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Abstract

Background: Alcohol use disorder (AUD) is a chronic relapsing brain disorder. GABA, receptor (GABA,R) subunits are a target for the
pharmacological effects of alcohol. Neurosteroids play an important role in the fine-tuning of GABA R function in the brain. Recently,
we have shown that AUD is associated with changes in DNA methylation mechanisms. However, the role of DNA methylation in the
regulation of neurosteroid biosynthesis and GABAergic neurotransmission in AUD patients remains under-investigated.

Methods: In a cohort of postmortem brains from 20 male controls and AUD patients, we investigated the expression of GABA R
subunits and neurosteroid biosynthetic enzymes and their regulation by DNA methylation mechanisms. Neurosteroid levels
were quantified by gas chromatography-mass spectrometry.

Results: The o, subunit expression was reduced due to increased DNA methylation at the gene promoter region in the
cerebellum of AUD patients, a brain area particularly sensitive to the effects of alcohol. Alcohol-induced alteration in
GABA,R subunits was also observed in the prefrontal cortex. Neurosteroid biosynthesis was also affected with reduced
cerebellar expression of the 18kDa translocator protein and 3a-hydroxysteroid dehydrogenase mRNAs. Notably, increased
DNA methylation levels were observed at the promoter region of 3a-hydroxysteroid dehydrogenase. These changes were
associated with markedly reduced levels of allopregnanolone and pregnanolone in the cerebellum.

Conclusion: Given the key role of neurosteroids in modulating the strength of GABA,R-mediated inhibition, our data suggest
that alcohol-induced impairments in GABAergic neurotransmission might be profoundly impacted by reduced neurosteroid
biosynthesis most likely via DNA hypermethylation.
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Introduction
Alcohol use disorder (AUD) is a multifaceted chronic relapsing and cognitive impairments (Keedwell et al., 2001). Altered
disorder often comorbid with mood disorders (Falk et al., 2008) GABAergic neurotransmission is thought to mediate the
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Significance Statement

Alcohol use disorder (AUD) is a multifaceted chronic relapsing disorder affecting 6% of the US adult population. GABAergic
neurotransmission mediates the behavioral tolerance and dependence to excessive alcohol drinking via brain-region specific
alterations in GABA, receptor subunit expression. Endogenous neurosteroids, including allopregnanolone and pregnanolone,
play a key role in fine-tuning GABA, receptor-mediated inhibition. Our study found reduced levels of neurosteroids in the
postmortem cerebellum of AUD patients. These changes were associated with increased DNA methylation on key enzymes
of the neurosteroidogenesis pathway (i.e., 3a-hydroxysteroid dehydrogenase) and related GABAergic genes. Our data suggest
that alcohol-induced changes in GABAergic neurotransmission may be a result of reduced neurosteroid biosynthesis via DNA
hypermethylation processes and implicates neurosteroid dysregulation as a primary mechanism for AUD neuropathophysiology.
Thus, given the key role of allopregnanolone and pregnanolone in the fine-tuning of GABA,R-mediated inhibition, targeting
neurosteroidogenesis may be a promising therapeutic strategy for the management of AUD.

behavioral tolerance and dependence to protracted and excessive
alcohol drinking and to contribute to the pathogenesis of AUD
(Tabakoff and Hoffman, 2013). Synaptic changes in the strength
of GABAergic neurotransmission are mediated by the structural
and functional plasticity of both GABA, and GABA, receptors.
The GABA, receptor (GABA,R) is a pentameric protein complex
formed by subunits whose combination accounts for the diverse
pharmacological properties of the receptor (Belelli and Lambert,
2005). On one hand, synaptic GABA,R, mainly containing o, ,
along with § and y subunit variants (Uusi-Oukari and Korpi, 2010;
Fritschy and Panzanelli, 2014), mediate phasic currents (Brickley
and Mody, 2012) and are sensitive to both benzodiazepines and
barbiturates but are insensitive to the actions of 3a-hydroxy ring
A-reduced pregnane steroids (GABAergic neurosteroids) (Costa
and Guidotti, 1991; Héjos et al., 2000). On the other hand, peri-
and extrasynaptic GABA,R containing a, . with  and  subunits
instead of y are responsible for a persistent tonic inhibition as
a result of diffused extracellular GABA from nearby synapses
(Belelli and Lambert, 2005; Uusi-Oukari and Korpi, 2010; Brickley
and Mody, 2012). Importantly, the extrasynaptic GABA,R are
highly sensitive (nM concentrations) to the positive allosteric
modulation of neurosteroids, for example, allopregnanolone
and its stereoisomer pregnanolone, while the synaptic recep-
tors are less sensitive (uM) to these compounds (Belelli et al.,
2009; Uusi-Oukari and Korpi, 2010; Brickley and Mody, 2012). The
regulation of GABA steady-state levels is mediated by glutamate
decarboxylases (i.e., GAD1 and GAD2) and high-affinity trans-
porters primarily located in the presynaptic GABAergic neurons
(i.e., GAT1) as well as in surrounding astrocytes (i.e., GAT2 and
-3) (Schousboe et al., 2004). GABA may also be metabolized by
GABA-transaminase (ABAT) (Madsen et al., 2008). Thus, GABA
and neurosteroids interaction is crucial in maintaining physio-
logical neurotransmission and brain function.

