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Alcohol  use  and alcohol  addiction  represent  dysfunctional  brain  circuits  resulting  from  neuroadaptive
changes  during  protracted  alcohol  exposure  and  its withdrawal.  Alcohol  exerts  a potent  effect  on synaptic
plasticity  and  dendritic  spine  formation  in  specific  brain  regions,  providing  a neuroanatomical  substrate
for the  pathophysiology  of alcoholism.  Epigenetics  has  recently  emerged  as  a  critical  regulator  of  gene
expression  and  synaptic  plasticity-related  events  in  the brain.  Alcohol  exposure  and  withdrawal  induce
changes  in  crucial  epigenetic  processes  in  the  emotional  brain  circuitry  (amygdala)  that  may  be  relevant
to the  negative  affective  state  defined  as  the  “dark  side” of addiction.  Here,  we  review the  literature
lcoholism
pigenetics
ynaptic plasticity
endritic spines
istone deacetylases
istone acetylation

concerning  synaptic  plasticity  and  epigenetics,  with  a  particular  focus  on molecular  events  related  to
dendritic  remodeling  during  alcohol  abuse  and  alcoholism.  Targeting  epigenetic  processes  that  modulate
synaptic  plasticity  may  yield  novel  treatments  for alcoholism.

Published  by Elsevier  Ireland  Ltd.
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. Introduction
that interferes with normal functioning and is related to various
Please cite this article in press as: E.J. Kyzar, S.C. Pandey, Molecular m
(2015), http://dx.doi.org/10.1016/j.neulet.2015.01.051

Alcohol abuse and alcoholism represent significant public health
roblems that impact both the individual and society as a whole
1]. Alcoholism is defined as compulsive drug seeking behavior

∗ Corresponding author at: Department of Psychiatry, University of Illinois at
hicago, Jesse Brown VA Medical Center, 1601 West Taylor St (M/C 912), Chicago,

L  60612, USA. Tel.: +1 312 413 1310; fax: +1 312 996 7658.
E-mail address: scpandey@uic.edu (S.C. Pandey).

ttp://dx.doi.org/10.1016/j.neulet.2015.01.051
304-3940/Published by Elsevier Ireland Ltd.
psychiatric states such as stress and anxiety [2–7]. Additionally,
alcoholism and alcohol abuse are characterized by both posi-
tive and negative emotional states [4,5]. The behavioral switch
between positive reinforcement (i.e., seeking a drug for its reward-
ing effects) and negative reinforcement (i.e., seeking a drug in
order to remove the negative emotional state associated with with-
echanisms of synaptic remodeling in alcoholism, Neurosci. Lett.

drawal) is an important aspect of the cycle of alcohol addiction [4,5].
The negative affective states (e.g., anxiety, stress, and dysphoria)
that drive the negative reinforcement of addiction, along with the

dx.doi.org/10.1016/j.neulet.2015.01.051
dx.doi.org/10.1016/j.neulet.2015.01.051
http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:scpandey@uic.edu
dx.doi.org/10.1016/j.neulet.2015.01.051
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hysical manifestations of drug withdrawal, are referred to as the
dark side” of addiction [4–7].

The dark side of addiction represents a dysfunction of brain
eward and emotion systems [5–7], and therefore, targeting
berrant molecular pathways in these circuitries may  yield bet-
er therapeutic interventions for alcoholism and other addictive
ehaviors. In particular, the extended amygdala (consisting of the
entral nucleus of the amygdala [CeA], the bed nucleus of the stria
erminalis [BNST], and a transitional zone of the nucleus accumbens
NAc] shell) [7,8] is posited to integrate stress signals in the brain
ith reward processing through dynamic molecular regulation

eading to changes in synaptic plasticity and dendritic arboriza-
ion [4,9,10]. Several molecular and cellular substrates in key brain
egions play a crucial role in the development and maintenance of
rug abuse and addictive behaviors [3,9–14].

Uncovering the precise molecular machinery responsible for
bnormal dendritic branching and synaptic remodeling remains
n important research area in the field of alcoholism. Recent evi-
ence has implicated both genetic and epigenetic mechanisms

n the control of synaptic plasticity, particularly as it relates to
lcohol consumption and addiction [3,11]. In this review, we will
ummarize the current knowledge of molecular and epigenetic
echanisms underlying synaptic remodeling and maintenance of

he “dark side” or negative affective state of alcohol addiction.

. Synaptic plasticity and alcohol

.1. Plasticity at the individual synapse

Drug and alcohol addiction are often characterized as a dys-
unction of normal learning and memory circuits within the brain
4,11,12]. These complex processes are governed by the rapid form-
ng and reforming of synaptic structures in particular brain regions
hat occur concomitantly with changes in signaling at the level
f individual synapses, collectively known as synaptic plasticity
13]. At the single synapse level, synaptic transmission at a partic-
lar synapse enhances the efficacy of subsequent signaling at that
ame synapse in a process known as long-term potentiation (LTP)
14]. Conversely, the dampening of future synaptic transmission
s called long-term depression (LTD) [15]. In addition to LTP and
TD, changes to the ultrastructure of synapses play a role in the
athogenesis of addiction through the action of several different
eurotransmitter systems, particularly the mesolimbic dopamine
ystem [16,17]. Glutamatergic and GABAergic systems are also
mplicated in synaptic remodeling and are affected by exposure
o alcohol and drugs of abuse [17,18].

