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Abstract

Previous reports showed that decreased histone deacetylase activity significantly potentiated the
rewarding effects of psychostimulants, and that encoding of the 5-HT3 receptor by the htr3a gene
was related to ethanol-seeking behavior. However, the effects of a histone deacetylase inhibitor on
ethanol-seeking behavior and epigenetic regulation of htr3a mRNA expression after chronic ethanol
exposure are not fully understood. Using quantitative reverse transcription-polymerase chain
reaction and chromatin immunoprecipitation analysis, we investigated the effects of chronic ethanol
exposure and its interaction with a histone deacetylase inhibitor on histone-acetylation-mediated
changes in htr3a mRNA expression in the htr3a promoter region. The conditioned place preference
procedure was used to evaluate ethanol-seeking behavior. Chronic exposure to ethanol effectively
elicited place conditioning. In the prefrontal cortex, the acetylation of H3K9 and htr3a mRNA
expression in the htr3a promoter region were significantly higher in the ethanol group than in the
saline group. The histone deacetylase inhibitor sodium butyrate potentiated the effects of ethanol on
htr3a mMRNA expression and enhanced ethanol-induced conditioned place preferences. These
results suggest that ethanol upregulates htr3a levels through mechanisms involving H3K9
acetylation, and that histone acetylation may be a therapeutic target for treating ethanol abuse.
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other psychoactive substances™. For
example, the levels of the transcription
factor AfosB dramatically increase in the
nucleus accumbens following chronic
cocaine exposure. As chronic exposure to
cocaine also increases the sensitivity of the
subject to the effects of cocaine, this

Ethanol (EtOH) addiction is a debilitating
psychiatric disorder. It is characterized by
compulsive EtOH seeking and taking
despite severe adverse consequences!. It
is a complex disorder that involves multiple
genes in key reward regions, such as the
prefrontal cortex (PFC), ventral tegmental
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indicates that AfosB may be involved in enhanced
sensitivity to the effects of cocaine®. Similarly, evidence
exists that increased expression of brain-derived
neurotrophic factor in the ventral tegmental area and
nucleus accumbens induces long-lasting cocaine
seeking and a higher risk of relapse during withdrawa
However, the underlying mechanisms by which chronic
drug exposure promotes changes in gene expression
and behavior are not fully understood.

Epigenetics is the study of the heritable changes in gene
expression that occur in the absence of DNA sequence
alterations®. Epigenetic mechanisms alter the genome
following exposure to diverse environmental stimuli by
altering chromatin structure on specific gene promoters.
It can produce robust and often long-lasting changes in
gene expression and behavior®®. Molecular mechanisms
of epigenetic regulation include histone modification
(acetylation, methylation, and phosphorylation) and DNA
methylation!. Histone acetylation is an important
regulator of gene expression and may contribute to
behavioral changes. Histone acetyltransferases (HATSs)
and histone deacetylases (HDACSs) are involved in
histone acetylation. HATs can relax the chromatin
structure and thereby promote gene expression. HDACs
can pack DNA into more condensed chromatin, inhibit
access of transcriptional factors, and decrease gene
expression. HATs tend to be transcriptional activators,
whereas HDACSs tend to be transcriptional repressors®®.
In the conditioned place preference (CPP) procedure, an
animal learns to associate the rewarding effects of drugs
with a specific environment. It is an animal model of
drug-seeking behavior™. In CPP, either systemic or local
administration of non-specific HDAC inhibitors significantly
potentiates the rewarding effects of cocaine™. Consistent
with this, mice that are deficient in CREB-binding protein,
a HAT, exhibit reduced histone acetylation on the AfosB
promoter and reduced sensitivity to cocaine?.

HDAC inhibitors have been found to regulate various
genes during drug addiction, playing a major role in drug
dependence™ *!. Administration of sodium butyrate (SB),
an HDAC inhibitor, enhanced alcohol-induced locomotor
sensitization™ and significantly potentiated the rewarding
effects of cocaine™. Consistent with this, reducing histone
acetylation by virally overexpressed HDACs in the nucleus
accumbens significantly decreased cocaine place
conditioning™?. HDAC knockout mice displayed normal
reward responses to initial cocaine exposure, but
became hypersensitive if they were previously exposed
to a chronic course of cocaine'®. However, the roles of
SB in EtOH-seeking behaviors and related epigenetic
mechanism have not been identified.

