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Histone deacetylases mediate GABAA receptor expression,
physiology, and behavioral maladaptations in rat models of
alcohol dependence
John Peyton Bohnsack 1,2,4, Benjamin A. Hughes2, Todd K. O’Buckley2, Kamyra Edokpolor2,5, Joyce Besheer2,3 and
A. Leslie Morrow 1,2,3

Alcohol use disorders are chronic debilitating diseases characterized by severe withdrawal symptoms that contribute to morbidity
and relapse. GABAA receptor (GABAAR) adaptations have long been implicated in the chronic effects of alcohol and contribute to
many withdrawal symptoms associated with alcohol dependence. In rodents, GABAAR hypofunction results from decreases in
Gabra1 expression, although the underlying mechanism controlling Gabra1 expression after chronic ethanol exposure is still
unknown. We found that chronic ethanol exposure using either ethanol gavage or two-bottle choice voluntary access paradigms
decreased Gabra1 expression and increased Hdac2 and Hdac3 expression. Administration of the HDAC inhibitor trichostatin A (TSA)
after chronic ethanol exposure prevents the decrease in Gabra1 expression and function as well as the increase in Hdac2 and Hdac3
expression in both the cortex and the medial prefrontal cortex (mPFC). Chronic ethanol exposure and withdrawal, but not acute
ethanol exposure or acute withdrawal, cause a selective upregulation of HDAC2 and HDAC3 associated with the Gabra1 promoter
that accompanies a decrease in H3 acetylation of the Gabra1 promoter and the reduction in GABAAR α1 subunit expression. TSA
administration prevented each of these molecular events as well as behavioral manifestations of ethanol dependence, including
tolerance to zolpidem-induced loss of righting reflex, reduced open-arm time in the elevated plus maze, reduced center-time and
locomotor activity in the open-field assay, and TSA reduced voluntary ethanol consumption. The results show how chronic ethanol
exposure regulates the highly prominent GABAAR α1 subunit by an epigenetic mechanism that represents a potential treatment
modality for alcohol dependence.
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INTRODUCTION
Alcohol use disorders are chronic debilitating disorders and one of
the leading causes of preventable death in the United States [1]
and are characterized by severe withdrawal symptoms. With-
drawal symptoms include central nervous system hyperexcitabil-
ity, tremor, anxiety, insomnia, seizures, cross-tolerance to
benzodiazepines, and the severity of these symptoms is correlated
with likelihood to relapse [2]. Alcohol withdrawal symptoms are
known to be linked to deficits in GABAergic signaling in multiple
brain regions and can be readily treated acutely with GABAergic
modulators, such as benzodiazepines [3]. However, benzodiaze-
pines have severe disadvantages for long-term treatment of
alcohol use disorders, due to their high abuse potential, cross-
tolerance with alcohol, high risk of mortality when taken in
combination with alcohol, and, with prolonged use, decreases in
GABAAR expression [3–5]. In rodent models, many symptoms of
dependence, withdrawal, and GABAergic hypofunction are
correlated with downregulation of the α1 subunit and upregula-
tion of the α4 subunit [4, 6–12]. GABAARs containing the
α1 subunit are the most prominent receptor in many brain

regions including the cortex [13] and mediate the sedative effects
of GABAAR agonists and positive allosteric modulators [9].
Knockout of the α1 subunit also causes an essential tremor
similar to the phenotype observed in human patients with severe
alcohol dependence [8]. Meanwhile, upregulation of the
α4 subunit likely contributes to benzodiazepine cross-tolerance
and increased anxiety [14]. Changes in α1 and α4 expression are
known to cause changes in GABAAR function in vitro by modifying
miniature inhibitory post-synaptic current characteristics, specifi-
cally decreasing decay τ1, and these changes may have relevance
in vivo [15, 16]. It has been known for many years that decreases
in α1 expression and increases in α4 expression occur on a
transcriptional level [7], but few studies have explored how either
transcript is regulated epigenetically by ethanol.
Epigenetic mechanisms are broadly defined as changes to gene

expression that are not due to mutations in the gene. Changes in
chromatin structure through post-translational modifications of
histone tails causes both short- and long-lasting changes in gene
expression in response to environmental stimulus or drug
exposure. The most well-known of these post-translational
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modifications is acetylation of histone tails that serves to open the
chromatin to allow increased transcription [17]. Acetylation/
deacetylation of histones is facilitated by a large family of histone
acetyltransferases and histone deacetylases (HDACs), respectively.
Several studies have shown that drugs of abuse modulate gene
transcription and expression through epigenetic mechanisms,
including acetylation [18–20], and that epigenetic intervention
using HDAC inhibitors can prevent molecular and behavioral
changes induced by repeated exposure to drugs of abuse.
Therefore, it could be possible that decreases in Gabra1
expression after chronic ethanol exposure may be prevented by
epigenetic intervention. Recent studies in our laboratory screened
a number of HDAC inhibitors in vitro to demonstrate that ethanol-
induced changes in GABAAR gene expression can be prevented by
the co-exposure with various HDAC inhibitors, including trichos-
tatin A (TSA) [21]. TSA was selected for the current study because
it was a very potent inhibitor of HDAC2 and HDAC3 in our screen
of HDAC inhibitors that prevent ethanol-induced changes in
GABAARs [21], and also because HDAC inhibitors only effect 2% of
genes, indicating their relative selectivity [22]. Since GABAAR
hypofunction occurs after chronic ethanol exposure in vivo, we
evaluated the efficacy of the most potent HDAC inhibitor in our
in vitro screen, TSA, to prevent changes in GABAAR expression,
function, and evaluate behavioral correlates in rodent models of
dependence.
In order to determine if an epigenetic mechanism regulates the

effects of ethanol in vivo, we investigated the efficacy of an HDAC
inhibitor preventing diminished Gabra1 or α1 subunit expression
in rat cerebral cortex after chronic ethanol exposure using two
different models of ethanol dependence. We focused on cerebral
cortex because decreases in benzodiazepine binding occur in
human cortex consistent with GABAergic dysfunction [23]. We
next investigated whether regions of the cortex involved in the
neurocircuitry of addiction, the prefrontal cortex (PFC), also
exhibited changes in GABAAR expression after chronic ethanol,
and if these changes were due to epigenetic mechanisms that
could be prevented by the administration of TSA using both
voluntary and involuntary alcohol exposures [24, 25]. Our results
indicate that ethanol alters GABAAR function and expression via
epigenetic mechanisms involving deacetylation of histones
associated with the Gabra1 promoter by HDAC2 and HDAC3.
Preventing these changes using an HDAC inhibitor prevents
molecular, epigenetic, and functional adaptations as well as
alcohol dependence-related behaviors.

