expression changes of nine candidate genes that participate in ethanol metabolism
(ALDH2), glutamate neurotransmission (GRIN1, GRIN2A, GRIN2B, and GRIN2D), anti-apo-
ptosis (BCL2 and CCND2), calcium ion transmembrane transport activity (ITPR2), or gene
transcriptional repression (JARID2). H1 hESC-derived neurons were cultured in differentiation
medium containing 50 mM ethanol (equivalent to blood ethanol concentration in heavy
drinkers [38,39]) for 7 days followed by a 24-hour withdrawal period. A sham treatment of H1
hESC-derived neurons with differentiation medium without ethanol was also carried out. Neu-
ronal differentiation medium with or without 50 mM ethanol was replaced every other day.
The experiments for both ethanol and sham treatments were performed in triplicate.

Total RNA was extracted from H1 hESC-derived cortical neurons (exposed or unexposed to
50 mM ethanol) using the RNeasy Mini Kit (QIAGEN, Valencia, USA). RNA samples were
treated with RNase-Free DNase and purified with RNeasy mini columns (QIAGEN, Valencia,
USA). cDNA was synthesized from 1 μg of RNA using the iScript Select cDNA Synthesis Kit
(Bio-Rad, Hercules, USA). Expression levels of ALDH2, GRIN1, GRIN2A, GRIN2B, GRIN2D,
BCL2, CCND2, ITPR2, and JARID2 were analyzed using the SsoFast EvaGreen Supermix (Bio-
Rad, Hercules, USA) in the CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules,
USA). The housekeeping gene ACTIN was used as the reference for estimating relative expres-
sion levels of target genes. PCR primers for the above 10 genes were designed using DNASTAR
(SeqBuilder) software (http://www.dnastar.com), and they are listed in S1 Table. The cycling
conditions were: 95°C for 15 min, followed by 40 two-step cycles at 94°C for 10 sec and 60°C
for 45 sec. The threshold cycle (Ct) of the nine target genes and the reference gene (ACTIN) for
each sample was analyzed using the software provided along with the CFX96 Real-Time PCR
Detection System. The relative expression levels (ΔCt) of the above nine target genes were nor-
malized to that of the reference gene ACTIN (ΔCt = CtTarget gene – CtActin). A t-test was used to
compare gene expression differences between neurons that were exposed and unexposed to
ethanol. The relative quantity (RQ) of target gene expression in ethanol-exposed neurons in
comparison to ethanol-unexposed neurons was calculated by formula: RQ = 2-ΔΔCt [ΔΔCt =
ΔCt(ethanol-exposed) – ΔCt(ethanol-unexposed)].

Results
hESC-derived neurons at days in dish (DIV) 32 were characterized by immunostaining of γ-
aminobutyric acid (or GABA, i.e., the inhibitory neurotransmitter mainly produced by
GABAergic neurons, which are cortical neurons in the mammalian central nervous system)
and beta-III tubulin (a biomarker for mature neurons). As shown in Fig 1, hESC-derived
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neurons expressed both GABA and beta-III tubulin. Nevertheless, three stem cell-specific bio-
markers [i.e., stage-specific embryonic antigen-3 (SSEA3) and antigen-4 (SSEA-4) as well as
alkaline phosphatase (AP)] were not detectable in hESc-derived neurons. These results suggest
that H1 ESCs were differentiated into cortical neurons.

Exposure of hESC-derived neurons to ethanol at concentrations of up to 100 mM for seven
days did not cause apparent morphological changes or cell death (Fig 2). We further examined
ethanol-induced gene expression changes in hESC-derived neurons that were exposed to
50 mM ethanol for seven days and followed by a 24-hour ethanol withdrawal treatment. As
shown in Fig 3, ethanol exposure and withdrawal resulted in upregulation of all four NMDA

Fig 1. Neuronal differentiation of H1 hESCs. A. Schematic diagram for differentiating H1 hESCs into
cortical neurons. B. Immunostaining [using antibodies reacting with stage-specific embryonic antigen-3
(SSEA3) and antigen-4 (SSEA-4)], nuclear staining [using 4',6-diamidino-2-phenylindole (DAPI) which is a
fluorescent stain that binds strongly to A-T rich regions in DNA], and alkaline phosphatase (AP) staining
(using a fluorescent substrate for AP for characterizing pluripotent stem cells) of H1 colonies before neuronal
differentiation. C. Immunostaining of hESCs-derived neurons at days in dish (DIV) 32 using antibodies
reacting with GABA and beta III tubulin, which are the biomarkers for GABA neurons.

doi:10.1371/journal.pone.0134907.g001

Fig 2. Morphological changes of H1 hESC-derived cortical neurons exposed to ethanol.Morphological
changes of H1 hESC-derived cortical neurons exposed to different concentrations of ethanol (0, 1, 10, 50,
and 100 mM) were examined by DAPI DNA staining and Tuj1 (antibody specific for neuronal marker beta-III
tubulin) immunostaining.