GABA,R adaptations have been largely implicated in alcohol
dependence. In preclinical studies, long-term and continuous
ethanol exposure has been found to downregulate a,- and
a,-containing GABA,R mRNA expression in the cerebellum
(Montpied et al., 1991). Of note, human genetic studies high-
lighted GABA,R a, single nucleotide polymorphisms in associ-
ation with AUD (Edenberg et al., 2004). Furthermore, numerous
preclinical and clinical studies have highlighted a role for GABA,
receptors in mediating the effects of alcohol intake (Walker and
Koob, 2007; Addolorato and Leggio, 2010; Maccioni and Colombo,
2019). GABA, receptor modulators are currently investigated to
facilitate abstinence and reduce alcohol use (Farokhnia et al,,
2018; Maccioni et al., 2019).

Mounting studies have shown evidence for a role for epigen-
etic mechanisms (e.g.,, DNA hypermethylation) in the patho-
physiology of AUD and associated maladaptive behaviors

(Warnault et al., 2013; Berkel and Pandey, 2017; Gatta et al., 2017,
2019). In a previous study in the cerebellum of AUD patients,
we reported a marked decrease in the amounts of the GABA, R
& subunit, which was associated with increased DNA methy-
lation of the corresponding gene promoter (Gatta et al., 2017).
Additionally, we observed an impairment of the 1-carbon me-
tabolism and a higher methylation index, suggesting the exist-
ence of an aberrant DNA methylation in the cerebellum of AUD
patients (Gatta et al., 2017).

The cerebellum is a brain area particularly sensitive to the
acute and chronic effects of ethanol (Dar, 2015; Valenzuela
and Jotty, 2015). In addition to its well-known role in motor co-
ordination (Ito, 2008), recent studies have demonstrated that
cerebellar granule and Purkinje cells also integrate reward ex-
pectations (Wagner et al., 2017; Kostadinov et al., 2019). Alcohol
affects motor coordination by enhancing tonic inhibition me-
diated by extrasynaptic receptor containing o, and & subunits
(Hanchar et al., 2005), which are almost exclusively present in
cerebellar granule cells, where they generate a tonic inhibi-
tory conductance controlling granule cells function (Nusser
et al., 1999). Although the role of the § subunit in mediating the
pharmacological effects of alcohol has been previously studied,
the effects of alcohol exposure on 6-containing GABA,R in the
CNS remains controversial (Korpi et al., 2007). No changes in
& subunit expression have been observed in the brain of pre-
clinical models of alcohol consumption (Mehta et al., 2007;
Bohnsack et al., 2018). Additionally, §-deficient mice showed re-
duced physiological responses to ethanol (Mihalek et al., 2001).
However, extrasynaptic GABA,R are essential in mediating the
physiological response to neurosteroids.

The synthesis of neurosteroids starts in glial cells by the
transport of cholesterol from the outer to the inner mitochon-
drial membrane by the 18kDa translocator protein (TSPO)
(Costa and Guidotti, 1991; Rupprecht et al., 2009). Cholesterol
is then converted by the mitochondrial cholesterol side-chain
cleavage enzyme into pregnenolone, which is the precursor
for all neurosteroids. Pregnenolone is subsequently taken into
neurons where it is further metabolized into progesterone
by the 3p-hydroxysteroid dehydrogenase (3-HSD). Type-1
Sa-reductase (50-R1) and 30-HSD then convert progesterone
into allopregnanolone (Locci and Pinna, 2017). Neurosteroid syn-
thesis has been shown in glutamatergic corticolimbic neurons
as well as in cerebellar granule cells (Agis-Balboa et al., 2006).
Neurosteroids act through specific binding sites located on the
transmembrane domains of o, and & subunits of extrasynaptic
GABA,Rs where they potentiate GABAergic inhibition and
produce pharmacological effects comparable with those of
alcohol (Concas et al., 1998; Hosie et al., 2006; Follesa et al.,
2000, 2006).
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Acute alcohol intoxication increases serum allopregna-
nolone levels in human blood samples of adolescent indi-
viduals (Torres and Ortega, 2003, 2004) and in rat cerebral
cortex (VanDoren et al., 2000). Conversely, chronic ethanol
exposure in rodents reduces allopregnanolone levels in sev-
eral brain regions, including cerebral cortex, hippocampus,
medial prefrontal cortex, ventral tegmental area, amyg-
dala, and striatum (Cagetti et al., 2004; Maldonado-Devincci
et al., 2014). Interestingly, voluntary chronic ethanol intake
decreases allopregnanolone in the amygdala and plasma
of cynomolgus monkeys (Beattie et al., 2017). However, the
alcohol-induced changes in GABAergic synaptic regulation
as well as neurosteroidogenesis and associated DNA methy-
lation mechanisms in human brain remain largely under-
investigated. We therefore tested the hypothesis that alcohol
drinking alters GABAergic neurotransmission in association
with changes in allopregnanolone biosynthesis via epigen-
etic mechanisms in the cerebellum of individuals suffering
from AUD.