MATERIALS AND METHODS
Animals and treatments
Adult male Sprague Dawley rats (200–300 g, 8–9 weeks old,
Envigo) were used for ethanol administration by gavage. Adult
male Wistar rats were used for voluntary ethanol self-
administration by two-bottle choice (200–300 g, 8–9 weeks old,
Charles River Laboratories, Inc.). All procedures were carried out in
compliance with guidelines specified by the Institutional Animal
Care and Use Committee at the University of North Carolina at
Chapel Hill.

Intragastric gavage ethanol-exposure paradigm
Sprague Dawley rats were housed in pairs in a temperature (23 °C)
and humidity controlled vivarium under a 12 h light/dark cycle
(lights on from 0700 to 1900 hours) and given ad libitum access to
food and water. For chronic ethanol administration and with-
drawal experiments, rats were given a single water or ethanol
dose (5 g/kg, 25% v/v, i.g.) once daily for 14 days, then allowed to
withdraw for 24 h. On the last 2 days of ethanol exposure and the
day of withdrawal, rats were injected with either TSA (2 mg/kg, i.
p.) or vehicle (10% DMSO in 0.9% saline) 2 h before gavage or
sacrifice. TSA exposure time and dose were chosen based on

previous studies [26, 27]. At the end of all experiments, rats were
killed by decapitation and cortices were dissected and snap frozen
using dry ice.

Intermittent ethanol access using two-bottle choice
Intermittent two-bottle choice (I2BC) drinking was performed as
previously described [28]. Adult male Wistar rats were singly
housed in a reverse dark cycle room (lights off from 1000 to
2200 hours) and were given access to 20% ethanol (EtOH) in tap
water, or tap water alone during the dark cycle on Monday,
Wednesday, and Friday. Volumes of ethanol and tap water were
measured on Tuesday, Thursday, and Saturday at the end of the
light cycle. Rodents had ad libitum access to food and water. After
session 8, all rats had established a stable drinking baseline that
was similar to previously reported values [28]. On session 14, 2 h
before two-bottle choice, rats were given an injection of vehicle
(10% DMSO in 0.9% saline, i.p.) or TSA (2 mg/kg, i.p.). After I2BC,
rats were sacrificed with decapitation, and PFC was dissected.

RNA isolation and qPCR
Cortices were rinsed with ice-cold PBS then homogenized in Trizol
(Ambion) and RNA was extracted and purified according to
manufacturer’s instructions. RNA was quantified and quality
controlled using a Nanodrop spectrophotometer (all 260/280
and 230/260 values ≥1.8, Fisher Scientific). Purified RNA (2 µg) was
reverse transcribed to a cDNA library using high capacity RNA to
DNA kit (Applied Biosystems) following manufacturer’s instruc-
tions. DNA (10 ng per reaction) was then subjected to quantitative
PCR (qPCR) analysis using TaqMan gene expression probes and
Taq Gene Expression MasterMix (Supplementary Table 2, Applied
Biosystems). Reactions were run in duplicate on a StepOnePlus RT-
PCR system (Applied Biosystems) using glyceraldehdyde-3-
phosphate dehydrogenase (Gapdh) as a loading control [29]. Data
was analyzed using the ΔΔCT method and expressed as fold
control.

Western blot analysis
Western blots were performed as previously described, with some
modifications [29]. Cortices were rinsed with ice-cold PBS, then
subjected to subcellular fractionation using the Subcellular Protein
Fractionation Kit for Tissues following manufacturer’s instructions
(ThermoScientific). Primary antibodies (Supplementary Table 1)
were added to the blot and incubated overnight at 4 °C. Bands
were visualized using the Odyssey Classic Imaging System (LI-COR)
and band density was determined using ImageStudio Lite (LI-
COR). Results were normalized to β-actin, GAPDH, or histone 3
depending on the cellular fraction and expressed as percent
control values.

Locomotor activity assay
General locomotor activity was assessed following 14 days of
ethanol administration (light cycle, 1400 hours), 24 h into
withdrawal, and 2 h after TSA/vehicle injections by placing rats
in Plexiglas open-field chambers (43.2 × 43.2 cm; Med Associates).
Horizontal distance traveled (cm) was determined from the
number of photobeam breaks in 2 min time intervals using
Activity Monitor software (Med Associates). Time spent in the
center (21.6 × 21.6 cm) of the open field was expressed as the % of
total locomotor activity. This ratio was chosen to account for
differences in total locomotor activity between treatment groups.
Groups were counterbalanced to different chambers.

Zolpidem-induced loss of righting reflex
Zolpidem-induced hypnosis was assessed 24 h after the final
ethanol gavage on day 14 and 2 h after TSA injections (light cycle,
1400 hours). Rats were administered zolpidem (60mg/kg i.p.,
dissolved in 45% (w/v) β-cyclodextrin in 0.9% saline, Tocris) and
placed in the supine position in custom built trellises. Duration of
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loss of righting reflex (LORR) was defined as the time required to
regain the ability to right three times in 1 min.

Elevated plus maze
Elevated plus maze (EPM) was performed on the 18th session of
I2BC as previously described [30]. After the beginning of the dark
cycle, Wistar rats were brought into the testing room and allowed
to acclimate to room environment for 30min. Rats were then
placed in EPM apparatus (Stoelting Co.) and allowed to freely
explore for 5 min. Locomotor activity was recorded using an
overhead camera and data was processed using ANY-Maze™
(Stoelting Co., v. 4.82). Analysis of behavior was performed as %
time spent in open arms over total time.