EtOH-seeking behavior is related to htr3a encoding of
the 5-HT3 receptor, which is an ion channel that exhibits
strain-dependent and brain-region-specific expression
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within the central nervous system™. Alcohol potentiates
5-HT3-receptor-mediated fast excitatory
neurotransmission and hence modulates dopamine
release in the reward circuitry™®. Systemic injection of a
5-HT3 receptor antagonist attenuated foot
shock-induced reinstatement of alcohol seeking™”. In
Wistar rats, bilateral microinjection of a 5-HT3 receptor
antagonist into the amygdala decreased alcohol
drinking™®. Therefore, histone acetylation may be one of
the mechanisms by which EtOH exposure regulates the
htr3a gene and EtOH-seeking behavior. To date, no
study has examined the effects of HDAC inhibitors on
htr3a expression in the PFC, which serves as a major
brain region underlying EtOH-seeking behavior™. In the
present study, we investigated the regulation of htr3a
expression in the PFC of Wistar rats after chronic EtOH
exposure, and the effects of HDAC inhibition on htr3a
expression and EtOH-seeking behavior. We reported
that there was a relationship between the level of htr3a
expression in PFC and EtOH seeking after exposure to
chronic EtOH or EtOH + SB. We also explored the
relationship between the level of htr3a expression and
H3K9 acetylation, which has been reported to chronically
activate most genes, in the htr3a promoter region in the
PFC after EtOH or EtOH + SB exposure.

RESULTS

Quantitative analysis of experimental animals

A total of 48 adult male Wistar rats were included in this
study. They were equally and randomly divided into four
groups according to the exposure conditions: EtOH,
ethanol + SB (EtOH + SB), SB and saline groups. The
saline group served as the control group. All 48 rats were
included in the final analysis.

EtOH-seeking behavior

The rats in each group exhibited comparable baseline
data (F 44y = 1.592, P = 0.205). One-way analysis of
variance showed that there was a statistically significant
CPP in each of the four treatment groups (F, 44y = 20.258,
P < 0.001). The data presented in Figure 1A show that
the CPP scores in the EtOH and EtOH + SB groups were
significantly higher than in the saline group (P < 0.01),
and the CPP scores in the EtOH + SB group were
significantly higher than in the EtOH group (P < 0.05).
Moreover, there was no significant difference in CPP
scores between the saline and SB groups.

htr3a mRNA expression

One-way analysis of variance showed that there were
significant differences in htr3a mRNA expression across
the four treatment groups (F, 44y= 19.752, P < 0.001). As
shown in Figure 1B, htr3a mRNA expression levels in the
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EtOH, EtOH + SB, and SB groups were significantly
higher than in the saline group (P < 0.05 or 0.01).
Although there was no significant difference in htr3a
MRNA expression among the EtOH, EtOH + SB and SB
groups, htr3a mRNA expression in the EtOH + SB group
was higher than in the EtOH and SB groups.

Histone H3K9 acetylation in the htr3a and gapdh
promoter regions

One-way analysis of variance showed that chronic EtOH,
EtOH + SB, and SB exposure generally elicited
significant increases in H3K9 acetylation in the htr3a
promoter region (F, 44 = 5.618, P < 0.01). As shown in
Figure 1C, H3K9 acetylation in the htr3a promoter region
in the EtOH, EtOH + SB, SB groups was significantly
higher than in the saline group (P < 0.05 or 0.01).
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Figure 1 Interactions between the conditioned place
preference (CPP) (A), htr3a mRNA expression level (B),
and H3K9 acetylation in the htr3a promoter region induced
by ethanol (EtOH) (C) and the effects of sodium butyrate
(SB).

Data are expressed as mean + SEM (n = 12 rats per
group).

Significant differences among multiple groups were
analyzed by one-way analysis of variance followed by
least significance difference or Dunnett’s post hoc test.

P < 0.05,°P < 0.01, vs. EtOH + SB group; °P < 0.05, P <
0.01, vs. the saline group.

H3K9 acetylation in the htr3a promoter region was
significantly higher in the EtOH + SB group than in the
SB and saline groups (P < 0.01). The EtOH + SB
treatment led to a greater increase of H3K9 acetylation
than EtOH treatment alone, but this difference did not
reach statistical significance. There was no significant
difference in H3K9 acetylation in the gapdh promoter
region among the four groups. This suggests that EtOH,
EtOH + SB, and SB treatments specifically affect H3K9
acetylation in htr3a promoter region.