Materials and Methods

Subjects

Frozen postmortem brain tissue was obtained from the
New South Wales Brain Tissue Resource Centre (NSW BTRC,
University of Sydney, Australia) as part of a cohort origin-
ally including 25 subjects per group (see Gatta et al., (2017)
for details). Postmortem brain tissue was dissected as previ-
ously described (Sheedy et al., 2008). For each sample, cere-
bellar tissue was prepared according to standard NSW BTRC
protocol. Briefly, the cerebellum was hemisected through
the vermis then dissected into 3 segments along the para-
sagittal plane and frozen at -80°C. Fresh frozen cerebellar
cortex was sampled at the level of the dentate nucleus. Use
of postmortem brain tissue was approved by the University
of Illinois at Chicago Institutional Review Board. Individuals
were diagnosed according to the DSM-IV criteria for AUD.
Because of lack of availability of female samples, we decided
to focus our study in the male population and focused our
analysis on 20 control and 20 AUD subjects for RNA ana-
lysis. Due to tissue availability, only 12 control and 15 AUD
subjects were used for neurosteroid determination (supple-
mentary Table 1). Focusing on males prevented confounding
in allopregnanolone measurements due to menstrual cycle
(Uzunova et al., 1998; Maguire et al., 2005). Subjects did not
show any hepatic encephalopathy pathology. The AUD cohort
of 20 subjects included 7 AUD subjects who had alcohol toxi-
cology at the time of death (0.03-0.430 g/100 mL) and 13 AUD
subjects that had unknown (n=3) or undetected blood alcohol
levels (n=10). Four of the subjects with alcohol toxicology at
the time of death were used for neurosteroid levels determin-
ation (supplementary Table 1).

Neurosteroid Measurements

Allopregnanolone and its isomer, pregnanolone, were extracted,
derivatized, and quantified as previously described (Uzunov
et al, 1996). After addition of deuterium-labeled internal
standards to tissue samples, steroids were extracted, purified,
and separated by high-pressure liquid chromatography. After
derivatization, gas chromatography-mass spectrometry ana-
lysis in the standard electron impact mode was performed
(Pinna et al., 2004; Locci and Pinna, 2019).

Reverse Transcriptase-Quantitative Polymerase
Chain Reaction (QRT-PCR)

Total mRNA was extracted using miRNeasy kit following the
manufacturer’s instructions (Qiagen, Valencia, CA). DNAse
treatment was used to avoid any genomic DNA contamination.
mRNA levels were measured in prefrontal cortex (BA10), hippo-
campus, striatum, and cerebellum of our control and AUD co-
hort by qRT-PCR following total RNA extraction as previously
described. RNA Integrity Number (RIN) values were measured
with the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA). Samples with an RIN <3 were excluded from the ana-
lyses. Primer sequences used for mRNA expression studies are
listed in supplementary Table 2. Three reference genes (i.e., Beta-
2-Microglobulin, Glyceraldehyde-3-Phosphate Dehydrogenase
[GAPDH], and f3-actin) were chosen for normalization of mRNA
levels (Gatta et al., 2017, 2019). Our study focused on a- and
d-containing GABA R.

Methyl-DNA-Immunoprecipitation Assay

DNA methylation levels were assessed by methyl-DNA-
immunoprecipitation (MeDIP) using the MagMeDIP kit
(Diagenode, Denville, NJ) as previously described (Gavin et al.,
2012; Gatta et al., 2017, 2019). Primers were designed in the
promoter region of 3a-HSD (gene symbol: AKR1C2) and GABA
receptor subunit a, (GABRA2) genes (supplementary Table 2).
A schematic representation of the genes’ structure is pre-
sented in supplementary Figure 1 for the main promoter
(supplementary Figure 1A-B) and the promoter of upstream
transcripts for the corresponding gene (supplementary Figure
1C- D). The efficiency of the MeDIP assay was validated by
gRT-PCR using internal positive and negative DNA controls
(methylated/hydroxymethylated and unmethylated DNA) as
well as control primers for testis-specific H2B histone gene
(which is methylated in all somatic cells but not in testis) and
GAPDH promoter (which is poorly methylated) following the
manufacturer’s instructions (see Gatta et al., 2017 and supple-
mentary Figure 2) with a specificity of 97.75%. Data obtained
were calculated as % recovery=2*(input —3.32 -IP) x 100 as re-
commended by the manufacturer, then expressed as % of con-
trol to account for the fact that samples were run in 2 batches.