Chromatin immunoprecipitation
Chromatin immunoprecipitations (ChIP) were performed as
previously described [21]. Cortices were rinsed with ice-cold PBS,
homogenized, then cross-linked in 1% formaldehyde (Thermo-
Scientific) for 10 min at room temperature, and quenched with
125mM glycine for 5 min at room temperature. Samples were
lysed using ChIP lysis buffer (10 mM Tris-HCl, ph 8.0, 10 mM NaCl,
0.2% v/v NP-40, and 1mM phenylmethylsulfonyl fluoride) on ice
for 30 min. Nuclei were lysed in nuclear lysis buffer (10 mM Tris-
HCl, ph 8.0, 50mM EDTA, 1% v/v sodium dodecyl sulfate (SDS),
and protease inhibitors) on ice for 10 min, then sonicated to shear
chromatin. Following sonication, chromatin samples were clarified
using centrifugation and DNA concentrations were determined
using a Nanodrop (Fisher Scientific). Equal amounts of chromatin
were incubated overnight at 4 °C with antibody (Supplementary
Table 1), and an aliquot was set aside to determine input and to
ensure equal loading. PureProteome™ Protein G Magnetic beads
(Millipore) were added to chromatin samples for 1 h at 4 °C, then
complexes were washed, eluted in 1% (w/v) SDS, 0.75% (w/v)
sodium bicarbonate buffer, and crosslinks were reversed over-
night at 65 °C. DNA was purified using QIAquick PCR Purification
Kit (Qiagen) and analyzed using SYBR® Green Real-Time PCR
Master Mixes (ThermoScientific) following manufacturer’s instruc-
tions. Primers for qPCR analysis are included in Supplementary
Table 2.

Medial prefrontal cortex slice electrophysiology
Adult male Sprague Dawley rats were killed via rapid decapitation
and their brains extracted 24 h after the last water or ethanol
treatment and ~300 µm thick coronal brain slices containing the
mPFC were prepared. Individual slices were placed into the
recording chamber and continuously perfused with artificial
cerebrospinal fluid (aCSF) composed of the following in mM: [NaCl
(125), KCl (2.5), NaH2PO4 (1.5), MgCl2 (1.3), CaCl2 (2.6), Ascorbic
Acid (0.4) Glucose (10), NaHCO3 (25), osmolarity adjusted to ~310
mOsm with sucrose] supplemented with DL-2-Amino-5-Phospho-
novaleric acid (50 µM), 6-cyano-7-nitroquinoxaline-2,3-dione (10
µM), and 3-[[[(3,4-Dichlorophenyl)methyl]amino]propyl](diethoxy-
methyl) phosphinic acid (10 µM) (Abcam) at a flow rate of 2 ml/
min. Electrodes containing an internal solution (in mM): CsCl (140),
MgCl2 (2), EGTA (1), HEPES (10), Na-ATP (2), Na-GTP (0.3),
phosphocreatine (5), QX-314 (3), pH adjusted to 7.2 with CsOH
and osmolarity adjusted to ~290 with sucrose were used to patch
deep-layer pyramidal neurons after obtaining a >1 GΩ seal. All
cells were held at a −70 mV holding potential for the duration of
recording. Pharmacologically isolated GABAAR-mediated currents
were acquired using an Axon Instruments MultiClamp 700A
amplifier (Molecular Devices) and digitized by an Axon Instru-
ments Digidata 1440A digitizer (Molecular Devices) controlled by
pClamp10 software (Molecular Devices). Recordings were sampled
at 10 kHz and filtered at 2 kHz. Access resistance was monitored
throughout the duration of the recording and the recording was
terminated if access resistance exceeded 25 MΩ or changed by
>30%. For kinetic analyses, a minimum of 25 visually inspected

spontaneous inhibitory post-synaptic currents (sIPSCs) exhibiting a
stable baseline, sharp falling phase, and single peak were selected
for analysis using MiniAnalysis software (v6.0.7, Synaptosoft).
Captured events were then used to construct a scaled average
composite trace to which a double exponential curve was fit to
determine decay time constants.

Statistics
All groups were randomly assigned. Two-way analysis of variances
(ANOVAs) were performed to determine significance for all
experiments that contained more than three groups. One-way
ANOVAs were performed to determine significance for experi-
ments containing three groups. Bonferroni’s post hoc test was
used to perform multiple comparisons between groups in order to
determine significance after either two-way or one-way ANOVAs.
Student’s unpaired two-tailed t test was used to compare two
groups. Values were excluded from analysis (decided a priori) if
they were two standard deviations from the mean. Significance
was set at p < 0.05.

RESULTS
TSA prevents changes in GABAARs and global histone acetylation
caused by chronic ethanol exposure and withdrawal
Chronic ethanol exposure by inhalation, liquid diet, or gavage
causes a decrease in GABAAR α1 expression and increase in α4
expression in the cerebral cortex and hippocampus that are
associated with behavioral and pharmacological maladaptations
found in alcohol dependence in both Sprague Dawley and Wistar
rats [4, 6, 7, 10, 31]. We previously found that TSA co-exposure
in vitro would prevent changes in GABAAR subunit expression in
cultured cortical neurons following ethanol exposure [21]. Here,
we investigated whether TSA administration would prevent
decreases in GABAAR expression in the cerebral cortex after
chronic ethanol administration for 14 days and 24 h of withdrawal.
The HDAC inhibitor TSA was administered for the last 2 days of
ethanol exposure and the day of withdrawal (Fig. 1a). In
agreement with previous studies using a liquid diet drinking
paradigm [6, 7], 14-day chronic ethanol (5 g/kg, i.g. daily)
administration caused a decrease in both Gabra1 transcript
(Fig. 1b, 0.35 ± 0.07 fold control) and α1 subunit membrane
expression (Fig. 1c, d, 67.37 ± 2.46% control). Further, TSA (2 mg/
kg, i.p.) prevented the effect of ethanol (Fig. 1b, Gabra1: 0.99 ±
0.10 fold control, p < 0.0001; Fig. 1c, d; α1: 88.83 ± 2.30% control, p
< 0.05). We also observed an increase in Gabra4 transcript (Fig. 1b,
2.14 ± 0.13 fold control) and α4 subunit membrane expression
(Fig. 1c, d, 129.70 ± 3.45% control), which was also prevented by
the administration of TSA (Fig. 1b, Gabra4: 0.93 ± 0.08 fold control,
p < 0.0001; Fig. 1c, d, α4: 96.48 ± 7.44% control, p < 0.01). We did
not observe any changes in other GABAAR subunit transcripts or
subunits after ethanol administration, nor did TSA have any direct
effect on GABAAR subunit transcript or membrane expression
(Fig. 1b and Fig. 1c, d, respectively). Since TSA is an HDAC
inhibitor, we next assessed whether ethanol altered histone
acetylation after chronic exposure (Fig. 1e, f). Western blot analysis
using a pan-histone acetylation antibody revealed a decrease in
H3 acetylation (H3Ac) after chronic ethanol exposure (Fig. 1f,
83.04 ± 5.76% control) that was prevented by TSA (223.80 ±
12.55% control, p < 0.0001), while TSA injection alone increased
H3Ac (347.80 ± 18.37% control, p < 0.0001). No treatment
altered total H3 protein levels (Fig. 1e). We next assessed H3Ac
marks associated with active promoters [17], H3Ac at lysine 9
(H3K9Ac), and H3Ac at lysine 14 (H3K14Ac). Chronic ethanol
administration caused a decrease in both H3K9Ac (16.84 ± 11.49%
control, p < 0.01) and H3K14Ac (12.07 ± 5.13% control), which was
prevented by TSA (H3K9Ac, 103.60 ± 19.85% control, p < 0.01;
H3K14Ac 92.31% ± 22.32% control, p < 0.001). TSA alone increased
H3K14Ac and H3pAc, but TSA did not increase H3K9Ac (Fig. 1e, f).
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We next evaluated methylation marks, as histone post-
translational marks are known to be co-regulated [17]. Interest-
ingly, we found no change in permissive histone methylation
marks lysine 4 dimethylation (H3K4me2), histone lysine 4
trimethylation (H3K4me3), or in the repressive mark histone
lysine 9 trimethylation (Fig. 1e, f, H3K9me3).

