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1 | INTRODUCTION

Alcohol use disorder (AUD) is a chronic relapsing disorder character-
ized by compulsive drug intake, loss of control in limiting intake, and

| Corinde E. Wiers® | HuiSun! | Gene-Jack Wang® |

Abstract

Introduction: Repeated exposure to high doses of alcohol triggers neuroinflammatory
processes that contribute to craving and mood dysfunction in alcohol use disorder
(AUD). The upregulation of the translocator protein (TSPO) is considered a biomarker
of neuroinflammation, and TSPO ligands have been used as neuroimaging biomarkers
of neuroinflammation. Epigenetic mechanisms are also implicated in neuroinflamma-
tory responses to alcohol, and elevated expression of HDAC2 and HDAC6 has been
reported in the brain of animals exposed to chronic alcohol.

Methods: The present study examined the transcriptional regulation of TSPO,
HDAC2, and HDAC6 in human postmortem brain tissue from males previously di-
agnosed with AUD (n = 11) compared to age-matched nondependent males (n = 13)
in four brain regions relevant to AUD: prefrontal cortex (PFC), nucleus accumbens
(NAc), hippocampus (HPP), and amygdala (AMY).

Results: Translocator protein mRNA levels in AMY and PFC and HDAC2 and HDACé6
MRNA levels in AMY were upregulated in AUD compared to controls. In AMY, TSPO
mRNA levels were positively associated with HDAC2 and HDAC6 mRNA levels, sug-
gesting a possible regulation of TSPO by HDAC2 and HDACé in this brain region. In
contrast, there were no group differences for TSPO, HDAC2, and HDAC6 in NAc and
HPP.

Conclusion: Our study is the first to find upregulated TSPO mRNA levels in AMY and
PFC in postmortem brains from AUD consistent with neuroinflammation, and in the
amygdala, they implicate epigenetic regulation of TSPO by HDAC2 and HDAC6.

KEYWORDS

alcohol, epigenetics, neuroinflammation, TSPO

the development of a negative emotional state when access to the
drug is interrupted (Koob & Volkow, 2016). Three distinct stages that
involve different brain circuits are implicated in the relapsing curse
of AUD (Koob and Volkow, (2010)): The reward circuitry including
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ventral tegmental area (VTA) and nucleus accumbens (NAcc) plays
a key role in the binge/intoxication stage; stress circuitry encom-
passing the extended amygdala (AMY) is involved in the withdrawal/
negative stage; and a saliency circuitry that includes the prefron-
tal cortex (PFC), basolateral AMY, hippocampus (HPP), and insula
(INS) is involved in the preoccupation/anticipation stage (Koob &
Volkow, 2016).

Data from postmortem brains of individuals with AUD and from
brain of rodents exposed to high doses of alcohol showed evidence
that neuroinflammatory process contributed to alcohol-induced neu-
rotoxicity (Coleman & Crews, 2018; Crews et al., 2017). It has been
hypothesized that the increased expression of innate immune signal-
ing molecules and microglial, which are the immune cells of the brain,
contributes to the progressive and persistent increase in craving and
mood dysfunction in AUD (Crews et al., 2015, 2017). Agonists of
Toll-like receptor 4 (TLR4), which are responsible for activating the
innate immune system, increase alcohol self-administration in mice
while knockdown of TLR4 in the central amygdala decreases alcohol
self-administration in alcohol-preferring rats (Blednov et al., 2011;
Liu et al., 2011). Additionally, elevated plasma levels of inflammatory
mediators such as TNFa, IL-1f, IL-6, and IL-8 correlated with alcohol
craving in individuals with AUD, whereas in IL-6 null mutant mice
alcohol consumption was reduced (Blednov et al., 2012; Heberlein
et al., 2014; Roberto et al., 2018).