Correlation analyses between CPP scores and htr3a
mRNA expression levels

Pearson’s correlation test showed that htr3a mRNA
expression levels in the PFC in the EtOH group and
EtOH + SB group were positively correlated with CPP
scores (r =0.347, P =0.033; Figure 2).
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Figure 2 Correlation between conditioned place
preference (CPP) scores and htr3a mRNA expression
levels in both the ethanol (EtOH) and EtOH + sodium
butyrate (SB) groups as assessed by Pearson’s
correlation test (n = 12 rats per group).

Correlation analyses between htr3a mRNA
expression levels and H3K9 acetylation in htr3a
promoter region.

Pearson’s correlation test showed that htr3a mRNA
expression levels in the PFC after any of the treatments
were positively correlated with H3K9 acetylation in the
htr3a promoter region (r = 0.434, P = 0.009; Figure 3).

y=0.554x+1.311

htr3a mRNA expression

H3K9 acetylation

Figure 3 Correlation between htr3a mRNA expression
levels and H3K9 acetylation in the htr3a promoter region
as assessed by Pearson’s correlation test. The pooled
data from the four treatment groups were used for this
analysis (n = 12 rats per group).
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DISCUSSION

EtOH-induced histone acetylation

In the present study, we found that H3K9 acetylation was
one of the mechanisms by which chronic EtOH exposure
regulates htr3a expression in the PFC of Wister rats. A
very consistent pattern was observed for EtOH, in which
it induced htr3a mRNA expression and increased H3K9
acetylation in the htr3a gene promoter region, and these
effects were synergistic with those of SB. There were no
consistent results concerning EtOH-induced histone
acetylation. Pandey et al ?” found increases in the
acetylation of H3 and H4, the levels of cAMP-responsive
element binding protein (CREB), and neuropeptide Y
expression and a decrease in HDAC activity in
amygdaloid brain regions of rats following acute EtOH
exposure (1 g/kg, i.p.). Moreover, these effects were
associated with anxiolytic effects. Furthermore, during
withdrawal after chronic EtOH exposure, HDAC activity
increased and acetylation of H3 and H4, the level CREB,
and neuropeptide Y expression decreased in the
amygdala. However, Renthal and Nestler™ suggested
that acute EtOH exposure may increase HDAC activity
and thereby reduce histone acetylation, whereas
withdrawal from chronic EtOH treatment may reduce
HDAC activity and increase histone acetylation. Kim and
Shukla®®? reported that alcohol had no significant effect
on acetylation of H3 histone in the cerebral hemispheres.
Another study showed that intermittent treatment with
alcohol in adolescent rats significantly increased histone
H3 and H4 acetylation in the frontal cortex®®. These
inconsistencies may be partially attributable to differences
in animals with differential genetic vulnerabilities,
differences in histone acetylation across different brain
regions, or procedural differences across studies.

The cAMP-response element (CRE) sites are found
within the regulatory (promoter or enhancer) regions of
numerous genes®®’. CREB is ubiquitously expressed in
brain cells and has shown to be involved in many
aspects of central nervous system function including
addiction, long-term memory formation, and synaptic
plasticity®®>?®. In addition, CREB is activated by
phosphorylation at serine-133 via
calcium/calmodulin-dependent protein kinase Il and IV,
cAMP-dependent protein kinase A, mitogen-activated
protein kinase®?®!, neurotransmitters, hormones,
membrane depolarization, and growth and neurotrophic
factors™®!. Activated CREB can recruit CREB binding
protein® %, which functions both as a platform for
recruiting other required components of the
transcriptional machinery and as a HAT that alters
chromatin structure, activates transcription, and finally
promotes gene expression®”. No single process that can
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account for the effects of EtOH. Instead, the effects of
EtOH use many different mechanisms. EtOH has a
complex pharmacological profile that includes effects
such as modulation of 5-HT3 receptor currents to induce
membrane depolarization®" and activation of various
signaling systems such as cAMP-dependent protein
kinase A and calcium/calmodulin-dependent protein
kinase II, which activate CREB?®. Therefore, after EtOH
exposure, activated CREB recruits CREB binding protein
and increase histone acetylation. Genome-wide studies
have shown that hyperacetylation in promoter regions is
strongly associated with gene activation'. Taken
together, these findings suggest that histone acetylation
is associated with the mechanism through which EtOH
upregulates htr3a expression.

