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Brain Chromatin Remodeling: A Novel Mechanism of
Alcoholism
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The treatment of alcoholism requires the proper management of ethanol withdrawal symptoms, such as anxiety, to prevent further
alcohol use and abuse. In this study, we investigated the potential role of brain chromatin remodeling, caused by histone modifications,
in alcoholism. We found that the anxiolytic effects produced by acute alcohol were associated with a decrease in histone deacetylase
(HDAC) activity and increases in acetylation of histones (H3 and H4), levels of CREB (cAMP-responsive element binding) binding protein
(CBP), and neuropeptide Y (NPY) expression in the amygdaloid brain regions of rats. However, the anxiety-like behaviors during
withdrawal after chronic alcohol exposure were associated with an increase in HDAC activity and decreases in acetylation of H3 and H4,
and levels of both CBP and NPY in the amygdala. Blocking the observed increase in HDAC activity during alcohol withdrawal with the
HDAC inhibitor, trichostatin A, rescued the deficits in H3 and H4 acetylation and NPY expression (mRNA and protein levels) in the
amygdala (central and medial nucleus of amygdala) and prevented the development of alcohol withdrawal-related anxiety in rats as
measured by the elevated plus maze and light/dark box exploration tests. These results reveal a novel role for amygdaloid chromatin
remodeling in the process of alcohol addiction and further suggest that HDAC inhibitors may be potential therapeutic agents in treating

alcohol withdrawal symptoms.
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Introduction

Excessive consumption of ethanol is a major health concern
worldwide (National Institute on Alcohol Abuse and Alcoholism,
1993). The cessation of chronic ethanol consumption is often
accompanied by several withdrawal symptoms indicative of a
hyperexcitable state, such as increased anxiety, risk of convul-
sions, and tremors (Roelofs, 1985; Koob, 2003). Anxiety is a com-
mon early symptom of ethanol withdrawal and serves as an im-
portant factor in the negative reinforcement leading to excessive
alcohol drinking (Weiss and Rosenberg, 1985; Kushner et al.,
1990; Schuckit and Hesselbrock, 1994; Koob, 2003; Pandey,
2003). Amygdaloid structures, particularly the central (CeA) and
medial nucleus of amygdala (MeA), serve as major neural sub-
strates for anxiety and alcohol-drinking behaviors (Davis, 1997;
McBride, 2002; Koob, 2003; Pandey et al., 2006).

Epigenetic mechanisms, such as DNA methylation and his-
tone modifications (acetylation, methylation, and phosphoryla-
tion), regulate gene transcription (Grunstein, 1997; Turner,
2002; Egger et al., 2004; Hsieh and Gage, 2005; Verdone et al.,
2005). Studies have shown a role for changes in chromatin struc-
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ture in the regulation of gene expression attributable to covalent
histone modifications via acetylation and deacetylation (Grun-
stein, 1997; Hsieh and Gage, 2005; Verdone et al., 2005). The
fundamental unit of chromatin is the nucleosome, containing
147 bp of DNA wrapped around the histone octamer core, con-
sisting of a central heterotetramer of histones H3 and H4 along
with two heterodimers of histones H2A and H2B. Two groups of
enzymes, known as histone acetyltransferases (HATs) and his-
tone deacetylases (HDACs) are involved in chromatin remodel-
ing (Grunstein, 1997; Hsieh and Gage, 2005). Previous studies
have shown that the phosphorylated form of cAMP-responsive
element binding (CREB) protein (p-CREB) regulated neuronal
plasticity via recruitment of CREB binding protein (CBP), which
has intrinsic HAT activity, to regulate chromatin structure (Silva
etal., 1998; Korzus et al., 2004; Hsieh and Gage, 2005). HATSs can
induce lysine acetylation at the N-terminal of histones, which can
cause the relaxation of the nucleosomes and thereby promote
gene expression. However, HDACs can remove acetyl groups,
allowing histones in the deacetylated state to pack the DNA into a
more condensed chromatin, blocking access to transcriptional
activators and decreasing gene transcription (Grunstein, 1997;
Turner, 2002; Hsieh and Gage, 2005). Thus, HATs and HDACs
appear to be important molecular targets in remodeling chroma-
tin structure via histone covalent modifications eventually
changing the expression of various genes, such as neuropeptide Y
(NPY).

NPY is a CREB-related gene that acts as a potent endogenous
anxiolytic compound and deletion of the NPY gene has been
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shown to promote alcohol intake (Heilig et al., 1989; Heilig and
Widerlov, 1995; Thiele et al., 1998; Pandey, 2004). Using various
animal models, we have demonstrated that decreased function-
ing of CREB and NPY in the CeA and MeA, but not in the baso-
lateral amygdala (BLA), may be involved in alcohol preference
and dependence (Pandey et al., 2003, 2005). However, the con-
tribution of histone modifications related to epigenetic mecha-
nisms that may be associated with the process of alcohol addic-
tion is currently unknown. Therefore, for the first time we
investigated the involvement of chromatin remodeling in the
neuromechanisms of alcoholism.