The translocator protein (TSPO) is a mitochondrial protein that is
upregulated in microglia during neuroinflammation (Liu et al., 2014).
Ligands to image TSPO with positron emission tomography (PET)
have been used as potential biomarkers of neuroinflammation in
psychiatric and neurological diseases (Filiou et al., 2017; Rupprecht
et al., 2010) including AUD (Hillmer et al., 2017; Kalk et al., 2017; Kim
et al., 2018; Lin et al., 2015; Tyler et al., 2019; Wiers et al., 2019).
Using in vitro autoradiography, we recently found elevated binding
of two frequently used TSPO ligands [*H]PK11195 and [°H]PBR28
in the thalamus and HPP from brains of alcohol-dependent com-
pared to nondependent rats, consistent with alcohol-associated el-
evation of TSPO expression indicative of neuroinflammation (Tyler
et al., 2019). In contrast, in these same animals when we studied
them in vivo with PET we reported decreased [*'C]JPBR28 binding
in the brain of the alcohol-dependent rats (Tyler et al., 2019). The
reduced binding of PET [*'C]PBR28 in the brain of dependent rats
was consistent with the reduced binding of PET TSPO ligands (in-
cluding [*'C]PBR28) reported by clinical studies in the brains of in-
dividuals with AUD compared to controls (Hillmer et al., 2017; Kalk
et al., 2017; Kim et al., 2018). These discrepant results between in
vitro and in vivo findings were confounding and could reflect our
limited understanding of TSPO including its in vivo regulation (ref).
Beyond its role in neuroinflammation, steroid synthesis, and apop-
tosis, TSPO was also shown to regulate the development of toler-
ance to ethanol and to mediate the sensitivity to ethanol sedation in
Drosophila (Lin et al., 2015). Given the relevance of TSPO in the re-
sponses to chronic alcohol exposure, here we aimed to evaluate the
transcriptional regulation of TSPO in postmortem tissue of human
AUD.

Epigenetic mechanisms have been implicated in the brain's im-
mune responses to chronic alcohol and to other inflammatory insults
(Kaminska et al., 2016; Neal & Richardson, 2018; Placek et al., 2019;
Yan et al., 2014). Histone deacetylases (HDACs) are enzymes respon-
sible for removing the transcriptionally permissive acetyl groups on
histones. HDACs are classified into four different classes two of
which are implicated in immune responses: Class | (HDAC 1, 2, 3, and
8) in innate immunity and cytokine production and Class Il (HDAC
4,5, 6,7, 9, and 10) in adaptive immunity (Daskalaki et al., 2018;
Shakespear et al., 2011). HDAC inhibitors reduce neuroinflammatory
responses in the brain and activation of microglia in vitro (Kannan
et al, 2013; Patnala et al., 2017; Suliman et al., 2012; Xia et al., 2017;
Xu et al., 2018). HDAC expression has also been implicated in the
negative affective symptoms in AUD (Pandey et al., 2017). In rodents
chronically exposed to alcohol, the increase in anxiety-like behav-
ior during alcohol withdrawal was associated with higher HDAC ac-
tivity in amygdala (Pandey et al., 2008). Similarly, elevated activity
and expression of HDAC 2 and 6 in NAc and central and basolateral
amygdala were reported in alcohol-dependent versus nondepen-
dent rats tested during protracted abstinence (Repunte-Canonigo
et al., 2015). Furthermore, higher innate HDAC levels were associ-
ated with reduced global and gene-specific histone acetylation in
the amygdala along with decreased expression of synaptic plastici-
ty-associated genes and with heightened anxiety-like behavior and
excessive alcohol intake (Palmisano & Pandey, 2017).

Considering the evidence for the involvement of TSPO and
HDACSs in neuroinflammation and in AUD, the present study exam-
ined the transcriptional regulation of TSPO, HDAC2, and HDAC6 in
human postmortem brain tissue from males previously diagnosed
with AUD compared to nondependent males in four brain regions in-
volved in the development and maintenance of AUD: PFC, NAc, HPP,
and AMY. We hypothesized an upregulation of TSPO, HDAC2, and
HDAC6 in AUD compared to controls, indicating elevated neuroin-
flammation in AUD individuals and also hypothesized that HDAC2
and HDAC6 regulate TSPO changes in AUD.