Chronic ethanol exposure increases HDAC2 and HDAC3 associated
with chromatin and the Gabra1 promoter and decreases
acetylated H3 at the Gabra1 promoter
We next evaluated if decreases in histone acetylation were
due to altered HDAC expression. Analysis by qPCR revealed
that ethanol exposure upregulated Hdac2 (1.27 ± 0.07 fold
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Fig. 1 Chronic ethanol exposure-induced changes in GABAAR expression and H3 acetylation in cerebral cortex are prevented by TSA. a
Schematic outlining 14-day gavage procedure (5 g/kg, 25% EtOH) with 24 h withdrawal. TSA (2mg/kg, i.p.) was administered on the last 3 days
of the procedure. b qPCR analysis reveals that chronic ethanol exposure causes decreases in Gabra1 and increases in Gabra4 mRNA transcripts
that are prevented by the administration of TSA. A significant interaction between ethanol and TSA exposure was observed for Gabra1 (F1,20=
19.42, p= 0.0003, n= 6) and Gabra4 (F1,20= 30.11, p < 0.0001, n= 6), using two-way ANOVA. Values are normalized to Gapdh, and expressed as
fold control. c Representative western blots of GABAA subunit membrane expression following chronic 14-day ethanol administration with 24
h withdrawal ± TSA treatment. d Quantification of western blots for GABAA subunit membrane expression shown in c. A significant interaction
between ethanol and TSA exposure for α1 subunit expression was found (F1,19= 10.53, p= 0.0043, n= 6, 6, 6, 5) using two-way ANOVA. A
significant main effect of ethanol exposure on α4 subunit expression (F1,18= 10.09, p= 0.0052, n= 6, 5, 5, 6) was found using two-way ANOVA.
Values shown represent % control, normalized to β-actin. e Representative blots of H3 PTMs in the chromatin fraction after chronic ethanol
exposure ± TSA treatment. f Quantification of blots shown in e. TSA prevents chronic ethanol-induced reductions in global H3 acetylation and
H3K9Ac. A significant interaction was found between ethanol exposure and TSA exposure for pH3Ac (F1,20= 18.38, p= 0.0004, n= 6), and
H3K9Ac (F1,20= 8.212, p= 0.0096, n= 6). There was a significant main effect of TSA exposure for H3K14Ac (F1,18= 24.41, p= 0.0001, n= 6, 5, 5,
6) found using two-way ANOVA. Two-way ANOVA’s were followed by Bonferroni’s post hoc tests, *p < 0.05, ***p < 0.001, ****p < 0.0001. Data
are represented as mean ± SEM
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control) in the cortex, which trended toward a reversal by
the administration of TSA (Fig. 2a, 1.03 ± 0.10 fold control).
Hdac3 was also significantly upregulated following chronic
ethanol exposure (2.02 ± 0.13 fold control), and this effect was
prevented by the administration of TSA (1.32 ± 0.18 fold control,
p < 0.01) (Fig. 2a). No changes in other Hdac isoforms (Hdac1,
Hdac4-11) were found. Observed changes in transcript levels
correlated well with HDAC2 and HDAC3 protein expression
in the chromatin fraction (HDAC2 135.4 ± 5.6% control, p < 0.001;
HDAC3 178.9 ± 15.2% control, p < 0.01) after chronic ethanol
exposure (Fig. 2b). However, HDAC1, another class I HDAC [32]
did not exhibit increased transcript or increased expression

in the chromatin fraction after chronic ethanol exposure
(Fig. 2a, b).
We next evaluated whether ethanol altered histone acetylation

associated with the Gabra1 and Gabra4 promoters using
chromatin immunoprecipitation. Chronic ethanol gavage caused
a decrease in H3Ac associated with the promoter region of Gabra1
(Fig. 2c, 0.05 ± 0.01% input) as well as the transcription start site
(TSS) of Gabra1 (0.17 ± 0.04% input, p < 0.05). TSA administration
prevented decreases in the acetylation after chronic ethanol
exposure at both the Gabra1 promoter (0.25 ± 0.05%, p < 0.05) and
the Gabra1 TSS (1.13 ± 0.34% input, p < 0.0001). We did not
observe a change in H3Ac at the Gabra1 distal exon (exon 5).