Materials and Methods

Acute ethanol exposure. All experiments were conducted in accordance
with the National Institute of Health Guidelines for the Care and Use of
Laboratory Animals and approved by the Institutional Animal Care and
Use Committee. Adult male Sprague Dawley rats (270—300 g) were used
in this study. For acute ethanol exposure studies, rats were injected with
ethanol (1 g/kg dose; ethanol was diluted to 0.2 g/ml in n-saline and was
injected as 5 ul/g of body weight) or n-saline (5 ul/g of body weight)
intraperitoneally and 1 h after the injections, anxiety-like behaviors were
measured using the elevated plus maze (EPM) and light/dark box (LDB)
exploration tests, described below. Immediately after anxiety measure-
ments, brains were used for immunohistochemistry, in situ reverse tran-
scription (RT)-PCR, or for measuring HDAC activity, as described
below.

Chronic ethanol exposure and TSA treatment. Male adult Sprague Daw-
ley rats were housed individually and offered 80 ml of the nutritionally
complete Lieber-DeCarli control diet (Lieber-DeCarli Diet 82; Bio-Serv,
Frenchtown, NJ) as their source of food and fluid. Rats were fed with the
Lieber-DeCarli ethanol and control-diets, as described previously by us
(Pandey et al., 1999, 2001, 2003, 2008). One group of rats was gradually
habituated to ethanol (within 7 d) and maintained on the ethanol-
containing (9% v/v) Lieber-DeCarli liquid diet for 15 or 16 d (ethanol
diet-fed group). Another group of rats continued to feed with the control
liquid diet for 15 or 16 d (pair-fed control group). The mean = SEM
consumption of control liquid diet in control diet-fed rats (n = 36) was
55.17 = 0.28 ml/d and mean * SEM consumption of ethanol-diet in
ethanol diet-fed rats (n = 53) was 53.22 = 0.28 ml/d. Ethanol diet-fed
rats were withdrawn for 0 and 24 h. The ethanol diet-fed rats (n = 36)
were given control diet during withdrawal and consumed 54.33 * 0.98
ml of diet within 24 h of ethanol withdrawal. The control diet-fed, etha-
nol diet-fed (0 h withdrawal), and ethanol withdrawn (ethanol-fed rats
with 24 h of withdrawal) rats were injected with trichostatin A (TSA) [2
mg/kg, i.p.; TSA was dissolved in DMSO and then diluted (1:5 dilution)
with PBS] or vehicle (DMSO, 1:5 dilution with PBS) 2 h before measur-
ing anxiety-like behaviors by the EPM and LDB tests. We chose 24 h of
withdrawal because we had shown previously that peak anxiety occurs at
this time point of withdrawal after 15 d of ethanol treatment (Pandey et
al., 1999). The TSA dose we used in our studies (2 mg/kg) was based on
previous studies showing that this dose was able to increase histone acet-
ylation in the brain (Korzus et al., 2004; Kumar et al., 2005). This dose of
TSA appeared to be nontoxic, as higher doses (7.5 mg/kg; chronic treat-
ment) of TSA have been shown to produce no neurotoxic effects or cell
death in the brain in mice (Camelo et al., 2005). All rats were used for
measurement of anxiety-like behaviors, as described below, and their
brains were processed for neurochemical studies. We also collected blood
at the time of brain collection and measured blood ethanol levels in
ethanol diet-fed rats using an Analox Alcohol Analyzer (Analox Instru-
ments, Lunenburg, MA).

EPM test. The test procedure was the same as that described by us
previously (Pandey et al., 2003, 2005, 2006). Each rat was observed for
exploration to open and closed arms during a 5 min test period and the
number of entries made to each type of arm (open or closed) was re-
corded. The results were expressed as the mean * SEM of the percentage
of open-arm entries and the mean percentage of time spent on the open
arms (open-arm activity). The general activity of the rats was measured
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Figure1. A, B, The effect of acute ethanol exposure (1 h after 1g/kg; i.p.) on open-arm and
closed-arm activity in the EPM test (4) and on LDB exploration test (B) for anxiety-like behav-
fors. Values are the mean = SEM of 11-12 rats in each group. *Significantly different from
n-saline-treated rats ( p << 0.01-0.001).

by the total number of closed arm entries as described previously (File,
1993; Pandey et al., 2006).