doi:10.1371/journal.pone.0134907.g002
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receptor subunit genes involved in excitatory glutamatergic neurotransmission (GRIN1:
1.93-fold, P = 0.003; GRIN2A: 1.40-fold, P = 0.003; GRIN2B: 1.75-fold, P = 0.002; GRIN2D:
1.86-fold, P = 0.048). Additionally, the expression level of the anti-apoptotic gene BCL2 was
also significantly increased in hESC-derived neurons receiving ethanol exposure and with-
drawal treatment (1.34-fold, P = 0.031). Nevertheless, four other genes did not show significant
expression changes in hESC-derived neurons after ethanol exposure and withdrawal treatment
(ALDH2: 1.10-fold, P = 0.100; CCND2: 1.14-fold, P = 0.057; JARID2: 1.16-fold, P = 0.079;
ITPR2: 0.89-fold, P = 0.250). After the Bonferroni adjustment (α = 0.05/9 = 0.006), the results
of three NMDA receptor subunit genes (GRIN1, GRIN2A, and GRIN2B) remained significant.

Discussion
This pilot study explored the possibility of using hESC-derived neurons as in vitro cellular
models to examine ethanol-induced alterations in the morphology of neurons and the expres-
sion of genes participating in ethanol metabolism, neurotransmission, neuronal apoptosis, cal-
cium ion transmembrane transport, and gene transcription regulation. Although exposure of
hESC-derived neurons to ethanol at concentrations of up to 100 mM did not cause cell death
or apparent morphological changes (similar results were observed in ethanol-exposed human
epithelial cells [40] and zebrafish brain neurons [41]), chronic ethanol exposure in combina-
tion with ethanol withdrawal did alter expression of specific genes involved in pathways for
developing AUDs.

Our study demonstrated that the expression levels of NMDA receptor subunit genes
(GRIN1, GRIN2A, GRIN2B, and GRIN2D) were significantly upregulated in hESC-derived
neurons that experienced chronic ethanol exposure and ethanol withdrawal treatment. Our
findings are consistent with those from studies in animal models [22–25]. Our study also con-
firmed the research results reported by Lieberman et al. [42], who analyzed the effects of

Fig 3. Effects of ethanol on gene expression in cortical neurons differentiated from H1 hESCs.
Expression changes of nine genes in H1 hESC differentiated cortical neurons exposed to 50 mM ethanol for
7 days plus 24-hr ethanol withdrawal treatment were determined by RT-qPCR. Left column for each gene:
without ethanol exposure; right column for each gene: with ethanol exposure. The expression level of each
gene in ethanol-unexposed neurons was normalized to “1”.GRIN1, 2A, 2B, and 2D: the NMDA receptor
subunit genes; BCL2: the B-cell CLL/lymphoma 2 gene;CCND2: the cyclin D2 gene; ALDH2: the aldehyde
dehydrogenase 2 gene; ITPR2: the inositol 1,4,5-trisphosphate receptor (type 2) gene; and JARID2: the
jumonji- and AT-rich interactive domain 2 gene. The results were representative of three separate
experiments. Each value represented the mean ± SD of triplicate wells.

doi:10.1371/journal.pone.0134907.g003
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ethanol exposure and withdrawal on NMDA receptor subunit gene expression in human
induced pluripotent stem cell (iPSC)-derived neurons. Contrary to the findings from the pres-
ent study, a postmortem study by Ridge et al. [43] showed that the expression levels of GRIN1,
GRIN2A, and GRIN2BmRNAs were lowered in both superior frontal and primary motor
cortex tissues of alcoholic subjects with liver cirrhosis in comparison to nonalcoholic control
subjects or alcoholic subjects without comorbid disorders. Moreover, in our recent postmortem
brain study using PFC tissues of alcoholic patients and matched control subjects, we did not
observe AUD-associated expression changes of GRIN1, GRIN2A, GRIN2B, and GRIN2D
mRNAs [10]. Although studies using postmortem human brain tissues can circumvent the
concerns regarding the dissimilarity of brain gene expression patterns between humans and
animals, some confounding factors, such as sex, age, amount of alcohol consumption, post-
mortem interval, comorbid drug addiction or diseases, and/or medications, may bias the find-
ings. In the present study, we employed hESC-derived neurons to address this issue, and we
assume that ethanol-induced gene expression changes in hESC-derived neurons is more likely
to reflect those changes appeared in brain neurons of human alcoholic subjects. Certainly, the
regulation of NMDA receptor subunit gene expression in the brain is highly complex; their
transcription is under the control of both genetic and non-genetic factors. Several studies have
provided evidence that acute and chronic ethanol exposure exerts opposite effects on NMDA
receptor subunit gene expression as well as NMDA receptor-dependent glutamatergic trans-
mission and long-term potentiation. Acute ethanol exposure inhibits the expression and func-
tion of NMDA receptors [18,19], whereas prolonged ethanol exposure leads to a compensatory
“upregulation” of NMDA receptor-mediated functions even after removal of ethanol [44]. The
enhanced expression and function of NMDA receptors may contribute to chronic ethanol con-
sumption-induced neuroadaptations.