HDAC modulates the behavioral effects of EtOH

In the present study, the HDAC inhibitor increased
acetylation of histones that activate gene transcription.
Earlier studies showed that manipulations that increased
gene transcription generally promoted behavioral
sensitivity to drugs of abuse!®. CPP is widely used to
assess EtOH-seeking behavior. To our knowledge, no
previous report examined the effects of HDAC inhibitors
on EtOH-induced CPP. Our results confirm and extend
earlier reports that HDAC inhibitors modify the behavioral
effects of EtOH. In the present study, we provided the
first evidence that the HDAC inhibitor SB enhanced
EtOH-induced CPP, whereas SB treatment alone did not
affect this CPP. Although the effects of EtOH and EtOH +
SB treatment on htr3a expression were not significantly
different, there was a trend for EtOH + SB to
synergistically facilitate htr3a expression. Our correlation
analyses yield clear evidence for the behavioral effects of
SB on EtOH-induced seeking behavior as SB
administration. Taken together, these findings indicate
that histone acetylation in the htr3a promoter region
plays an important role in EtOH-seeking behavior.
Previous studies have demonstrated that SB
administration enhanced EtOH-induced locomotor
sensitization as well as cocaine- and morphine-induced
locomotor sensitization and CPP™ *¥, Consistent with
these results, reducing histone acetylation in the nucleus
accumbens via virally overexpressing HDACS in the
nucleus accumbens significantly decreased
cocaine-induced CPP . Mice that were deficient in
CREB binding protein exhibited reduced histone
acetylation and reduced sensitivity to cocaine™?.
Interestingly, some studies, as described below,
suggested that treatment with the HDAC inhibitor
trichostatin A reversed alcohol-related brain damage®
and the effects of EtOH withdrawal on chromatin
remodeling, neuropeptide Y expression, and anxiety-like
behaviors®”, and it displayed a neuroprotective role®?,
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Other investigators reported that SB facilitated extinction
of either cocaine-** or morphine-induced® CPP.
Different genes, different behaviors related to EtOH
addiction, and different effects of various drugs of abuse
may account for these inconsistencies. Despite these
inconsistencies, histone acetylation provided a substrate
for the long-term changes in gene expression underlying
behavior changes. Accordingly, a better understanding of
histone acetylation associated with EtOH exposure may
provide insights into EtOH dependence and more
effective treatments and preventions.

Our behavioral, gene expression and histone acetylation
studies support the hypothesis that EtOH-induced
histone acetylation underlies EtOH-seeking behavior.
The results provide the first characterization of the
alterations in htr3a mRNA expression and histone
acetylation in the promoter region of htr3a in the PFC of
Wistar rats after chronic EtOH exposure. We explored
the effects of histone acetylation and the HDAC inhibitor
SB on EtOH-seeking behavior. Although our
understanding of the molecular mechanism underlying
EtOH dependence remains incomplete, the identification
of histone acetylation as an important mediator of
EtOH-induced transcriptional and behavioral changes
represents an exciting new area of research with
potential therapeutic implications. The ability to reverse
epigenetic alterations offers an approach that may profit
the development of more effective treatments for EtOH
dependence, through both direct targeting of aberrant
chromatin acetylation and the identification of genes
involved in EtOH dependence.

In conclusion, the results illustrate that EtOH upregulates
htr3a mRNA expression through mechanisms that
involve H3K9 acetylation, which indicates that histone
acetylation may be a therapeutic target for EtOH abuse.

MATERIALS AND METHODS

Design
Arandomized, controlled animal experiment.

Time and setting

This study was performed at the Key Psychiatric
Laboratory of the Second Affiliated Hospital of Xinxiang
Medical University, China between April 2010 and
February 2011.

Materials

We examined 48 male adult inbred Wistar rats weighing
180-220 g. These animals were provided by the Animal
Center of the Second Affiliated Hospital of Xinxiang
Medical University, China (license No. SYXK (Yu)
2008-0105). All rats were group-housed with free access

to water and food in the vivarium, which had a 12-hour
light/dark cycle and a thermoregulated environment.