Western Blot

Cerebellar proteins were extracted as previously described (Gatta
et al., 2017). Briefly, 30 pg of each sample was separated by elec-
trophoresis on Novex 4%-12% Tris-Glycine gels (Invitrogen,
Carlsbad, CA) then transferred to polyvinylidene difluoride mem-
brane (Millipore, Billerica, MA). Membranes were incubated with
the following primary antibodies: anti-GABRA2 protein (1:500,
Alpha Diagnostic International, San Antonio, TX; #GAA21-A)
and anti-GAPDH (1:8000 Millipore; #MAB374). Horseradish
peroxidase (HRP)-conjugated secondary anti-rabbit or anti-mouse
antibodies (1:10 000, GE Healthcare, Arlington Heights, IL) were
used and membranes were developed with Immobilon Western
Chemiluminescent HRP Substrate (Millipore). Densitometric
analysis was performed with ImageJ software.

Statistical Analysis

Statistical differences were assessed with 2-tailed Student’s
t tests, and comparisons were considered statistically signifi-
cant at P<.05. Benjamini-Hochberg (1995) multiple comparisons
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were conducted to control for the false discovery rate as pre- Results

viously described (Gatta et al., 2017). ANCOVA was performed

for adjusting co-variants on the results. When appropriate, data Alcohol Impairs Neurosteroidogenesis in the
were analyzed by 1-way ANOVA followed by Tukey’s post-hoc Cerebellum of AUD Patients

comparison. Correlation analyses were performed using 2-tailed

Pearson’s correlation analysis. All statistical tests were run using The mRNA expression of key components of the neurosteroid
PASW v.18 software (SPSS). biosynthetic pathway and the levels of allopregnanolone and
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Figure 1. Cerebellar neurosteroidogenesis in individuals with alcohol use disorder (AUD). (A) Allopregnanolone (t,,; = 3.1, P=.005) and (B) pregnanolone (t, ,; 4.4,
P=.0002) cerebellar levels (pg/g of tissue). mRNA expression of (C) 18 kDa translocator protein (TSPO, t, ,, 3.3, P=.002), Mitochondrial Cholesterol Side-Chain Cleavage
Enzyme (p450scc, t, ,, 1.2, P=.2), 3f-hydroxysteroid dehydrogenase (33-HSD, t,,, 1.3, P=.2), and 3a-HSD (t,,, 2.3, P=.03). Methylation levels measured by methylated
DNA immunoprecipitation (MeDIP) of 3a-hydroxysteroid dehydrogenase (3a-HSD) (D) main promoter (from -1743 to -1594 bp: t, ,;_3.6, P=.0008; ~1579 to ~1430 bp:
t,,5.2.1,P=.04; 43 to +56 bp: t, ,;_0.15, P=.88), (E) upstream promoter (from -424 to -325 bp: t, ,,_3.6, P=.0009; from -153 to -52 bp: t, ,,_2.4, P=.02). Methylation levels of
3a-HSD upstream promoter (-153 to —52 bp) negatively correlated with ethanol daily consumption (r=0.31, P=.049); no significant correlation was observed with the
number of standard drinks per week or the drinking years. These correlations were not significant when only considering the AUD group. Values are mean+SEM of 12
control and 16 AUD samples for neurosteroid measurement, 18-20 samples per group for mRNA expression and 17-20 samples per group for DNA methylation levels