LDB exploration test. The LDB exploration test procedure was the same
as that described by other investigators (Jonkman et al., 2005; Slawecki,
2005). The light/dark box was located in a dark room and consisted of a
dark compartment without illumination and a light compartment with
illumination (0.25 Amp; light-emitting diode light). Both compartments
were connected through an opening. On the day of testing, rats were
removed from their home cages and individually taken to the test room
in a cage with bedding. The cage was placed on the floor and each rat was
allowed a 5 min pretest habituation period in the room before testing.
After the habituation period, the rat was gently placed in the dark com-
partment with its head facing away from the opening. The rat was ob-
served for a 5 min test period, and the time spent in each compartment of
the LDB was recorded. The compartments of the LDB were connected to
an infrared beam and animal activity was computer monitored. The
percentage of time spent in either the dark compartment or light com-
partment was calculated for each animal. The box was wiped with a wet
paper towel and dried after each rat testing.

Gold immunolabeling of acetylated histones, CBP, and NPY proteins.
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Figure2. A, Acute ethanol exposure inhibited HDAC activity in the amygdala of rats [injected with ethanol (1 h after 1 g/kg,
i.p.) or n-saline]. The HDAC activity was determined in the cell lysates of amygdala by measuring the deacetylation of acetylated
lysine side chains. The values are the mean == SEM of seven rats per group. *Significantly different from n-saline-treated rats
(p << 0.01; Student's ¢ test). B, Low-magpnification photomicrographs of acetylated histones H3 (Lys 9) and H4 (Lys 8) and (BP
gold-immunolabeling (protein levels) in central amygdaloid (CeA) structures of n-saline or acute-ethanol-treated rats. Scale bar,
40 wm. C, Effect of acute ethanol treatment on protein levels of acetylated H3 and H4, and of (BP in various amygdaloid (CeA,
MeA, and BLA) structures of rats. Values are the mean == SEM of seven to nine rats per group. *Significantly different from the
n-saline-treated rats ( p << 0.001; Student’s ¢ test).

Rats were anesthetized with pentobarbital (50 mg/kg) and then perfused

J. Neurosci., April 2, 2008 - 28(14):3729-3737 « 3731

ogy, Santa Cruz, CA), and for NPY (Immunos-
tar, Hudson, WI) were used. The quantification
of gold-immunolabeled proteins was per-
formed using the Image Analysis System (Loats
Associates, Westminster, MD) connected to a
light microscope that calculated the number of
immunogold particles/100 um? area of a de-
fined amygdaloid structure at high magnifica-
tion (100X). The threshold of each image was
set up in such a way that an area without stain-
ing gave zero counts. Under this condition, im-
munogold particles in the defined areas of three
adjacent brain sections of each rat were counted
and values were averaged for each rat.

Insitu RT-PCR for NPY mRNA measurement.
Rat brain sections were used to determine the
mRNA levels of NPY using in situ RT-PCR as we
reported previously (Pandey et al., 2003, 2004,
2005). The free-floating brain sections (40 um
thickness) were treated with proteinase K (1
pg/ml in 1X PBS containing 0.05% Triton
X-100) for 15 min at 37°C. After washing with
1X PBS, the sections were subjected to DNase
digestion. The sections were again washed with
1X PBS and transferred to PCR tubes contain-
ing 100 ul of reverse transcription reaction mix-
ture (Applied Biosystems, Foster City, CA) and
reverse transcribed with reverse transcriptase
enzyme in the presence of oligo(dt),,. For the
negative sections, reverse transcriptase enzyme
was not added. PCR was performed with Tagq
DNA polymerase enzyme and 100 pmol of each
NPY primer (5'-TAGGTAACAAACGAAT-
GGGG-3' and 5'-AGGATGAGATGAGATGT-
GGG-3') and 1 mMm of each NTP, with the ex-
ception of dTTP which was replaced by
digoxigenin (DIG)-11-dUTP [PCR conditions:
94°C for 3 min; 94°C for 45 s; 60°C for 45 s; 72°C
for 45 s (total of 25 cycles); and then 72°C for 7
min]. After PCR, sections were mounted on
slides and NPY-positive cell bodies were de-
tected by an alkaline phosphatase conjugated
anti-DIG antibody and the subsequent staining
of the complex with the specific substrate nitro
blue tetrazolium chloride/5-bromo-4-chloro-
3-indolylphosphate (Roche, Indianapolis, IN).
The optical density (OD) of positive cell bodies
was calculated with an Image Analyzer (Loats
Associates). The OD of the negative brain sec-
tions was subtracted from the OD of the positive
brain sections. The mean OD of NPY-positive
cell bodies in the amygdaloid structures of three
adjacent brain sections from each rat were cal-
culated and then values were averaged for each
rat. The results were represented as mean OD/
100 pixels of area for NPY mRNA levels.