2 | METHODS
2.1 | Subjects

Human postmortem brain tissue was obtained from the New South
Wales Tissue Resource Centre (NSWBTRC) at the University of
Sydney, Australia. After review and approval by a National Institute
on Alcohol Abuse and Alcoholism (NIAAA) Scientific Advisory
Board, the project was also reviewed by the National Institutes of
Health (NIH) Office of Human Subjects Research Protections and
determined exempt from review by the NIH Institutional Review
Board. Four brain regions (PFC, NAc, HPP, and AMY) were ana-
lyzed from eleven (n = 11) males with severe AUD and thirteen
(n = 13) males’ controls who did not have AUD. Table 1 summarizes
demographics and clinical characteristics. All AUD subjects had al-

coholin their blood at the time of death. Controls were donors who
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TABLE 1 Demographic and clinical
characteristics of alcohol use disorder

Ch teristi
(AUD) and control subjects (mean + SD) aracteristics

Age, years

BMI

Daily intake (g)

Drinks per week

BAC (g/100dl)

Pack-years
cigarettes

PMI (hours)

Brain weight (g)

Age onset
drinking
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Healthy Controls

AUD (n=11) (n=13) Statistics p-value

50.55 + 6.07, 4994 + 12.37, t=-0.264, p=.794
n=11 n=13 df =22

24.64 + 5.40, 34.62 +11.01, t=2.73, p=.012
n=11 n=13 df =22

233.27 + 118.09, 20.98 + 21.35, t=-6.13, p =.005
n=11 n=12 df =21

125.36 + 89.99, 10.75 + 10.30, =-4.39, p=.006
n=11 n=12 df=21

0.197 + 0.14, 0.002 +0.008, t=-4.12 p=.001
n=10 n=10 df =18

45.09 + 19.22, 5.08 + 15.47,n=12 =-5.52, p <.001
n=11 df =21

38.91 + 3.82, 28.85+3.05,n=13 t=-2.08, p=.572
n=11 df =22

1,387.73 + 127.7, 1,495.08 + 95.65, t=2.35, p=.028
n=11 n=13 df =22

18.55 +4.13, 240 +4.64,n=12 t=23.23, p =.007
n=11 df =21

Abbreviations: BAC, blood alcohol concentration; BMI, body mass index; PMI, postmortem

interval.

consumed less than 20 g of absolute alcohol per day (Sutherland
et al., 2016).

2.2 | Clinical Assessment and behavioral measures

Clinical characteristics of AUD and control subjects were retrospec-
tively assessed through extensive review of all available medical files
followed by a confirmation through donor history questionnaires
from the donor's next of kin. Clinical characterization of alcohol use
was based on Diagnostic Criteria for Alcohol-Related Disorders—
Alcohol Dependence (DSM-IV). Alcohol use disorders identifica-
tion test (AUDIT) was used to assess alcohol consumption, drinking
behaviors, and alcohol-related problems. The number of standard
drinks per week and per day was calculated where an Australian
standard drink contains 10 grams of alcohol. Quantity and frequency
of smoking and pack-years of smoking were also retrospectively as-
sessed. All details about how NSWBTRC collect demographic, social,
medical, pathological, cognitive, psychiatric, medications, and life-
style factors data are published (Sutherland et al., 2016).

2.3 | RNA extraction, reversal transcription, and
real-time PCR (qPCR)

Total mMRNA was extracted from NAc (n =9 AUD, and n = 12 controls,
due to restricted tissue availability), PFC (Brodmann areas 8 and 9),
HPP and AMY (n = 11 AUD and n = 13 controls) using the RNeasy
Lipid Tissue mini Kit (Qiagen) in accordance with the manufactur-

er's instructions. Samples were quantified using an Agilent 2100

Bioanalyzer and an RNA 6000 Nano kit. RNA quality for NAc and
nanodrop measures for all brain areas are provided in Table S1. RNA
samples were stored at -80°C. For each sample, 1 ug of total RNA
was used to make complementary DNA (cDNA) using SuperScript®
Il First-Strand Synthesis SuperMix for gqRT-PCR kit (Invitrogen) in
accordance with the manufacturer's instructions.

The expression levels of target genes were measured using ViiA™
7 Real-Time PCR System (Thermo Fisher). The following TagMan
Gene Expression Assays were used: Translocator protein (TSPO)
Hs00559362_m1, Histone deacetylase 1 (HDAC 1) Hs02621185_s1,
and Histone deacetylase 6 (HDAC 6) Hs00997427_m. The real-time
PCR reactions for each gene were performed using 10 ul of TagMan™
Universal PCR Master Mix (Thermo Fisher), 0.5 ul of TagMan assay,
and 3.5 ul of ultrapure water. In all reactions, a negative control
without cDNA template was tested, and the final reaction volume
was kept at 10 pl. The relative quantities of the transcripts were cal-
culated by the delta-delta Ct method (Livak & Schmittgen, 2001)
using the GADPH gene as an endogenous control. Table S2 shows
the average and standard deviation for the cycle threshold (Ct) lev-
els for GAPDH, TSPO, HDAC2, and HDACS in all four brain regions
analyzed.