determination depending on samples availability. *P<.05, **P<.01, **P<.001, Student’s t test vs controls.
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its isomer pregnanolone were altered in the cerebellum of AUD
patients. We observed a decrease of approximately 60% in the
amounts of allopregnanolone (Figure 1A) and pregnanolone
(Figure 1B). These data remained significant after Benjamini-
Hochberg’s correction (adjusted P=.005, .0004, respectively).
Of note, the levels of allopregnanolone measured in our co-
hort negatively correlated with ethanol daily consumption
and the number of standard drinks per week (supplementary
Table 3). These correlations were not significant when only
considering the AUD group. The AUD subjects with positive
alcohol toxicology at the time of death did not differ from the
other AUD subjects and showed significantly reduced levels
of allopregnanolone (1-way ANOVA, F, ,=6.69, P=.009; Tukey’s
post-hoc positive alcohol toxicology vs AUD P > .9999; alcohol
toxicology vs control P=.03). In the cerebellum of the same
subjects, we also observed reduced mRNA expression of TSPO
and 3a-HSD (Figure 1C). These data remained significant after
Benjamini-Hochberg multiple comparison (adjusted P values:
TSPO P=.007, 30-HSD P=.076). A significant inverse correl-
ation was observed between the mRNA expression of TSPO
and ethanol daily consumption levels (supplementary Table
3). mRNA expression of 3a-HSD correlated with the levels of
allopregnanolone (r=0.45, P=.02) and pregnanolone (r=0.57,
P=.002). These correlations were not significant when only
considering the AUD group. No significant changes were
found for P450scc and 3f3-HSD mRNAs (Figure 1C).

DNA Methylation and Neurosteroid Biosynthesis

We next investigated whether reductions in mRNA expres-
sion of 30-HSD in the cerebellum of AUD subjects were related
to changes in DNA methylation of gene promoter. We observed
a hypermethylation of the 3u-HSD gene promoter (AKR1C2,
Figure 1D) at -1743 to —-1594 bp and -1579 to -1430 bp, while
no differences in methylation levels were observed at -43 bp
to +56 bp. Increased methylation levels were also detected for
a promoter of upstream transcripts site at —-424 to -325 bp and
-153 to -52 bp (Figure 1E). These data remained significant after
Benjamini-Hochberg multiple comparison (main promoter, -1743
to -1594 bp: adjusted P=.0004, -1579 to —1430 bp: adjusted P=0,01;
upstream promoter sites, from —424 to —325 bp: adjusted P=.0004;
from -153 to -52 bp: adjusted P=.002). A detailed gene structure
for AKR1C2 is shown in supplementary Figure 1A and C. These re-
sults suggest that DNA hypermethylation of 30-HSD in the cere-
bellum of AUD is responsible for deficits in 3a-HSD expression
and might be associated with altered neurosteroid levels in AUD.

Expression of GABA,
Brain of AUD Patients

Receptor Subunits in the

The expression of GABA,R subunits is brain region specific.
To study whether chronic alcohol abuse induces changes in
GABA,R mRNA subtypes expression, we presented our data
as a fold change of control. In a previous work, we found re-
duced mRNA expression of GABA,R & subunit in the cere-
bellum of AUD subjects (Table 1; Gatta et al., 2017). Here, we
extended this study to other GABA,R subunits not only in the
cerebellum but also in other brain regions. We observed a stat-
istically significant reduction in the a, subunit mRNA expres-
sion in prefrontal cortex (PFC) and cerebellum (Table 1) of AUD
subjects. However, no significant change was observed in the
hippocampus or striatum (Table 1). Importantly, the GABA,R &
subunit mRNA expression was significantly decreased in PFC,
with reduced but not significant levels in the hippocampus

Table 1. mRNA expression of GABA, (GABA,R) and GABA, (GABA,R) receptor subunits in the PFC (BA10), HPC, STR, and CB of CONT and AUD subjects

GABA R

GABA,R

ab

a5

a4

a2

al

1.00+0.06

1.00+0.14 1.00+0.12 1.00+0.05

1.00+0.11
0.95+0.08
1.00+0.12
0.89+0.07
1.00+0.16
0.57+0.32
1.00+0.15

1.00+0.09
0.98+0.08
1.00+0.11
1.00+0.07

1.00+0.07

1.00+0.04
0.95+0.04
1.00+0.08
0.86+0.09
1.00+0.16
0.82+0.07

CONT
AUD

PFC

0.80+0.03**
1.00+0.12
1.00+0.06
1.00+0.15
0.81+0.11
1.00+0.05
0.89+0.04

0.84+0.04*
1.00+0.07
0.87+0.05
1.00+0.06
0.89+0.06
1.00+0.05

0.71+0.05*
1.00+0.24
0.67+0.10

0.64+0.06*

ND

0.77 +0.06*
1.00+0.13
0.84+0.07

CONT
AUD

HPC

1.00+0.21
1.12+0.21

1.00+0.13
1.07+0.12

1.00+0.10
1.07+0.12
1.00+0.13
1.11+0.15

1.00+0.15
0.81+0.08

CONT
AUD

STR

1.00+0.081
0.75+0.07*

1.00+0.091
0.99+0.13

1.00+£0.11/1.00+0.15

1.00+0.11*
0.92+0.07

CONT

AUD

CB

0.85+0.05*

1.40+0.24

0.66+0.08%/0.65+0.08"

Abbreviations: AUD, alcohol use disorder; CB, cerebellum; CONT, control; HPC, hippocampus; PFC, prefrontal cortex; STR, striatum.