HDAC activity in the amygdala. Immediately
after anxiety behaviors were measured, rats were
anesthetized with pentobarbital (50 mg/kg),
brains were removed, and amygdaloid struc-
tures, primarily the CeA and MeA, were dis-

intracardially with n-saline (100 ml), followed by 400 ml of 4% ice-cold sected out and frozen. The cytosolic and nuclear fractions were prepared
paraformaldehyde fixative. Brains were removed and placed in fixative ~ using a nuclear extraction kit from Sigma (St. Louis, MO). The two
for 20 h at 4°C. After fixation, brains were soaked in 10%, followed by ~fractions from each rat amygdala were mixed and referred to as total cell
20%, and then 30% sucrose (prepared in 0.1 M phosphate buffer, pH 7.4).  lysates. HDAC activity (class Tand Il HDACs) was determined according
Brains were then frozen, sectioned (20 um) using a cryostat, and used for ~ to the manufacturer’s instructions for the colorimetric HDAC activity
gold immunolabeling, as described previously (Pandey et al., 2001,2003,  assay kit (BioVision Research, Mountain View, CA) by measuring the
2005, 2006). The antibodies for acetylated histones H3 (Lys 9) and H4  deacetylation of acetylated lysine side chains. The OD of the samples was
(Lys 8) (Millipore, Billerica, MA), CBP (SC-583; Santa Cruz Biotechnol- ~ measured using an ELISA plate reader at 405 nm (Spectra MR; Dynex
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Technologies, Chantilly, VA). The results were
calculated as OD per milligram of protein and
then converted to percentage of control.

Statistical analysis. The differences between
two groups were evaluated using the Student’s ¢
test. The differences between more than two
groups were evaluated by the one-way ANOVA
test. Post hoc multiple comparisons were per-
formed using Tukey’s test. The data normality
was also tested and passed.

Results

Inhibition of HDAC activity and
increased histone acetylation and NPY
expression in the amygdala by acute
ethanol exposure

To gain insight into chromatin remodeling
during the process of alcoholism, we first
examined the effects of acute ethanol expo-
sure on anxiety-like behaviors, HDAC ac-
tivity, H3 and H4 acetylation, CBP levels,
and NPY expression in the amygdala of
rats. We injected ethanol (1 g/kg; i.p.) or
n-saline and measured anxiety-like behav-
iors 1 h after injection [mean = SEM (n =
10) blood ethanol levels, 92 * 2.6 mg% at
the time of brain collection] using the EPM
test in one batch of rats. We found that
acute ethanol significantly ( p < 0.001) in-
creased the percentage of open arm entries and the percentage of
time spent on open arms (Fig. 1 A), as measured by the EPM test.
The general activity, as measured by total number of closed arm
entries of EPM was similar among the groups (Fig. 1A). In an-
other batch of rats [mean = SEM (n = 12) blood ethanol levels,
91 = 3.2 mg% at the time of brain collection], the anxiety-like
behaviors were measured by the LDB exploration test. We found
that acute ethanol significantly (p < 0.01) increased the time
spent in the light compartment and significantly ( p < 0.01) de-
creased the time spent in the dark compartment of the LDB
(Fig. 1 B).

We also measured total HDACs (class I and II) activity in the
amygdala 1 h after acute ethanol injection. We found that acute
ethanol significantly ( p < 0.01) inhibited the HDAC activity in
total cell lysates of amygdala (Fig. 2 A). In addition, we found that
acute ethanol significantly increased ( p < 0.001) the acetylation
of both H3 and H4 and increased ( p < 0.001) protein levels of
CBP in the CeA and MeA, but not in the BLA of rats (Fig. 2B, C).
Acute ethanol exposure also significantly increased ( p < 0.001)
the mRNA and protein levels of NPY in the CeA and MeA, but
notin the BLA of rats (Fig. 3A, B). These results suggest that acute
ethanol exposure significantly increased acetylation of H3 and
H4 and increased NPY expression in selected regions of the
amygdala, which may be related to either the ethanol-induced
inhibition of HDAC activity or to the observed increase in CBP
levels in the amygdala. These results also suggest the possibility
that the anxiolytic effects of ethanol may be related to the inhibi-
tion of HDAC activity in the amygdala of rats.

>

NPY mRNA

NPY Protein

HDAC inhibitor treatment prevents anxiety and rescues the
deficits in both histone acetylation and NPY expression
during ethanol withdrawal

Next, we examined the effects of chronic ethanol treatment and
its withdrawal (24 h), with or without TSA treatment, on anxiety-
like behaviors, HDAC activity, CBP levels, acetylation of histones
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Figure3. A, Low-magnification photomicrographs of NPY mRNA (in situ RT-PCR) and NPY gold-immunolabeling (protein) in
CeA of n-saline and acute ethanol-treated rats. Scale bar, 40 um. B, Effect of acute ethanol treatment on mRNA and protein levels
of NPY in CeA, MeA, and BLA of rats. Values are the mean = SEM of five rats per group. *Significantly different from the
n-saline-treated rats ( p << 0.001; Student’s t test).