2.4 | Statistical analysis

Data were analyzed for Gaussian distribution using the Shapiro-
Wilk normality test; then, differences in gene expression between
AUD and controls were analyzed using the Mann-Whitney test for
NAc and unpaired t tests for PFC, HPP, and AMY. Our Bonferroni-
corrected alpha for 12 comparisons was 0.004 (0.05/12). We
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performed exploratory zero-order Pearson's correlations between
gene expression in brain regions where group differences were
found and the following variables: age, BMI, brain weight, brain vol-
ume, postmortem interval, age of onset of drinking, daily alcohol in-
take (grams), drinks per week, total drinking (grams), and pack-years
of smoking (number of packs per day x number of years of smoking
that number of packs per day) for each group separately. Data were
reported as mean and standard deviations. Tests were performed
using the statistical analysis package GraphPad Prism version 7.01
and BM SPSS Statistics version 26.

3 | RESULTS

Table 1 summarizes demographic and clinical characteristics of sub-
jects. Groups did not differ in age (AUD: 50.55 + 6.07 vs. Controls:
4994 + 12.37 years, p = .794). AUD compared to control subjects
had lower BMI (AUD: 24.64 + 5.40 vs. Controls: 34.62 + 11.01 g/m?,
p = .012), started drinking at a younger age (AUD: 18.55 + 4.13 vs.
Controls: 24.0 + 4.64 years, p = .007), had higher daily alcohol intake
(AUD: 233.27 + Controls: 118.09 vs. 20.98 + 21.35 grams p < .001),
and greater numbers of drinks per week (AUD: 125.36 + 89.99
vs. Controls: 0.75 + 10.30 drinks, p < .001). AUD also showed
higher blood alcohol concentrations (BAC) at time of death (AUD:
0.197 + 0.14 vs. Controls: 0.002 + 0.008 g/100 ml, p = .001), with

mRNA levels (mean + SER)

mRNA Region Control AUD

HDAC2 PFC 1.054 +0.098, 1.353 + 0.236,
n=13 n=11

HDAC6 PFC 1.016 + 0.050, 1.045 + 0.074,
n=13 n=11

TSPO PFC 1.049 + 0.09, 1.368 +0.125,
n=13 n=10

HDAC2 HPP 1.078 + 0.114, 0.920 + 0.098,
n=13 n=11

HDAC6 HPP 1.139 + 0.162, 0.984 + 0.106,
n=13 n=11

TSPO HPP 1.094 + 0.128, 0.972 + 0.053,
n=13 n=11

HDAC2 NAc 1.023,n=11 1.033,n=8

HDAC6 NAc 1.037,n=12 1.00,n=9

TSPO NAc 1.058,n=12 1.139,n=9

HDAC2 AMY 1.079 + 0.117, 1.967 + 0.169,
n=13 n=11

HDAC6 AMY 1.040 + 0.082, 1.667 +0.214,
n=13 n=11

TSPO AMY 1.053 + 0.095, 1.756 +0.184,
n=13 n=11

Note: Results are expressed as mean + SEM.

blood alcohol detected in 11 AUD individuals, 6 of whom were re-
ported to be in alcohol withdrawal at the time of death. Additionally,
AUD subjects had higher pack-years cigarettes (AUD: 45.09 + 19.22
vs. Controls: 5.08 + 15.47 packs, p < .001) and smaller brain weights
(AUD: 1,387.73 + 127.7 vs. Controls: 1,495.08 + 95.65 grams,
p =.028) than controls. Postmortem intervals did not differ between
groups (AUD: 38.91 + 12.69 vs. Controls: 28.85 + 10.99, p =.572).