b

β-actin
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Further, we did not observe changes in histone acetylation at the
Gabra4 or Gabrg2 promoters (Fig. 2c). No change in the repressive
methylation mark H3K9me3 was observed at the Gabra1 promoter
after chronic ethanol exposure or TSA administration (Fig. 2d).
We next evaluated if HDAC2 or HDAC3 association with the

Gabra1 promoter was altered after 14-day chronic ethanol
exposure and withdrawal. ChIP assays revealed that chronic
ethanol exposure increases HDAC2 association with the Gabra1
promoter (0.25 ± 0.01% input, p < 0.0001) that was prevented by
TSA (0.15 ± 0.01% input, p < 0.001, Fig. 2e). Similarly, HDAC3
association with the Gabra1 promoter was also increased after
chronic ethanol exposure (0.18 ± 0.02% input, p < 0.0001) and this
effect was prevented by TSA (0.07 ± 0.03% input, p < 0.0001,
Fig. 2f). There was no change in HDAC2 or HDAC3 association with
either the Gabra4 promoter or the Gabrg2 promoter after chronic
ethanol exposure or TSA administration (Fig. 2e, f).

TSA administration prevents changes in gene expression of
Gabra1, Hdac2, and Hdac3 in the mPFC, and prevents changes in
GABAAR function measured via slice electrophysiology
Since TSA prevented changes in Gabra1 expression in whole
cortex, we next evaluated whether these changes occurred in the
mPFC, a region of cortex that is dysregulated in alcohol
dependence [24, 25]. Sprague Dawley rats were treated for
14 days with 5 g/kg ethanol (i.g.) and the mPFC was micro-
dissected and processed for qPCR analysis (Fig. 3a). The results
were similar to those found in whole cerebral cortex, as Gabra1
expression was decreased (Fig. 3b, 0.47 ± 0.05 fold control) and
this was prevented by the administration of TSA (Fig. 3b, 0.87 ±
0.06, p < 0.01). We next evaluated if Hdac2 and Hdac3 were
upregulated in mPFC. Hdac2 was increased after chronic ethanol
gavage (Fig. 3c, 1.8 ± 0.09 fold control, p < 0.01), but TSA treatment
did not prevent this upregulation. Hdac3 was also increased after
chronic ethanol gavage (Fig. 3d, 1.84 ± 0.10 fold control, p <
0.0001) and this change was prevented by the administration of
TSA (Fig. 3d, 1.10 ± 0.05 fold control, p < 0.0001). We next
performed slice electrophysiology to determine if there were cell
specific effects in pyramidal cells in the prelimbic mPFC (layer V
and VI), including changes in GABAergic transmission as
determined by sIPSCs. We found a significant decrease in τ1
decay time (Fig. 3f, 8.60 ± 0.370 ms, p < 0.05), indicative of
decreased post-synaptic inhibitory activity, that was prevented
by the administration of TSA (Fig. 3f, 11.98 ± 0.59ms, p < 0.01). We
did not find any other significant changes in sIPSC characteristics
for any treatment group after either ethanol exposure or TSA
administration (Supplementary Table 3).

TSA decreases voluntary ethanol consumption, and prevents
effects of voluntary drinking on Gabra1, Hdac2, and Hdac3
expression in the PFC
Since TSA prevented involuntary ethanol-induced changes in
gene expression, HDAC activity and behavior following ethanol

administration, we examined whether voluntary ethanol con-
sumption would produce similar changes using an intermittent
two-bottle choice (I2BC) paradigm using Wistar rats (Fig. 4a) [28].
We injected TSA (2 mg/kg, i.p.) 2 h before drinking on the 14th
drinking session. We then monitored drinking for another three
sessions. In three of the four sessions following TSA administra-
tion, there was a significant decrease in ethanol consumption
(Fig. 4b), but only the 14th session showed a significant decrease
in alcohol preference (data not shown). There was no significant
difference in water consumption on any day between the two
groups (data not shown).
We next analyzed whether I2BC would also cause a decrease in

Gabra1 expression in the mPFC with qPCR and found that
voluntary drinking decreased Gabra1 expression (Fig. 4c, 0.64 ±
0.02 fold control) and this was prevented by the administration of
TSA (1.015 ± 0.02 fold control, p < 0.0001). We then analyzed
Hdac2 and Hdac3 expression. We found that voluntary drinking
increased Hdac2 expression in the PFC (Fig. 4d, 2.90 ± 0.06 fold
control) and this was prevented by the administration of TSA
(Fig. 4d, 0.45 ± 0.01, p < 0.0001). Hdac3 expression was also
increased in the PFC after voluntary drinking (Fig. 4e, 2.25 ± 0.05
fold control) and prevented by the administration of TSA (Fig. 4e,
0.93 ± 0.02 fold control, p < 0.0001).

TSA administration prevents chronic ethanol-induced cross-
tolerance to zolpidem and changes in open-field behavior
To determine if the chronic ethanol exposures had behavioral
sequelae that were indicative of changes in GABAAR expression
and alcohol dependence that involved the mechanisms eluci-
dated above, we assessed whether TSA would prevent changes
in functional activity of the GABAAR α1 receptor subtype by
examination of zolpidem-induced LORR [9, 33] as well as a more
general behavior disrupted by alcohol dependence (open-field
locomotor activity) [34, 35] (Fig. 5a). Finally, we used the
elevated plus maze to examine potential changes in anxiety-like
behavior and the effect of TSA, since anxiety is a prominent
symptom of alcohol withdrawal that is observed in rodent
models of alcohol dependence [19, 30]. Zolpidem hypnosis (60
mg/kg, i.p.) was decreased following 14-day ethanol exposure
indicating cross-tolerance (Fig. 5b, 52 ± 6.3% control, p < 0.01)
and this effect was prevented by the administration of TSA
(Fig. 5b, 89.64 ± 9.11% control, p < 0.05). We next assessed
locomotor activity and center-time behavior using open-field
chambers (Fig. 5c, d). Ethanol administration for 13 days with 24
h withdrawal decreased both the percentage of center-time
(Fig. 5c, 0.98 ± 0.14%) and total locomotor activity (Fig. 5d, 1979
± 166 cm), and both effects were prevented by the administra-
tion of TSA (Fig. 5c, 3.00 ± 0.73%, p < 0.05; Fig. 5d, 2762 ± 246 cm,
p < 0.01). Following voluntary ethanol consumption (Fig. 5e),
we found a decrease in the total open-arm time (Fig. 5f, 4.96 ±
1.07% total time, p < 0.05), and this change was prevented
by the administration of TSA (Fig. 5f, 26.34 ± 7.05% total time,