H3 and H4, and NPY expression in the amygdaloid structures of
rats. Rats were chronically fed with either a liquid control-diet or
ethanol-diet (containing 9% v/v ethanol). The ethanol-fed
groups [blood ethanol levels (mean * SEM) in ethanol-fed rats
were 177 = 11 mg% (n = 17) at the time of brain collection] were
withdrawn for 0 and 24 h. The control diet-fed, ethanol diet-fed
(0 h withdrawal), and ethanol-withdrawn (24 h) rats were in-
jected one time with either TSA (2 mg/kg, i.p.) or vehicle, 2 h
before commencement of the anxiety measurements using the
EPM test and LDB exploration test. There were no significant
differences observed in the body weights (mean * SEM) of rats
among the various groups: control diet-fed rats plus vehicle,
295 * 2.8 g (n = 18); control diet-fed rats plus TSA, 294 = 3.5 g
(n = 18); ethanol diet-fed rats (0 h withdrawal) plus vehicle,
292 * 2.7 g (n = 17); ethanol-withdrawn (24 h) rats plus vehicle,
299 = 1.3 g (n = 18); and ethanol-withdrawn rats plus TSA,
296 £ 2.5g (n = 18). As shown in Figure 4 A, ethanol withdrawal
(24 h) after chronic ethanol exposure produced a significant re-
duction in open-arm activity [percentage entries (F, 59y = 28.83;
p < 0.001) and percentage of time (F(, 35, = 19.63; p < 0.001)
spent on open arms] in the EPM test. In another batch of rats, we
found that ethanol-withdrawn rats spent significantly less time in
the light compartment (F4 49y = 15.96; p <0.001) and more time
in the dark compartment (F, 40y = 15.98; p < 0.001) duringa 5
min exploration period in the LDB test (Fig. 4 B). Interestingly,
treatment with TSA during ethanol withdrawal protected against
the development of anxiety-like behaviors in ethanol-withdrawn
rats during both tests for anxiety (Fig. 44, B).

Ethanol withdrawal after chronic ethanol exposure signifi-
cantly decreased the acetylation of histones H3 ( p < 0.001) and
H4 ( p <0.001) (Fig. 5B,C), and also decreased the mRNA ( p <
0.001) and protein ( p < 0.001) levels (Fig. 6 A, B) of NPY in the
CeA and MeA, but not in BLA. Deficits in histone acetylation
(Fig. 5B,C) and NPY expression (Fig. 6 A, B) were not present in
the amygdala of rats chronically treated with ethanol, subse-
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Figure4. A, Effect of TSA treatment on open-arm and closed-arm activities in the EPM test
foranxiety-like behaviors during ethanol withdrawal. The control diet-fed, ethanol diet-fed (0 h with-
drawal), and ethanol diet-fed (24 h withdrawal) rats were injected with TSA (2 mg/kg, i.p.) or vehicle
once, 2 h before measuring anxiety-like behaviors. The groups are represented as follows: control
diet-fed + vehicle = control + vehicle; control diet-fed + TSA = control + TSA; ethanol diet-fed
(0 h withdrawal) + vehicle = ethanol + vehicle; ethanol diet-fed (24 h withdrawal) + vehicle =
withdrawal + vehicle; ethanol diet-fed (24 h withdrawal) + TSA = withdrawal + TSA. Values are
the mean == SEM of eight to nine rats per group. *Significantly different from control diet-fed rats
treated with vehicle ( p << 0.001; ANOVA followed by Tukey's test). B, Effect of TSA treatment on LDB
exploration test for anxiety-like behaviors during ethanol withdrawal after chronic ethanol exposure.
Values are the mean == SEM of nine rats per group. *Significantly different from control diet-fed rats
treated with vehicle ( p << 0.01-0.001; ANOVA followed by Tukey’s test).

quently these rats did not display anxiety-like behaviors (Fig.
4A,B). Moreover, TSA treatment given to ethanol-withdrawn
rats significantly restored the reductions in histone acetylation
and in the mRNA and protein levels of NPY in the CeA and MeA.
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TSA treatment given to control rats had no significant effect on
anxiety levels, as measured by either anxiety test (Fig. 4A,B), and
also had no effects on the acetylation states of H3 and H4 or on
NPY expression in the CeA, MeA, or BLA (Figs. 5B,C, 6A,B).
These results suggest that a histone acetylation-associated reduc-
tion in NPY expression may be involved in ethanol withdrawal-
related anxiety behaviors.