We compared mRNA levels of TSPO, HDAC2, and HDAC6 be-
tween AUD and controls in four brain regions: PFC, NAc, HPP, and
AMY. One AUD subject was removed from the TSPO mRNA level
in PFC, because it was identified as a statistical outlier using the
ROUT method (Q = 1%). TSPO mRNA was higher in AUD compared
to controls in PFC (t = 2.137, df = 21, p = .0432) and AMY (t = 3.541,
df = 22, p = .0018) (Table 2; Figure 1a and b), and AMY findings
remained significant after Bonferroni correction for 12 compari-
sons. Similarly, HDAC2 (t = 4.419, df = 22, p = .0002) and HDACé
(t=2.954, df =22, p = .0073) were higher in AMY in AUD compared
to controls (Table 2; Figure 1c and d); and HDAC2 findings remained
significant after Bonferroni correction. There were no group differ-
ences for TSPO in NAc and HPP, and no differences for HDAC2 and
HDACG6 in PFC, NAc, and HPP (Table 2).

Exploratory correlations between mRNA levels and drinking,
smoking, and demographics (age and BMI) for the AUD group are
shown in Table 3 and for controls in Table 4. The correlation analyses
in the AUD group showed that in the AMY, TSPO (r = 0.690, p = .01)

TABLE 2 Relative mRNA level by
brain region in alcohol use disorder (AUD)

p-value subjects versus controls

t=1.233,df =22,

p=.230
t=0.328,df = 22,
p=.745
t=2.137,df =21,
p=.043
t=1.018, df = 22,
p=.319
t=0.767,df = 22,
p=.4511
t=0.819, df = 22,
p=.421
U=236,p=.544
U=41,p=.382
U=46,p=.601
t=4.419, df = 22,
p =.0002
t=2.954,df =22,
p =.0073
t=23.541,df = 22,
p=.0018

Abbreviations: AMY, amygdala; HPP, hippocampus; NAc, nucleus accumbens; PFC, prefrontal

cortex.
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and HDAC6 (r = 0.766, p = .005) mRNA levels correlated positively
with age. HDAC6 mRNA levels also positively correlated with pack-
years of cigarettes (r = 0.675, p = .022). Correlations with daily alco-
hol intake, drinks per week or BAC with HDAC6, HDAC2, and TSPO
were not significant (p > .05).

In the AMY, TSPO mRNA levels correlated positively with those
of HDAC2 (r = 0.667, p = .025) and HDACé (r = 0.633, p = .036). The
correlations between TSPO mRNA in PFC, NAc or HIPP and HDAC2,
HDAC6 mRNA were not significant. In the control group, neither the
correlations between TSPO and HDAC2 or HDACé, nor those with

demographic variables, reached significance (Table 4).

4 | DISCUSSION

Here, we found increases in TSPO mRNA levels in AMY and a trend
in PFC (uncorrected only), as well as increases in mRNA levels in the
AMY for HDAC2 and a trend in HDAC6 (uncorrected only) in AUD
compared to controls. In the AMY, mRNA TSPO levels correlated with

those for HDAC2 and HDACé, which provide preliminary evidence for
epigenetic regulation of mMRNA TSPO levels by HDAC2 and HDAC6.
Although prior studies have investigated changes in the ex-
pression of TSPO in HIV, encephalitis, Alzheimer's disease, multiple
sclerosis, and stroke (Cosenza-Nashat et al., 2009; Gui et al., 2020),
no transcriptome studies of the human alcohol-dependent brain
reported find differences in TSPO expression levels (Brenner
etal., 2020 May 8; Farris et al., 2015; Kapoor et al., 2019; Ponomarev
etal., 2012). This make our work the first to investigate TSPO mRNA
levels in postmortem brains from human individuals previously di-
agnosed with AUD. Regarding the differences for HDACs, among
those studies (Brenner et al., 2020 May 8; Farris et al., 2015; Kapoor
et al.,, 2019; Ponomarev et al., 2012), just the work published by
Kapoor et al., (2019) reported group differences in the expression
of HDAC? in the PFC of individuals with AUD vs. healthy controls.
In Ponomarev et al., (2012), despite their finding of novel markers
of chromatin modifications in the central and basolateral nucleus of
amygdala, as well as in the superior frontal cortex of alcoholic brain,

no differences were reported for any HDAC class.
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TABLE 3 Zero-order correlations between relative mRNA levels and demographic and clinical variables in alcohol use disorder (AUD)

HDAC2 HDAC6 TSPO

Age TSPO mRNA  mRNA  mRNA
onset Daily alcohol  Drinks Pack-years mRNA level level level