Fig. 2 Chronic ethanol exposure increases HDAC2 and HDAC3 both in the chromatin fraction and at the Gabra1 promoter likely facilitating
decreases in H3 acetylation at the Gabra1 promoter. a qPCR analysis of the 11 Hdac isoforms and the effect of TSA. Chronic ethanol
administration selectively upregulates Hdac2 and Hdac3 transcript levels. A significant main effect of ethanol exposure was found for Hdac2 (F1,20
= 13.10, p= 0.0017, n= 7, 7, 5, 5) while a significant interaction was found for Hdac3 and TSA (F1,18= 6.233, p= 0.0225, n= 7, 5, 5, 5) using two-
way ANOVA. b Chronic ethanol exposure increases HDACs in the chromatin fraction. HDAC2 (t10= 5.733, p= 0.0002) and HDAC3 (t10= 3.605, p
= 0.0048) were significantly increased using Student’s unpaired two-tailed t test. c TSA prevents changes in histone acetylation associated with
the Gabra1 promoter and TSS. A significant main effect of TSA on acetylation at the Gabra1 promoter (F1,16= 8.840, p= 0.0090, n= 4, 5, 5, 6) and
a significant interaction between ethanol exposure and TSA exposure at the Gabra1 TSS (F1,15= 7.570, p= 0.0148, n= 4, 5, 5, 6) was found using
two-way ANOVAs. d Chronic ethanol administration and withdrawal does not change association of the H3K9me3 with the Gabra1 promoter. e
ChIP assays reveal that chronic ethanol exposure increases HDAC2 association with the Gabra1 promoter, but not the Gabra4 or Gabrg2
promoters; this effect is blocked by TSA administration. There was a significant interaction between ethanol and TSA exposure for HDAC2
associated with the Gabra1 promoter (F1,16= 7.353, p= 0.0154, n= 5) using two-way ANOVA. f Chronic ethanol exposure increases HDAC3
enrichment at the Gabra1 promoter, but not Gabra4 or Gabrg2 promoters, and this effect is blocked by the administration of TSA. There was a
significant interaction between ethanol and TSA exposure (F1,20= 46.05, p < 0.0001, n= 6) found using two-way ANOVA. Two-way ANOVAs were
followed by Bonferroni’s post hoc tests, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are represented as mean ± SEM.
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p < 0.01) in the elevated plus maze. We did not observe any
decrease in total distance traveled in the elevated plus maze
after I2BC (Fig. 5g).
Further investigation of the effects of acute ethanol exposure

and acute ethanol withdrawal suggest that transcriptional
regulation of Gabra1 is dependent upon chronic exposure to
alcohol since acute exposure and acute withdrawal did not cause
changes Gabra1 expression, H3Ac, or HDAC1-3 expression in the
cerebral cortex (Supplementary Figure 1).

DISCUSSION
In this study, we evaluated whether an epigenetic mechanism
regulated GABAAR α1 and α4 expression in two different rodent
models of ethanol dependence and determined if these changes
could be prevented by the administration of the HDAC inhibitor
TSA. Our results indicate that chronic ethanol exposure and
withdrawal causes a decrease in α1 expression by histone
deacetylation adjacent to the Gabra1 gene promoter region and
transcription start site, which is facilitated by the recruitment of

a

PFC Microdissection or mPFC slice electrophysiology

b c d

e f

20 pA
8 ms

20 pA
8 ms

Key

H2O + Veh EtOH + Veh EtOH + TSA

H2O + Veh vs EtOH + Veh H2O + Veh vs EtOH + Veh
vs EtOH + TSA

Fig. 3 Chronic ethanol exposure-induced changes in Gabra1 expression and GABAA-R function in prelimbic medial PFC are prevented by TSA.
a Schematic showing experimental paradigm of ethanol exposure and TSA administration, followed by PFC microdissection or mPFC slice
electrophysiology. b qPCR analysis reveals that changes in Gabra1 expression caused by chronic ethanol gavage are prevented by the
administration of TSA. There was a significant interaction between ethanol and TSA exposure for Gabra1 expression (F1,20= 12.67, p= 0.0020,
n= 6). c qPCR analysis reveals that increased Hdac2 expression caused by chronic ethanol gavage is prevented by the administration of TSA.
There was a significant interaction between ethanol and TSA exposure for Hdac2 expression (F1,19= 9.096, p= 0.0071, n= 6, 6, 6, 5). d qPCR
analysis reveals that increased Hdac3 expression caused by chronic ethanol gavage is prevented by the administration of TSA. There was a
significant interaction between ethanol and TSA exposure for Hdac3 expression (F1,19= 30.88, p < 0.0001, n= 6, 6, 6, 5). e Representative
composite traces for sIPSCs measured in layer V and VI in prelimbic mPFC slices. f Changes in sIPSC decay τ1 recorded in the mPFC caused by
chronic ethanol exposure are prevented by the administration of TSA. There was a significant effect of TSA on decay τ1 (F1,48= 12.68, p=
0.0008, n= 14, 13, 16, 9). Two-way ANOVAs were followed by Bonferroni’s post hoc tests, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data
are represented as mean ± SEM.
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HDAC2 and HDAC3 and that these changes can be prevented by
the administration of TSA. Evaluation of cortical circuitry involved
in addiction (the mPFC) revealed similar changes in both Gabra1
expression and Hdac2 and Hdac3 expression, and also functional
changes in GABAergic neurotransmission as evidenced by
changes in sIPSC decay-tau, all of which were reversed after TSA
administration. Cross-tolerance to GABAergic drugs is a known
symptom of alcohol dependence in humans and rodents, and
acute TSA administration prevented this effect as evidenced by
the reversal of decreases in zolpidem-induced LORR caused by
chronic ethanol exposure. In addition, several behavioral pheno-
types of alcohol dependence were prevented by acute adminis-
tration of TSA, including open-field activity, anxiety-like behavior
in the elevated plus maze, and ethanol consumption in a two-
bottle choice paradigm.