HDAC activity and CBP levels in the amygdala during

ethanol withdrawal

To examine whether or not decreased histone acetylation may be
related to either the decreased functioning of CBP or increased
functioning of HDACs, we determined both the protein levels of
CBP and HDAC activity in the amygdala during ethanol treat-
ment and its withdrawal. We found that chronic ethanol treat-
ment had no effect on either the protein levels of CBP or HDAC
activity in the amygdala. However, the protein levels of CBP sig-
nificantly decreased (p < 0.001) in the CeA and MeA during
ethanol withdrawal (24 h), which was not affected by TSA treat-
ment (Fig. 5A-C). HDAC activity was significantly ( p < 0.05)
increased in the amygdala during ethanol withdrawal and was
normalized by TSA treatment (Fig. 5A). These results suggest that
activation of HDACs and inhibition of the intrinsic HAT activity
of CBP may contribute to the decreased acetylation of H3 and
H4, thereby leading to a decrease in NPY gene expression in the
CeA and MeA during ethanol withdrawal. Furthermore, TSA
treatment during ethanol withdrawal inhibited the increased
HDAC activity and concomitantly increased both histone acety-
lation and NPY expression in the CeA and MeA of ethanol-
withdrawn rats (Fig. 5A—C). Therefore, the actions of TSA in
ethanol-withdrawn rats may lead to the prevention of anxiety-
like behaviors, as demonstrated by both the EPM test and LDB
exploration test.

Discussion

The present investigation revealed a novel epigenetic mechanism
suggesting that increased histone acetylation and decreased
HDAC activity in the amygdala may be involved in the anxiolytic
effects of acute ethanol and conversely, decreased histone acety-
lation and increased HDAC activity in the amygdala may be in-
volved in the development of anxiety during withdrawal after
chronic ethanol exposure. The cessation of chronic ethanol con-
sumption has been shown to lead to the development of with-
drawal symptoms both in human alcoholics and animal models
(Weiss and Rosenberg, 1985; Wilson, 1988; Lal et al., 1993;
Rassnick et al., 1993; Koob, 2003; Pandey, 2003; Pandey et al.,
2003, 2008). Anxiety-like behaviors, which appear during the
early phase of withdrawal, play crucial roles in the maintenance of
alcohol drinking behaviors in both humans and animals (Hers-
hon, 1977; Wilson, 1988; Koob, 2003; Pandey, 2003; Funk et al.,
2006). Thus, strategies to treat alcoholism should be directed
toward the prevention of withdrawal symptoms that occur after
cessation of drinking. The evidence presented here suggests that
decreased histone acetylation, attributable to increased HDAC
activity in the amygdala during alcohol withdrawal, may be asso-
ciated with withdrawal symptoms, such as anxiety, and that acute
ethanol exposure may produce anxiolytic effects because of its
ability to increase histone acetylation through HDAC inhibition.
We also shown here that treatment with TSA, an HDAC inhibi-
tor, prevented the development of anxiety-like behaviors during
ethanol withdrawal in rats. In addition, TSA blocked the ob-
served increase in HDAC activity, rescued deficits in the acetyla-
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A, Effect of ethanol withdrawal after chronic ethanol treatment and effect of TSA treatment on HDACactivity in the amygdala of rats. The HDACactivity was determinedin the cell lysates

of amygdala by measuring the deacetylation of acetylated lysine side chains. Values are the mean == SEM of seven rats per group. *Significantly different from control diet-fed rats treated with
vehicle ( p << 0.05; ANOVA followed by Tukey's test). B, Low-magnification photomicrographs of acetylated histones H3 (Lys 9) and H4 (Lys 8), and CBP gold-immunolabeling (protein levels) in the
CeA of control diet-fed, ethanol-fed, and ethanol-withdrawn rats treated with TSA or vehicle. Scale bar, 40 .m. The groups are represented as follows: control diet-fed + vehicle = control +
vehicle; control diet-fed + TSA = control + TSA; ethanol diet-fed (0 h withdrawal) + vehicle = ethanol + vehicle; ethanol diet-fed (24 h withdrawal) + vehicle = withdrawal + vehicle;
ethanol diet-fed (24 h withdrawal) + TSA = withdrawal + TSA. (, Effect of TSA treatment on protein levels of acetylated H3 and H4, and (BP in the CeA, MeA, and BLA of rats during ethanol
withdrawal after chronic ethanol exposure. Values are the mean == SEM of five to six rats per group. *Significantly different from the control diet-fed rats treated with vehicle ( p << 0.001; ANOVA

followed by Tukey's test).

tion states of H3 and H4, and restored the decrease in NPY ex-
pression (mRNA and protein levels) in the CeA and MeA (Fig. 7).