Methods

CPP, chronic EtOH exposure, and SB administration
The CPP apparatus consisted of a black and white
chamber (60 cm x 30 cm x 30 cm) with a guillotine door.
There was a smooth floor in the black chamber and a
rough floor in the white chamber. The time a rat spent in
each chamber was recorded by a video-tracking system
(Anilab, Ningbo, China) through which the researchers
could observe the animal’'s behaviors. All rats were
allowed to adapt to the CPP apparatus for 60 minutes
per day for 3 days. On day 4, the rats were placed in the
center of the apparatus with the guillotine doors open.
They were allowed free access to the entire apparatus
for 15 minutes, and the time spent in each chamber was
recorded to identify any innate preferences for one of the
chambers (= 450 seconds). The less preferred chamber
was used for the drug pairing, and the time spent in that
chamber (< 450 seconds) was set as the baseline.
Similar to previous studies®**"!, experimental groups
were treated with EtOH (0.5 g/kg per day, 10% wi/v,
Tianjin, China), EtOH + SB (200 mg/kg per day, Tianjin,
China) (EtOH first and SB later), SB (200 mg/kg per day)
or saline (10 mg/kg per day) via intraperitoneal injections.
Each treatment was administered four times per day at
3-hour intervals from 08:00 to 17:00 for 15 days. Animals
received EtOH, EtOH + SB, or SB in the morning and
saline in the afternoon or saline in the morning and EtOH,
EtOH + SB, or SB in the afternoon on alternating days.
Rats receiving chronic EtOH, EtOH + SB, or SB
treatments were confined in the drug-paired compartment
for 60 minutes immediately after the injections, and in the
saline-paired compartment immediately after the saline
injection. The saline-treated rats received saline
injections four times per day at 3-hour intervals from
08:00 to 17:00 for 15 days and were placed in the
compartments randomly. During these sessions, the
removable wall was inserted to separate the two
compartments. The CPP test began 24 hours later after
the last conditioning trial for all animals and lasted 15
minutes. The time spent in the drug-paired chamber
during the CPP test was defined as the CPP, and the
CPP baseline was defined as the CPPy,seiine- The CPP
score was calculated as the CPP ., minus the CPPysqiine-
A positive score was interpreted as a result of the
rewarding effects of EtOH on associative learning™®®, and
it was used to evaluate EtOH seeking after chronic EtOH
exposure.

Quantitative reverse transcription-PCR (QRT-PCR)
for htr3a mRNA expression
After the CPP test, the rats were anaesthetized with
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napental (30-40 mg/kg, i.p.), and the PFC was removed
following decapitation by gross dissection and washed
with ice-cold PBS. RNA was extracted using a Trizol
reagent purchased from Invitrogen (Shanghai, China)
and precipitated with isopropanol. The purified RNA was
DNase treated. The mMRNA was reverse transcribed to
cDNA using first-strand synthesis kits (Invitrogen). The
following primers were employed to amplify specific
cDNA regions of the transcriptions of interest: htr3a:
5'-GCT GGT GAC CGC CTG TAG CC-3' and 5'-GCC
GGC GGATGA CCACGTAG-3,
glyceraldehyde-3-phosphate dehydrogenase (gapdh)
5'-ACC ACA GTC CAT GCC ATC AC-3'and 5'-TCC
ACC ACC CTG TTG CTG TA-3'. The gapdh
quantification was used as an internal control for
normalization. The PCR cycling conditions were 95°C
for 5 minutes, 35 cycles of 95°C for 30 seconds, 60°C
for 45 seconds, 72°C for 45 seconds, and 72°C for 5
minutes. The products were stored at 4°C. The cDNA
amplification reactions were run in triplicate in the
presence of SYBR-Green. The CT values of each
sample were recorded using FTC-2000 software
(Shanghai, China). The fold change in mRNA levels
over control values were calculated using the
delta-delta method™® for comparing relative expression
results between different treatments.