Epigenetic changes in GABAAR α1 expression are important in
alcohol dependence
Chronic ethanol exposure has long been known to cause
decreased α1 subunit expression using several different modes
of ethanol exposure including gavage [4] or liquid diet [6] in

rodent models that recapitulate symptoms observed in human
patients with alcohol use disorders. The GABAAR α1 subunit is
important in the chronic effects of ethanol, as chronic ethanol-
induced decreases in α1 expression are associated with cross-
tolerance to benzodiazepines and non-benzodiazepine hypnotics
such as zolpidem, increased seizure susceptibility, decreased LORR
reflex induced by GABAergic hypnotics and ethanol, and tolerance
to the sedative effects of ethanol [4, 6, 9, 13, 36, 37] and restoring
GABAergic signaling in alcohol dependence has long been
recognized as a relevant treatment strategy for withdrawal
symptoms. Previous studies have largely focused on restoring
GABAAR α1 surface expression as an alternative to modulating
GABAergic function with benzodiazepines, via modulating protein
kinase interactions with α1-containing GABAARs to prevent
receptor internalization [15, 38–40]. The current study suggests a
previously unexplored avenue that GABAAR adaptations occur
through an epigenetic mechanism via histone deacetylation of the
Gabra1 promoter and transcriptional start site by HDAC2 and
HDAC3. A behavioral correlate of these finding is that we found
that TSA prevented changes in zolpidem-induced loss of righting
reflex caused by chronic ethanol exposure.

Intermittent 2BC (Every Mon, Weds, Fri)

a b

Session #1

Bottles on (10:00) for 24h

TSA (2mg/kg i.p.)
 2h before bottles on

Session 14

Elevated Plus Maze
Session 18

c d e

Fig. 4 Voluntary ethanol consumption alters Gabra1, Hdac2, and Hdac3 in the mPFC, and TSA prevents ethanol-induced changes in voluntary
consumption. a Schematic demonstrating two-bottle intermittent ethanol access paradigm. Wistar rats were given free access to bottles of
EtOH (15% w/v) and water for 24 h on Monday, Wednesday, and Friday in a reverse light-cycle room and allowed to reach baseline drinking
levels (approximately eight sessions). Before session 14, rats received either a vehicle or TSA injection; on session 18, rats were given access to
EPM and evaluated for anxiety-like behavior. b TSA administration decreased the amount of ethanol consumed. Each session was analyzed
individually using a Student’s t test. n= 13, 14. c qPCR analysis reveals that voluntary ethanol consumption decreases Gabra1 expression and
TSA administration prevents this effect. One-way ANOVA analysis found that there was a significant difference between ethanol/vehicle- and
ethanol/TSA-treated animals for Gabra1 expression (F2,18= 43.24, p < 0.0001, n= 7). d qPCR analysis reveals that increased Hdac2 expression
caused by voluntary ethanol consumption is prevented by the administration of TSA. One-way ANOVA analysis showed a significant
difference between ethanol/vehicle- and ethanol/TSA-treated animals for Hdac2 expression. (F2,15= 1264, p < 0.0001, n= 6). e qPCR analysis
reveals that increased Hdac3 expression caused by voluntary ethanol consumption is prevented by the administration of TSA. One-way
ANOVA analysis found that there was a significant difference between ethanol/vehicle- and ethanol/TSA-treated animals for Hdac3 expression
(F2,15= 454.1, p < 0.0001, n= 6). *p < 0.05, ****p < 0.0001. Data are represented as mean ± SEM.
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An important point that supports the generalizability of these
findings is that two rat strains with different genetic back-
grounds (Sprague Dawley and Wistar) showed decreased α1
expression and increased Hdac2 and Hdac3 expression. Wistar
rats are considered a high drinking strain and therefore were
used for the I2BC, while Sprague Dawleys are considered a low
drinking strain and were used for involuntary ethanol exposure
via gavage. Previous studies in humans have suggested that
~50% of the risk of alcohol dependence is genetic and the

remaining 50% is due to other factors, and our current study
suggests that the epigenetic modifications that we observed in
both the cortex and PFC are specific to ethanol exposure and not
due to differences in genetic background or innate alcohol
preference. Observations that ethanol reduces GABAAR function
and expression through multiple molecular mechanisms and in
two different rat strains in two different ethanol-exposure
paradigms underscore the significance of these receptors in
ethanol dependence.

b c d

Day 1

Open Field Assay  

Day 14 Day 15

Zolpidem LORR

EtOH (5g/kg - daily) TSA (2 mg/kg - 3 doses)
a

Open Field Assay:  post TSA, 24hr withdrawal

Elevated Plus Maze:      post TSA, in lieu of ethanol

e f
Intermittent 2BC (Every Mon, Weds, Fri)