AUD Age BMI drinking  intake (g) per week BAC cigarettes level (PFC) (AMY) (AMY) (AMY)

Age 1

BMI -0.213

Age onset 0.390 -0.102

drinking

Daily alcohol 0.052 0.698" 0.072

intake (g)

Drinks per week  0.048  0.720° -0.069 0.968"

BAC 0.282 0322 0.212 0.490 0.327

Pack-years 0.850" -0.231 0.257 -0.009 0.038 0.000

cigarettes

TSPO mRNA 0.126 -0.221 -0.008 -0.382 -0.356  -0.108 -0.204 1

(PFC)

HDAC2mRNA  0.132  0.218 -0.159 0.229 0.269 -0.024 -0.169 0.409 1

(AMY)

HDAC6 mRNA  0.766° -0.009 0.410 0.376 0.355 0.215  0.675 -0.083 0.431 1

(AMY)

TSPO mRNA 0.690° -0.033 0.187 0.107 0.106 0.236  0.329 0.644 0.667 0.633° 1

(AMY)

*Correlation is significant at p < .05.
**Correlation is significant at p < .01.

Our finding of increased mRNA levels of HDAC2 and HDAC6
in AMY in AUD is consistent with preclinical findings (Repunte-
Canonigo et al., 2015). The finding that HDAC2 and HDAC6 were
uniquely increased in AMY but not in PFC, HIPP, or NAc, suggests
that the amygdala might be particularly sensitive to epigenetic regu-
lation by chronic alcohol exposure. The unique sensitivity of AMY is
in good agreement with studies showing increases in mRNA levels of
Hdac2 and Hdacé in central and basolateral amygdala, respectively,
in dependent compared to nondependent adult males rats (Repunte-
Canonigo et al.,, 2015). In the amygdala, epigenetic regulation by
histone acetylation and deacetylation (Baltan et al., 2011; Broide
et al., 2007; Volmar & Wahlestedt, 2015) could underlie neuronal
plasticity that drives the negative emotionality in AUD (Robison &
Nestler, 2011). Preclinical studies have shown that alcohol expo-
sure triggers epigenetic modifications and changes gene expression
in the amygdala that have been implicated in anxiety- and dyspho-
ria-like symptoms in alcohol-dependent rats (Pandey et al., 2017).
Additionally, higher expression of Hdac2 in the AMY of alcohol-pre-
ferring rats compared to nonalcohol-preferring rats also impli-
cated it in anxiety-like and in alcohol-drinking behaviors (Moonat
et al., 2013). Furthermore, in the amygdala, studies in rodents re-
ported that chronic alcohol exposure and withdrawal selectively up-
regulated Hdac2 (Bohnsack et al., 2018) and that alcohol withdrawal
increased HDAC activity (Pandey et al., 2008). Additionally, HDAC
inhibitors have been shown to prevent alcohol withdrawal-related
anxiety in rats and to attenuate withdrawal symptoms and relapse in
AUD patients (Brady et al., 2002 Aug 1; Lambie et al., 1980; Longo

et al., 2002; Pandey et al., 2008). Since the clinical records reported
that 6 of 11 of the AUD individuals whose brain we investigated
were undergoing withdrawal at the time of death, it is possible that
alcohol withdrawal contributed to the increases in HDAC2 in AUD.
The increases of TSPO in the amygdala also identify it as a brain
region that might be particularly sensitive to alcohol's neuroinflam-
matory effects, and the increases in HDAC2 and HDAC6, which are
involved in modulating innate and adaptive immunity, are also support
this. Mechanistically, in the first moment the higher levels and the
positive correlation between TSPO, HDAC2, and HDAC6 could be un-
reasonable. However, since the alcohol's neuroinflammatory effects
are still in the brain and the TSPO is an important mediator in the neu-
roinflammatory response, its levels remain higher and the higher levels
of HDAC could be an attempt to regulate TSPO expression and the
neuroinflammatory response. Relevant to neuroinflammation, HDACé
forms a complex with STAT3, a signal transducer and transcription ac-
tivator, which regulates synthesis of IL-10 by macrophages and den-
dritic cells (Cheng et al., 2014). Furthermore, a study that investigated
the genetic and transcription factors required for Tspo expression in
murine microglia, revealed that Stat3 binds to the Tspo promoter and
that RNAI mediated silencing of Stat3 diminish Tspo promoter activity
(Rashid et al., 2018). Because these results provide evidence for a cen-
tral function of HDAC6 as cofactor of specific transcription factors to
influence gene promoter activity, we hypothesized that HDACé6 could
indirectly regulate Tspo transcription via its interaction with STAT3.
This rationale is supported by HDAC6 knockdown triggering a reduc-
tion of STAT3 phosphorylation in APC cells, as observed by Cheng
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et al,, (2014). Additionally, considering that under stress conditions,
TSPO is upregulated in activated proinflammatory (M1) microglia and
that studies suggest that microglial activation in response to alcohol
is associated with the anti-inflammatory (M2) microglia phenotype
(Crews et al., 2017); we would predict such a mechanism primarily in
microglia, although Tspo is also transcribed in neurons.