@These data were part of our previously published study and have been revised to include only the males of the same cohort (Gatta et al., 2017). In cerebellum, similar results were obtained with 2 different set of primers

targeting GABA,R «, subunit (see supplementary Table 2). Values are mean +SEM of 19-20 samples per group *P<.05, **P<.01. Student’s t test vs control. «, mRNA levels were not detectable in the HPC in our experimental condi-

tions (ND).
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and no significant changes detected in striatum (Table 1).
GABA,R a, subunit mRNA expression tended to increase but
failed to reach statistical significance in the cerebellum and
striatum (Table 1, P=.16, P=.23, respectively). After Benjamini-
Hochberg multiple comparison, the changes observed in PFC
(o, and & subunits adjusted P=.035) and cerebellum (e, and
o subunits adjusted P=.042) remained significant. The §,, and
v, subunits of the GABA, receptor failed to change in a signifi-
cant manner in all brain areas studied, except y, was signifi-
cantly reduced in the cerebellum (supplementary Table 4) of
AUD subjects. Taken together, our data showed that both the
synaptic (a,) and the extrasynaptic (6) GABAergic transmis-
sion are affected in AUD. Cerebellar mRNA levels of the a, sub-
unit correlated with postmortem interval (PMI) (a, r=-0.39,
P=.01) and ethanol daily consumption (supplementary Table
5). Adjusting for PMI using ANCOVA maintained a significant
group effect (group effect, F, ,,=5.3, P=.027).

We also observed reduced GABA,R a, protein levels in the
cerebellum of male AUD subjects (Figure 2A). Interestingly,
the GABA, a, subunit protein levels negatively correlated with
the number of drinking years (r=-0.36, P=.02). In addition, the
mRNA expression corresponding to the GABA, subunits 1 and 2

A. GABA, a, subunit protein levels

CONT
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was reduced by approximately 20% in PFC of male AUD subjects;
no changes in the levels of these mRNAs were detected in hippo-
campus or striatum (Table 1). Only GABA, subunit 1 was reduced
in the cerebellum (Table 1).

Chronic Alcohol Consumption Impacts Promoter
Methylation of Key GABAergic-Related Genes

The reduced expression of GABA,R o, subunit was associ-
ated with increased DNA methylation levels in the promoter
region of GABA,R a, gene (GABRA2, from -332 to -232 bp,
-45 bp to +67 bp; Figure 2B). No differences in methyla-
tion levels were observed upstream of the CpG island from
-1202 to -1091 bp (Figure 2B). Methylation data for an up-
stream promoter region are provided in Figure 2C and show
higher methylation in the AUD group from -731 to -649 bp
and from -91 to +12 bp. These data remained significant after
Benjamini-Hochberg multiple comparison (main promoter
sites, 332 to -232 bp and -45 bp to +67 bp: adjusted P=.007;
upstream promoter, =731 to -649 bp and -91 to +12 bp: ad-
justed P=.01). Detailed gene structure for GABRA2 is pre-
sented in supplementary Figure 1B and D.
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Alcohol Transcriptional Effects on Presynaptic
GABAergic-Related Genes

We also studied whether chronic alcohol alters the expression of
neuronal and glial GABA transporter mRNAs. We observed reduced
expression of the neuronal GAT1 mRNA (Figure 3A) and glial GAT2
and GAT3 mRNAs (Figure 3B-C, respectively) in the cerebellum
of AUD subjects. mRNA expression of GAT2 correlated with pH
(r=0.35, P=.03). Hence, using ANCOVA, we tested the changes in
GAT?2 after adjusting for the effect of pH. GAT2 mRNA expression
remained significantly different between control and AUD groups
(group effect, F, ,,=7.7, P=.009). We also measured a decrease in
GAD2 mRNA in AUD subjects (Figure 3D). However, no changes
were noted for the GABA transaminase ABAT mRNA expression
(Figure 3E). The Benjamini-Hochberg correction maintained the
significance of our results (GAT1 and GAT?2 adjusted P=.007, GAT3
adjusted P=.008, GAD2 adjusted P=.007, ABAT adjusted P=.052).