Three distinct families of HDACs have been described. TSA is
a potent inhibitor of both class I (isoforms 1, 2, 3, 8, and 11) and
class II HDACs (isoforms 4, 5, 6, 7, 9 and 10), but not class III
HDAC: (Sir2), which require a cofactor, nicotinamide-adenine
dinucleotide, for enzymatic activity (Marks et al., 2003; Blander
and Guarente, 2004; Villar-Garea and Esteller, 2004; Dok-
manovic and Marks, 2005). Here, we found that HDAC (HDACs
I and II) activity was inhibited by acute ethanol and conversely,
was activated in the amygdala during ethanol withdrawal after
chronic ethanol exposure. We also found that TSA both inhibited
HDAC activity and elicited an anxiolytic response in ethanol-

withdrawn rats. However, acute TSA treatment had no effects on
anxiety-like behaviors, HDAC activity, or histone acetylation in
the amygdala of control rats. It may be possible that the levels of
one or more isoforms of HDACs in the amygdala were increased
during ethanol withdrawal, leading to increased HDAC activity
and thereby increasing the effectiveness of TSA in ethanol-
withdrawn rats. Future studies are needed to investigate the in-
volvement of specific isoforms of class I and Il HDACs and Sir2 in
ethanol-induced chromatin remodeling and gene expression in
the amygdala. A particular class I HDACs, HDAC 4 isoform, has
been shown to be involved in neuronal cell death and cocaine
addiction (Bolger and Yao, 2005; Colvis et al., 2005; Kumar et al.,
2005). In addition, HDAC 2 and 5 isoforms of class I and II
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Figure 6. A, Low-magnification photomicrographs of NPY mRNA and NPY gold-immunolabeling (protein) in the CeA of control diet-fed, ethanol diet-fed, and ethanol-withdrawn rats treated
with TSA or vehicle. Scale bar, 40 m. The groups are represented as follows: control diet-fed + vehicle = control + vehicle; control diet-fed + TSA = control + TSA; ethanol diet-fed (0 h
withdrawal) + vehicle = ethanol + vehicle; ethanol diet-fed (24 h withdrawal) + vehicle = withdrawal + vehicle; ethanol diet-fed (24 h withdrawal) + TSA = withdrawal + TSA. B, Effect
of TSA treatment on protein and mRNA levels of NPY in the CeA, MeA, and BLA of rats during ethanol withdrawal after chronic ethanol exposure. Values are the mean == SEM of five to six rats per

group. *Significantly different from the control diet-fed rats treated with vehicle ( p << 0.001; ANOVA followed by Tukey's test).
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Figure7.  Proposed model for chromatin remodeling in the central and medial nucleus of amygdala during acute and chronic
ethanol exposure. The present investigation reveals that increased histone acetylation caused by eitherinhibition of HDACs or activation of
HATS (increased (BP levels) may lead toincreased expression of NPY in the amygdala that may be operative in the anxiolytic effects of acute
ethanol exposure in rats. However, ethanol withdrawal-related anxiety might be related to decreased histone acetylation caused by
activation of HDACs or inhibition of HATs (decreased (BP levels), and may also be responsible for the observed decrease in NPY expression
inthe amygdala. TSA treatment during ethanol withdrawal attenuated anxiety-like behaviors and rescued the reductions in both histone
acetylation and NPY expression in the CeA and MeA during ethanol withdrawal. Thus, HDAC-induced chromatin remodeling in the
amygdala may be crucial in the dynamic process that occurs during the development of alcoholism.

HDAC:s, respectively, have been implicated in social defeat be-

treatment of cancer (Villar-Garea and Es-
teller, 2004) and have recently been used to
investigate the epigenetic mechanisms un-
derlying synaptic plasticity within the
framework of the CNS (Colvis et al., 2005;
Starkman and Pandey, 2007; Tsankova et
al., 2007). Treatment with HDAC inhibi-
tors, such as sodium butyrate, has been
shown to increase the acetylation of his-
tones H3 and H4, induce sprouting of den-
drites in the hippocampus, and reinstate
learning behaviors in a mouse model (Fi-
scher et al., 2007). HDAC inhibitors have
also been used in establishing a role for
histone acetylation in the molecular mech-
anisms of cocaine addiction, schizophre-
nia and Huntington’s disease (Ferrante et
al., 2003; Colvis et al., 2005; Kumar et al.,
2005; Sharma, 2005). Data obtained in the
present study indicates that HDAC inhib-
itors might also be beneficial in treating
alcoholism.

Regulation of gene expression requires
activation of gene transcription factors,
such as CREB, via phosphorylation
(serine-133) by cAMP-dependent protein