Although our data are associative and cannot establish causality
between the increased HDAC2 and HDAC6 mRNA levels and the
upregulation of TSPO mRNA it serves as preliminary evidence to
encourage future studies to investigate the effects of HDAC2 and
HDACG6 inhibition in TSPO expression and neuroinflammation in
AUD. Interestingly, in vitro studies in both neurons and macrophages
have shown that HDAC6 attenuates inflammation by protecting
against oxidative stress (Rivieccio et al., 2009; Zhang et al., 2019). To
the extent that alcohol metabolism generates reactive oxygen spe-
cies that contribute to oxidative stress (Wu & Cederbaum, 2003), the
HDACG6 increases we observed in AUD could reflect neuronal or glial
protective responses against alcohol-induced oxidative stress. Note
that our study as well and many of the preclinical ones were done in
males, and future studies are needed to assess whether they gener-
alize to females with AUD.

Our findings of increases in TSPO mRNA levels in are consistent
with preclinical findings of microglial activation and neuroinflammation
induced by chronic alcohol including in vitro studies of increased bind-
ing of TSPO ligands in brain (Liu et al., 2014; Tyler et al., 2019). In con-
trast, it is opposite to findings from PET neuroimaging studies in AUD
participants and in chronic alcohol-exposed rats (Kim et al., 2018),
which reported decreased binding of TSPO ligands in brain (Hillmer
et al., 2017; Kalk et al., 2017; Kim et al., 2018). In our clinical studies,
reduced [11C]PBR28 binding in the brain of AUD participants was in-
versely associated with plasma cholesterol levels, which is also a ligand
for TSPO and led us to hypothesize that it could reflect increased bind-
ing competition by high cholesterol levels in AUD. The current findings
of increases in TSPO mRNA are consistent with neuroinflammation
in AUD and hence strengthen support that reduced TSPO binding in
brain PET studies in AUD and in vivo rodent brains might reflect bind-
ing competition with endogenous ligands. In the current study, we did
not have TSPO protein expression data and we cannot assume a one to
one correspondence between mRNA and protein levels. Nevertheless,
here we provide the first evidence for transcriptional regulation of
TSPO in AUD from postmortem human brains.

One limitation in our study is the use of GAPDH as a single
housekeeping gene. GPADH may display variable expression levels
(mRNA) across cell types and disease states (Rydbirk et al., 2016),
and both alcohol metabolism and GAPDH play a role in cellular
dysfunction under stressful conditions (Ou et al., 2010), which may
limit the reliability of GPADH for normalization in this sample. In our
sample, we found an effect of group on GPADH expression in AMY,
PFC, and HPP, but not NAc (see Table S2), and using GPADH for
normalization of TSPO and HDAC expression may thus have been
influenced the results. Nevertheless, both TSPO and HDAC6 ex-
pression in Amygdala remain significantly different between groups

when using uncorrected values, strengthening the validity of our

findings. Future studies should include multiple housekeeping genes
including HPRT1 and 18S that are more stable and are not altered by

alcohol consumption.

5 | CONCLUSION

The present study showed a transcriptional upregulation of TSPO
in AMY consistent with neuroinflammation. Additionally, the as-
sociated upregulation of TSPO with HDAC2 and HDACé reinforces
the involvement of epigenetic mechanism in the regulation of TSPO
MRNA levels in the amygdala. Further studies are needed to eluci-
date this mechanism in the context of AUD.
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