The present study also showed that ethanol exposure and withdrawal might result in altered
expression of several other genes participating in cellular functions such as ethanol metabo-
lism, anti-apoptosis, calcium ion channel activity, or gene transcription; however, the extent
of expression changes of these genes was not as great as what was observed in NMDA receptor
subunit genes. Since ALDH2 is the major gene for converting toxic acetaldehyde to non-toxic
acetate, and two anti-apoptotic genes (BCL2 and CCND2) are potentially involved in protecting
cells from acetaldehyde-caused neurotoxicity, the slightly elevated expression levels of these
three genes (ALDH2: 1.10-fold; BCL2: 1.34-fold; CCND2: 1.14-fold) after ethanol exposure
and withdrawal (Fig 3) might be beneficial for the function of neurons. We also observed a
slightly increased expression of JARID2 (1.16-fold) in hESC-derived neurons that were treated
with ethanol exposure and withdrawal, but it is unclear how expression changes of this tran-
scriptional repressor gene influence the activity of neurons or ethanol-induced neuroadapta-
tions. Ethanol can regulate the function of voltage-dependent calcium ion channels [45], but
the mechanism of this regulation is not well studied. Possibly, ethanol-induced expression
changes of genes such as ITPR2 (involved in calcium ion transmembrane transport) could
moderate the activity of calcium ion channels. In our recent postmortem brain study, mRNA
expression levels of JARID2 and ITPR2 were both upregulated in postmortem PFC of AUD
subjects [10,32]. Hence, we expected that ethanol could induce upregulation of ITPR2 in
hESC-derived neurons. Beyond of our expectation, a slightly decreased expression of ITPR2
mRNA (0.89-fold) was observed in neurons with ethanol exposure and withdrawal treatment.
Previous studies showed that acute exposure of neurons to ethanol produced a concentration-
dependent decrease in depolarization-evoked calcium uptake, while prolonged exposure led to
an increase in calcium uptake, and calcium uptake was restored to control levels following
withdrawal of ethanol from culture medium [46]. Therefore, the slight downregulation of
ITPR2 observed in our study was likely due to withdrawal of ethanol for 24 hours following a
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7-day ethanol exposure. Taken together, the present study using neuronal models provided
additional information for understanding the molecular mechanisms of AUDs.

Although the application of hESC-derived neurons in the study of ethanol-induced gene
expression alterations is a novel approach for understanding neuroadaptations resulting from
chronic alcohol consumption, several issues still remain to be addressed in future studies. First,
we examined alcohol-induced expression changes of only several candidate genes involved in
a limited number of biological pathways relevant to AUDs or neuronal functions. Future stud-
ies should use expression microarray or RNA sequencing approach to analyze genome-wide
gene expression changes caused by chronic ethanol exposure and withdrawal. Second, the
mechanisms by which ethanol induces gene expression changes are unknown. More evidence
suggests that ethanol exposure may result in chromatin remodeling via covalent histone modi-
fications and DNA methylation, leading to gene expression changes [47,48]. Recently, we
examined DNAmethylation changes in the promoter region of the serotonin receptor 3a gene
(Htr3a) using the drinking-in-the-dark CD-1 mouse model and found that ethanol could
induce DNA methylation and correlated gene expression changes in specific brain regions
[49,50]. In our postmortem brain study, we identified a differentially expressed microRNA
miR-130a in the PFC of AUD subjects, and expression levels of miR-130a and several predicted
target genes (including JARID2 and ITPR2) were negatively correlated [32], indicating ethanol-
induced gene expression changes may also be mediated by microRNA regulatory pathways.
Therefore, in our follow-up studies, ethanol exposure and withdrawal-induced epigenetic
changes that may lead to altered gene expression should be analyzed. Third, we only reported
ethanol-induced molecular changes at the mRNA level; further studies are needed to investi-
gate whether ethanol exposure and withdrawal cause cellular activity changes (e.g., using
patch-clamp or calcium imaging to determine ethanol-induced calcium ion channel activity
changes). Finally, the definition of one week of exposure to 50 mM ethanol as “chronic” is
arbitrary. It is necessary to investigate gene expression changes at different time points during
ethanol exposure and withdrawal periods.

In summary, the findings from the present study suggest that hESC-derived neurons are
useful cellular models for examining the molecular mechanisms underlying alcohol-induced
neuroadaptations. hESC-derived neurons could also be used to study the interactive effects of
genetic variation and ethanol exposure/withdrawal on molecular and cellular functions of neu-
ronal cells. Furthermore, it is our expectation that hESC-derived neurons are useful tools for
screening novel and less-toxic medications for treatment of AUDs and related diseases.

Supporting Information
S1 Table. Primers for measuring gene expression by real-time PCR and PCR product sizes.
(DOCX)
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