haviors and in the mechanisms of action of antidepressant drugs ~ kinase A (PKA), Ca’*/calmodulin-dependent protein kinases, as
(Cassel et al., 2006; Newton and Duman, 2006; Tsankova et al.,  well as by mitogen activated protein kinases, in addition to the
2006, 2007). Several HDAC inhibitors have been used in the  subsequent recruitment of multifunctional coactivators such as
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CBP and p300 to the transcriptional machinery (Silva etal., 1998;
Impey etal., 1999; Soderling, 1999; Korzus et al., 2004; Hsieh and
Gage, 2005). Several investigators have shown that the intrinsic
HAT activity of CBP had profound effects on both chromatin
remodeling in the brain and behavior. For example, a haplodefi-
ciency of the CBP gene caused deficits in histone acetylation in
the hippocampus and impaired memory consolidation. Both of
these deficits in CBP-deficient mice were reinstated by treatment
with TSA or suberoylanilide hydroxamic acid (Alarcon et al.,
2004; Korzus et al., 2004). Also, transgenic mice expressing a
truncated form of CBP displayed impairments in hippocampal-
dependent long-term memory formation (Wood et al., 2005).
Furthermore, mutations in the CBP gene produced Rubinstein-
Taybi syndrome in humans, characterized by severe mental re-
tardation and abnormal gross anatomy (Rubinstein and Taybi,
1963; Hennekam et al., 1992; Petrij et al., 1995). We reported
previously that acute ethanol increased CREB phosphorylation in
the CeA and MeA but not in BLA of rats and mice (Pandey et al.,
2004, 2005, 2008). Conversely, ethanol withdrawal after chronic
ethanol exposure decreased CREB phosphorylation, but not total
CREB protein levels, in the CeA and MeA of rats (Pandey et al.,
2003, 2008). Combining these findings with our current findings
on CBP suggests the possibility that decreased functioning of
CREB may lead to decreased HAT activity (decreased CBP lev-
els), which may attenuate the acetylation states of histones H3
and H4 in the amygdala during ethanol withdrawal. Acute etha-
nol challenge may increase HAT activity because of increased
CREB function, thereby increasing histone acetylation in the sub-
regions of the amygdala. Challenge with an HDAC inhibitor pre-
vented the development of anxiety and reversed the deficit in
histone acetylation, but not the deficit in CBP levels, suggesting
the possibility that neuroadaptations in the amygdala during
chronic ethanol exposure may involve both HATs and HDACs
during the dynamic process of chromatin remodeling.

We investigated the changes in NPY expression by TSA treat-
ment during ethanol withdrawal because NPY in the amygdala
had previously been implicated in anxiety and alcohol drinking
behaviors (Heilig and Widerlov, 1995; Thiele et al., 1998; Pandey
et al., 2003, 2005). Earlier, we found that both CREB phosphor-
ylation and NPY expression were decreased in both the CeA and
MeA, but not in the BLA of rats, during withdrawal and that
restoring CREB phosphorylation in the CeA, using an activator of
PKA, blocked the development of anxiety-like behaviors and re-
stored NPY expression in the CeA (Pandey et al., 2003; Zhang and
Pandey, 2003). Here, we found that TSA treatment normalized
the reductions in both histone acetylation and NPY expression in
the CeA and MeA during ethanol withdrawal, suggesting that
histone modifications may regulate NPY expression in the amyg-
dala during withdrawal. These results also suggest the possibility
that the anxiolytic effects, observed with TSA treatment, may be
related to increased NPY expression in the CeA and MeA of
ethanol-withdrawn rats. Previous studies using drugs to block the
translation of mRNA into protein have shown that consolidation
of fear memories required protein synthesis in the amygdala
(Nader et al., 2000; Schafe and LeDoux, 2000). Our data on acute
ethanol exposure indicate an increase in NPY protein levels,
whereas during withdrawal there is an observed decrease in NPY
protein levels, suggesting the possibility that changes in protein
synthesis in the amygdala may also be involved in the anxiolytic
and anxiogenic effects of ethanol treatment and withdrawal, re-
spectively. Recently, we observed that expression of other CREB
target genes such as brain-derived neurotrophic factor (BDNF)
and activity-regulated cytoskeleton-associated protein (Arc)
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were increased during acute ethanol exposure and decreased dur-
ing ethanol withdrawal after chronic ethanol exposure in CeA
and MeA of rats (Pandey et al., 2008). The decreased functioning
of BDNF-Arc signaling in the CeA may also be associated with
ethanol withdrawal-related anxiety and with alcohol drinking be-
haviors (Pandey et al., 2006, 2008). Future studies will be aimed at
examining the changes in these CREB-related genes attributable
to chromatin remodeling in the amygdala and other brain re-
gions during ethanol exposure and withdrawal.

In conclusion, our results provide the first evidence that chro-
matin remodeling in the amygdala is an important mechanism
that may be involved in the anxiolytic and anxiogenic effects of
ethanol exposure and withdrawal, respectively (Fig. 7). Further-
more, a deficiency in NPY expression in the CeA and MeA during
ethanol withdrawal after chronic ethanol exposure can be res-
cued by TSA treatment, suggesting that chromatin remodeling
might regulate NPY expression. Together, our results suggest a
role for HDAC inhibitors as potential therapeutic agents in treat-
ing alcoholism and may also pave the way for increased research
on the epigenetic mechanisms that occur in the brain during
alcohol tolerance and dependence.
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