Session 1

Bottles on (10:00) for 24h

TSA (2mg/kg i.p.)
 2h before bottles presented

Session 14

Elevated Plus Maze
Session 18

g

Fig. 5 TSA prevents chronic alcohol-induced changes in zolpidem hypnosis and open-field center time, locomotor behavior, and elevated
plus maze. a Schematic showing the experimental timeline of zolpidem LORR and open-field assay during gavage paradigm. b Zolpidem-
induced loss of righting reflex, expressed as % control. A significant interaction between ethanol and TSA exposure (F1,25= 6.740, p= 0.0156,
n= 8, 7, 7, 7) was found using two-way ANOVA. c Center time in open-field assay, expressed as % total locomotor activity time. A significant
interaction was found between ethanol and TSA exposure (F1,34= 12.41, p= 0.0012, n= 10, 9, 9, 10) using two-way ANOVA. d Total locomotor
activity in open-field assay. A significant interaction was found between ethanol and TSA exposure (F1,34= 11.05, p= 0.0021, n= 10, 9, 9, 10)
using two-way ANOVA. e Schematic demonstrating two-bottle intermittent ethanol access paradigm and elevated plus maze testing-day. f On
session 18, rats were tested on the elevated plus maze in lieu of ethanol access. Open-arm time was reduced in rats that consumed ethanol for
17 sessions compared to rats that never had ethanol access. TSA administration prevented decreases in open-arm time in the EPM in rats that
had alcohol access. Significance was determined using one-way ANOVA (F2,24= 7.022, p= 0.0042, n= 9, 9, 8). Results are expressed as %
open-arm time out of total time. g There was no change in total locomotor activity in elevated plus maze for any exposure group. One and
two-way ANOVAs were followed by Bonferroni’s post hoc tests, *p < 0.05, **p < 0.01, ****p < 0.0001. Data are represented as mean ± SEM.
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Chronic ethanol changes HDAC expression in both cortex and
neurocircuitry implicated in addiction
The PFC is known to be a critical brain region involved in alcohol
dependence [24, 41, 42]. The current study identified that
decreases in Gabra1 and increases in Hdac2 and Hdac3 also occur
in the PFC. The PFC controls executive function and disinhibition
of the PFC, via alterations in neurotransmission caused by
an imbalance of GABAergic and glutamatergic systems, is thought
to contribute to the development of alcohol dependence in
rodent models [42] and human patients with alcohol use disorders
[43]. Increased activity in the PFC, possibly through decreased
GABAergic signaling, contributes to anxiety in humans [44] and
dysregulation in projections from the PFC contributes to anxiety-
like behavior in rodents [45]. Previous studies have demonstrated
that chronic ethanol exposure causes decreases in GABAergic
inhibition in the mPFC [46], hippocampus [4], and amygdala [47]
that appear to involve loss of α1 expression. We observed changes
in synaptic transmission via decreases in decay-tau that are
potentially due to decreased α1 expression and/or increased α4
expression [16, 48, 49]. Decreases in α1 expression and increases
in α4 expression are thought to mediate changes in benzodiaze-
pine sensitivity, seizure susceptibility, and increased anxiety-like
behavior [9, 14, 50, 51]. The fact that we found both hypoactivity
and decreased center-time activity following chronic ethanol
exposure may suggest that anxiety-like behavior was not
observed. To mitigate this possibility, we expressed the center
time as a fraction of total locomotion, thereby normalizing the
data to account for reduced general locomotion. The data suggest
that chronic ethanol exposure reduces both total locomotion and
the relative proportion of center time, consistent with evidence for
anxiety-like behavior as well as reduced exploration. This data may
indicate another dependence phenotype that involves decreased
locomotor behavior similar to what has been reported by other
groups [34, 35].
In addition, we identified upregulation of Hdac2 and Hdac3

mRNA transcripts in the PFC. Changes in Hdac2 expression causes
changes in behavioral outputs in other brain regions [18, 52].
However, these results show that changes in Hdac3 also occur in
the PFC, suggesting that there are brain region specific changes
relative to the previously reported changes HDAC2 expression in
the amygdala. These results contribute to a growing body of work
that suggests TSA is a useful treatment modality that can prevent
ethanol-induced changes in circuitry involved in alcohol
dependence.

Histone deacetylases inhibitors as a useful treatment for alcohol
dependence
Chronic alcohol exposure causes numerous changes in the
transcriptome in human alcoholics [53] and rodents [54] suggest-
ing that TSA or other HDAC inhibitors target multiple different
pathways involved in alcohol use disorders [19, 55–58]. Our data
indicate that ethanol induces specific changes in H3 acetylation at
Gabra1 promoter, but not the Gabra4 and Gabrg2 promoters,
suggesting that histone deacetylation is specific to only certain
genes. The demonstration of epigenetic modulation of the Gabra1
promoter by ethanol in vivo agrees with our previously published
data showing that targeted increases in histone acetylation
associated with the Gabra1 promoter using a CRISPR
Cas9 strategy prevent ethanol-induced decreases in Gabra1
expression in vitro [21] suggesting that more targeted interven-
tions can prevent changes in Gabra1 expression. Moreover, we
and several other groups have demonstrated that chronic ethanol
exposure causes decreases in global histone acetylation and these
changes are thought to facilitate changes in gene expression,
which likely contribute to alcohol use disorders [19, 57–60],
suggesting that histone deacetylation may be a ubiquitous
mechanism for ethanol effects. Improved selectivity of drugs
targeting aberrant gene expression caused by alcohol abuse and

dependence may be improved by our understanding of the
epigenetic mechanisms that are dysregulated. Previous studies
have implicated HDAC2 in alcohol dependence in rodents [52, 60,
61] and alcohol use disorders in humans [61, 62]. The current
study found changes in HDAC2, but also found changes in HDAC3,
suggesting that HDAC3 may be a previously unrecognized target
for the treatment of alcohol dependence. HDAC2 and HDAC3 are
differently expressed in the cortex, with HDAC3 being the more
highly expressed of the two isoforms and the most highly
expressed isoform in the brain [32]. HDAC2 and HDAC3 are not
commonly found together in the same signaling complex,
suggesting that there may be two different pathways recruited
by chronic ethanol exposure. Future studies will need to address
this possibility.
Our results suggest that HDAC inhibitors in the hydroxamate

class (e.g., TSA and the FDA approved Vorinostat) may be useful in
the treatment of alcohol dependence. Our results indicate that
even acute TSA treatment can normalize HDAC2/3 mRNA
expression suggesting that this may be the mechanism of action
of TSA to prevent changes in global H3 acetylation and H3
acetylation associated with the Gabra1 promoter. RNA-sequencing
studies of GABAAR α1 knockout mice find that there are
considerable changes to gene regulatory networks [63] suggest-
ing that decreases in GABAAR α1 expression are also important for
changes beyond just the GABAergic system and implicating the
need for a broad-based HDAC inhibitor, such as TSA, to prevent
global changes in gene transcription induced by downregulation
of GABAAR α1 receptors. Therefore, HDAC inhibitors may have
therapeutic value in other disease states where GABAAR α1
expression is dysregulated, including epilepsy [64], autism [65],
schizophrenia [66], Alzheimer’s disease [67], and depression [68].
However, long-term treatment with HDAC inhibitors in alcohol use
disorders and other disease states still need to be evaluated.
The present paper demonstrates that acute TSA can be used to

prevent drinking behaviors in an I2BC paradigm, withdrawal
behaviors, and the loss of GABAergic inhibition in the mPFC and
decreases in α1 expression in the PFC and whole cortex. The
results presented here may inform the development of better
therapies utilizing epigenetic pathways for the treatment of
alcohol use disorders.
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