The fold change of mMRNA level over control was
calculated as 2°“°", wherein ACT = CTyyza=C Tgapdns
AACT = A‘CTtreatmem_ACTcontroI

Chromatin immunoprecipitation (ChIP) and gRT-PCR
for H3K9 acetylation

The ChIP procedure was performed using the
instructions provided with the ChIP kit (number 17-371,
Millipore, Bedford, MA, USA) with a few modifications.
The frozen PFC was sectioned and immediately
cross-linked in formaldehyde for 10 minutes. Glycine
was added to quench the cross-linked reaction.
Subsequently, the cells were rinsed twice in ice-cold
PBS containing a proteinase inhibitor, scraped, and
collected by centrifugation. Cells were then
resuspended in SDS lysis buffer. With the optimal
conditions for sonication, the chromatin was sheared to
200-1 000 bp concentrating on 400-500 bp. The
homogenates were centrifuged, and the supernatants
were placed in fresh microfuge tubes and defined as the
positive control (anti-RNA Polymerase 1), the negative
control (Normal Mouse 1gG), and the anti-acetylation.
ChlIP dilution buffer containing a protease inhibitor was
added to each tube to dilute the chromatin lysate. The
chromatin solution was pre-cleared with salmon sperm
DNA/protein G agarose, briefly centrifuged, and 10 uL
of the supernatant was removed as the input for later
normalization. The remaining supernatant was collected,
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and it was immunoprecipitated overnight at 4°C with an
antibody directed against H3 acetylation on Lys9 (kit
number 9671, Cell Signaling Technology, MA, USA),
anti-RNA polymerase Il, and normal mouse IgG. After
immunoprecipitation, the DNA-histone complex with
salmon sperm DNA/protein G agarose beads was
collected. The beads were washed with low-salt buffer,
high-salt buffer, LiCl buffer and TE buffer. The
DNA-histone complex was eluted from the beads with
elution buffer in fresh tubes. All tubes including the
inputs and immunoprecipitates were incubated at 65°C
for 5 hours. After addition of RNase A, the mixtures
were incubated at 37°C for 30 minutes. After addition of
proteinase K, 0.5 M ethylenediamine tetraacetic acid,
and 1 M Tris-HCI, the mixtures were incubated at 45°C
for 1 hour. The DNA associated with acetylation
histones was purified and collected in an elution buffer.
Most ChIP experiments were performed twice on two
independent tissue samples for confirmation.
Quantification of DNA by gRT-PCR: Levels of specific
histone acetylation at the htr3a and gapdh promoter
regions were determined by measuring the amount of
acetylated histone-associated DNA using qRT-PCR.
Specific primers were designed to amplify proximal
regions. For htr3a, the primers were 5-TGT TTT CTG
TGAAAG GAC TTG AGG-3'and 5-TCT CTG CAC TTT
GAA TCT GTA GCC-3'. For gapdh, which was
examined as a control, the primers were 5-CGT AGC
TCA GGC CTC TGC GCC CTT-3'and 5’-CTG GCA
CTG CAC AAG AAG ATG CGG CTG-3'. The PCR
cycling conditions were 95°C for 5 minutes, 35 cycles of
95°C for 30 seconds, 55°C for 45 seconds, 72°C for 45
seconds, and 72°C for 5 minutes. The products were
stored at 4°C. The input and immunoprecipitated DNA
amplification reactions were repeated three times
independently. Relative quantification of samples was
performed using the delta-delta method as described by
Godmann et al "% with some modifications.

The fold change over control was calculated as 27T,
wherein ACT = CTanti-nzko acetylation_CTinputv AACT =
ACTtreatmem_ACTcontroI-

Several controls were performed to confirm the
specificity and validity of these assays. Chromatin
samples were immunoprecipitated with anti-RNA
polymerase Il as a positive control and normal mouse
IgG as a negative control. To ensure that histone
acetylation is specific for the htr3a promoter region, the
levels of histone acetylation in the gapdh promoter
region, which was examined to establish the specificity
of the effects of the treatments were measured.

Statistical analysis
All data are shown as mean + SEM, and were analyzed
utilizing SPSS 15.0 statistical software (SPSS, Chicago,
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IL, USA). Significant differences among multiple groups
were analyzed by one-way analysis of variance followed
by least significant difference or Dunnett’s post hoc test.
Pearson’s correlation test was used to conduct the
correlation analyses between the CPP scores and htr3a
MRNA expression levels and between the htr3a mRNA
expression levels and the levels of H3K9 acetylation in
the htr3a promoter region. Statistical significance level
was accepted at P < 0.05.
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