Discussion

GABAergic synapses are a recognized target for the behav-
ioral and molecular actions of alcohol. Chronic alcohol abuse

International Journal of Neuropsychopharmacology, 2021

induces tolerance and dependence to its anxiolytic and anti-
convulsant properties via GABA, R-mediated processes (Olsen,
2018). Allopregnanolone and pregnanolone play a pivotal
neurophysiological role by potently and allosterically modu-
lating extrasynaptic GABA,R signaling (Belelli et al., 2009; Uusi-
Oukari and Korpi, 2010; Brickley and Mody, 2012). In the current
study, we observed reduced levels of allopregnanolone and
pregnanolone measured by gas chromatography-mass spec-
trometry in the cerebellum of AUD patients compared with con-
trols. The drastic decrease (approximately 60%) in the levels of
these neurosteroids observed in the cerebellum of AUD subjects
is consistent with the significantly reduced expression of the
neurosteroidogenic enzymes (5-oR1 that we previously ob-
served [Gatta et al., 2017] and 3a-HSD showed here) that are
rate-limiting steps for allopregnanolone biosynthesis. In our
study, chronic alcohol use was also associated with the reduced
expression of a, (synaptic) and & (extrasynaptic) containing
GABA R in PFC and cerebellum (Gatta et al., 2017) but not in stri-
atum and hippocampus of AUD male subjects. Hence, long-term
alcohol drinking history differentially alters the expression levels
of selected GABA,R subunits in a brain region-specific manner
in humans. The inhibitory control of cerebellar output on deep
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cerebellar nuclei is exclusively GABAergic. Thus, we focused on
this brain region to study whether chronic alcohol abuse affects
GABAergic neurotransmission and neurosteroidogenesis via
epigenetic mechanisms.

Preclinical studies have shown that chronic ethanol exposure
and withdrawal alter brain biosynthesis of allopregnanolone.
Similar to our findings in human postmortem brain, reduced
allopregnanolone has been observed in corticolimbic brain areas
in rats (Cagetti et al., 2004) and mice (Maldonado-Devincci et al.,
2014) chronically exposed to ethanol. Only a few studies have
examined the effects of chronic alcohol on neurosteroid levels
in the human postmortem brain. Hasirci and colleagues (2017),
using an immunohistochemical approach, reported increased

allopregnanolone-like content in ventral tegmental area (VTA)
neurons of AUD subjects. If one excludes demographic and
methodological divergences, the difference in allopregnanolone
levels observed between VTA and cerebellum of AUD subjects
suggests the existence of a cell and brain region-specific regu-
lation of neurosteroid biosynthesis following alcohol exposure.
The reduced neurosteroid levels we observed in the cerebellum
of AUD subjects could contribute to a biochemical adaptation to
the GABAmimetic effects of alcohol. Accordingly, our data in-
dicate that chronic alcohol exposure reduces the expression of
neurosteroidogenic enzymes in the cerebellum of AUD subjects.
Since acute alcohol stimulates neurosteroidogenesis (Korpi et al.,
2001; Khisti et al., 2002), the dampened response we observed
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after long-term chronic alcohol consumption may be related to
an adaptive mechanism leading to alcohol dependence. This may
provide a rationale for the use of synthetic neurosteroids (e.g.,
allopregnanolone) in the treatment of AUD (Morrow et al., 2020).
Our previous work showed similar effects in the hippocampus
of rats exposed to chronic intermittent ethanol administration
(Cagetti et al., 2004). Upon investigating the epigenetic regula-
tion of key enzymes of the neurosteroidogenesis, we observed
increased DNA methylation levels at the promoter region of the
gene encoding 3-aHSD in the cerebellum of AUD subjects. These
epigenetic changes are likely the result of an increased methy-
lation index associated with the higher rates of DNA methyla-
tion we previously detected in the cerebellum of AUD subjects,
where decreased levels of DNA methylation erasers (i.e., TETS)
have been observed (Gatta et al., 2017).

The cerebellum is the host of a complex neuronal circuitry.
While the Purkinje cells are considered the sole inhibitory
output of the cerebellum, the inputs arriving to these cells are
mediated by multiple interneurons. Purkinje cell dendrites syn-
apse with glutamatergic projections coming from the granule
cells, that is, the parallel fibers. The effectiveness of these syn-
apses is modulated by glutamatergic mossy fibers projecting
to the granule cells. The inhibitory activity of the Purkinje cells
is also tightly regulated by local GABAergic interneurons pro-
jecting on the cell body (basket cells) or on the dendrites (stel-
late cells). Stellate and basket cells also receive inputs from the
parallel fibers that send inputs to the Golgi cells, which in turn
release GABA on the granule cell (Ito, 2008). The activation of the
inhibitory synaptic transmission, which is triggered by Golgi
cells releasing GABA that binds to extrasynaptic §-containing
GABA,R located on granule cells, is particularly evident in the
cerebellum (Hanchar et al., 2005). Of note, the cerebellar granule
cells are considered the most abundant class of neurons in the
human brain (Purves et al., 2001). These cells are known to play a
fundamental role in the regulation of neurosteroid biosynthesis
and release (Follesa et al., 2000; Agis-Balboa et al., 2006), which
may explain why cerebellar GABAergic transmission is particu-
larly sensitive to the effects of alcohol (Figure 4). At the same
time, this suggests that neurosteroid dysregulation may be a
leading mechanism underlying AUD neuropathophysiology.

Brain region-specific alterations of GABA,R subunits expres-
sion have been observed in postmortem human brain of individ-
uals with AUD (Jin et al., 2012). Here, we report alcohol-induced
alterations in both the synaptic and the extra-synaptic GABA,R
composition. Specifically, we observed reductions in «, and o
subunits mRNA expression in the PFC and cerebellum of AUD
subjects compared with controls. In agreement with our find-
ings, chronic alcohol administration in rodents reduces a, sub-
unit expression in cortex (Montpied et al., 1991) and cerebellum
(Marutha Ravindran et al., 2007). Although the association between
GABA,R polymorphisms and the vulnerability for AUD has been
somewhat controversial (Cui et al., 2012), genetic alteration of
the synaptic a, receptor subunit have been associated with AUD
(Edenberg et al., 2004). Thus, we focused our studies on the epi-
genetic mechanisms underlying the reduction of a, receptor sub-
unit and found that this change was associated with a significant
promoter hypermethylation, consistent with our previous study
showing alteration of the methylation index in the cerebellum of
AUD subjects (Gatta et al., 2017). Whether these epigenetic modi-
fications elicited by alcohol are specific to granule cells or differ in
distinct neuronal populations remains to be determined. In asso-
ciation with changes in neurosteroidogenic enzymes and GABA,R
subunit composition, we also observed a decrease in the neur-
onal (GAT1) and glial (GAT2/3) GABA transporters. We believe that

this may represent a compensatory epigenetic mechanism that
maintains sufficient steady-state GABA levels at synapses during
chronic alcohol intoxication. Interestingly, GAT3 expression has
been shown to play a key role in alcohol preference, and reduced
GAT3 expression was also observed in the central amygdala of AUD
subjects compared with controls (Augier et al., 2018). Furthermore,
we observed reduced GABA, receptor mRNA expression in the
PFC of AUD subjects. The role for GABA, receptors in mediating
the effects of alcohol intake has been provided by the evidence
that baclofen (a GABA, receptor agonist) administration decreased
withdrawal symptoms in Wistar rats (Colombo et al., 2004) and
AUD patients (Addolorato and Leggio, 2010). However, the associ-
ation of single nucleotide polymorphisms in GABBR1 and GABBR2
genes has raised some controversy (Sander et al., 1999; Kéhnke
et al., 2006; Terranova et al., 2014; Caputo et al., 2017). In contrast
to our observations in the PFC, Flatscher-Bader et al., 2005 showed
increased mRNA expression of GABBR1 using cDNA microarrays.
However, this study was conducted in a smaller cohort of con-
trol and AUD subjects, and the investigators did not further val-
idation of these findings. Conversely, reduced transcript levels for
GABBR?2 were observed in the hippocampus of alcohol-dependent
rats (Ribeiro et al., 2012). A growing body of evidence suggests that
the conformational alteration of the GABA, subunits is necessary
for effective activation of these receptors (Villas Boas et al., 2012;
Shaye et al., 2020). Further investigation is needed to determine
whether the alterations we observed could be responsible for an
alcohol-induced disbalance between the 2 GABA, subunits.

Conclusion

Chronic alcohol exposure alters synaptic and extrasynaptic
GABA,R function through changes in subunit expression, re-
sulting in altered signaling and neurosteroid sensitivity and thus
contributing to alcohol tolerance and dependence (Kumar et al.,
2009). Collectively, our data suggest that allopregnanolone plays a
significant role in the alcohol-induced impairments of GABAergic
neurotransmission. Whether changes in GABA,R subunit expres-
sion result from a direct effect of alcohol or whether this is sec-
ondary to alcohol impacting neurosteroid biosynthesis remains
to be further investigated. Several studies have demonstrated that
alcohol addiction is associated with a loss of GABAergic inhibition,
suggesting the existence of an imbalance between excitatory and
inhibitory signaling and the loss of control over neuronal firing.
Thus, given the key role of allopregnanolone and pregnanolone
in the fine-tuning of GABA,R-mediated inhibition, targeting
neurosteroidogenesis may be a promising therapeutic strategy
for the management of AUD. Furthermore, preclinical studies
have shown that treatment with the DNA methyltransferases
inhibitor, 5-azacytidine, reduces ethanol intake and preference
(Warnault et al., 2013; Sakharkar et al., 2019), suggesting that DNA
methylation is a putative target for correcting GABAergic neuro-
transmission and neurosteroid biosynthesis in AUD.

Supplementary Materials

Supplementary data are available at International Journal of
Neuropsychopharmacology (JNPPY) online.
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