.2. The effect of alcohol on dendritic spine formation

Modulation of signaling events at the single synapse are accom-
anied by the structural reorganization of neuronal dendritic spines
19], sometimes referred to as metaplasticity [16]. The observation
f certain mRNA and protein transcripts, such as activity-regulated
ytoskeleton-associated protein (Arc), found in recently activated
ynapses led to the hypothesis that specific molecular players were
nvolved in structural synaptic remodeling [20,21]. Arc is trans-
orted to dendritic spines by actin-based motor proteins, where it
odulates glutamatergic neurotransmission and structural orga-

ization [22–24]. By this process, dendrites form and re-form
onnections to other neurons in the surrounding area. Dendritic
ranching and arborization are robustly affected by many drugs of
Please cite this article in press as: E.J. Kyzar, S.C. Pandey, Molecular m
(2015), http://dx.doi.org/10.1016/j.neulet.2015.01.051

buse, including cocaine, heroin, and alcohol [17,24], and several
ellular mechanisms [1–4] have been implicated in long-lasting
ehavioral changes associated with drug addiction such as com-
ulsive drug-seeking and negative affective states [4,7,12].
 PRESS
e Letters xxx (2015) xxx–xxx

Alcohol exerts effects on the morphology of dendritic spines.
In particular, acute alcohol administration is associated with an
increase in dendritic spines in the CeA and medial nucleus of the
amygdala (MeA) of rats [24]. These structural effects coincide with
alcohol-induced anxiolysis and an increase in expression of brain-
derived neurotrophic factor (BDNF) and Arc gene products known
to play a role in synaptic plasticity [24]. Interestingly, withdrawal
from chronic alcohol exposure decreases dendritic spines and Arc
and BDNF expression in the CeA and MeA, leading to anxiogen-
esis in rats [24,25]. Withdrawal from chronic alcohol exposure
also decreases dendritic arborization in the hippocampus and the
NAc [26,27]. This data mimics results from postmortem studies of
human alcoholics showing decreased dendritic spine density in cor-
tical pyramidal neurons [28]. These studies support the notion of a
synaptic plasticity-driven model of alcoholism.

Acute alcohol exposure provokes anxiolysis and increased
dendritic spines in the amygdala, whereas continued exposure
normalizes dendritic arborization and attenuates anxiolytic-like
behavior. However, withdrawal from chronic or binge ethanol
consumption, and especially repeated withdrawal, causes a stark
decrease in the number of dendritic spines in the amygdala and
other important brain regions, accompanied by increased anxiety-
like behaviors. Relapse to drinking possibly normalizes dendritic
spine density (Fig. 1). Notably, changes in structural plasticity are
accompanied by changes in BDNF and Arc gene expression in
these studies, providing a molecular framework for the structural
changes seen with altered synaptic plasticity. Several studies in the
field have shown that Arc directly regulates dendritic spines both
in the hippocampus and amygdala [24,29]. Interestingly, increased
BDNF and Arc expression leads to increased dendritic spine density
in the CeA and decreased anxiety-related and drinking behavior,
while decreased BDNF and Arc expression in the CeA leads to
decreased dendritic spine density and increased anxiety and drink-
ing behavior (Fig. 2) [24,25]. This cellular mechanism provides a
possible explanation for many of the behavioral consequences of
alcoholism, including compulsive drug-seeking and negative affec-
tive states seen during withdrawal.

2.3. NMDA receptors and alcohol-dependent synaptic
reorganization

The glutamatergic N-methyl-d-aspartate (NMDA) receptor is
known to play an essential role in both short- and long-term
activity-dependent synaptic plasticity [31–33]. These receptors
act as modulators for the transmission of excitatory impulses
to the postsynaptic nerve terminal. Interestingly, acute alcohol
exposure potently inhibits NMDA-mediated currents, resulting
in less depolarization in postsynaptic neurons [34,35]. Chronic
ethanol exposure, on the other hand, increases the sensitivity
of NMDA receptors to glutamate, potentiating neuronal depo-
larization and subsequent activation [35,36]. These effects are
specific to NMDA receptors targeted to the synapse, rather than
extrasynaptic receptors [37] and are localized to the amygdala
in rodent models [35,36,38]. Withdrawal from alcohol produces
robust anxiety-like behavior which is reversed upon administra-
tion of a glutamatergic antagonist in the amygdala [39]. This data
suggests that the glutamatergic system and NMDA receptors are
at least partly responsible for the anxiety-like behavior seen dur-
ing alcohol withdrawal. Additionally, exposure to chronic ethanol
caused a decrease in dendritic spine density in medium spiny neu-
rons in the nucleus accumbens (NAc), which was associated with an
increase in NMDA receptor NR1 subunit expression (discussed fur-
echanisms of synaptic remodeling in alcoholism, Neurosci. Lett.

ther below) [26]. Other studies showed the decrease in NAc spine
density, particularly in “long thin” spines, was  accompanied by a
decrease in post-synaptic density-95 (PSD95)-positive and tyro-
sine hydroxylase (TH)-positive immunostaining in rats undergoing

dx.doi.org/10.1016/j.neulet.2015.01.051
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thanol withdrawal [40]. This led to decreased NMDA flux and
ecreased LTD induction in NAc slices [40].

NMDA receptors are heteromeric molecules composed of dif-
erent combinations of the subunits NR1, NR2, and NR3 [33].
uring early development, immature synapses are enriched with
MDA receptors composed of NR1–NR2B heteromers. Conversely,
ature synapses undergo a developmental switch to express

igher levels of NR1–NR2A heteromer receptors [41–44]. NR2B-
ontaining receptors are thought to be important for the formation
f strong synaptic connections during a critical developmen-
al period based on the observation that overexpression of this
ubunit increases the density of dendritic spines [45]. Activa-
ion of NMDA receptors causes downstream activation of calcium
Ca2+)/calmodulin-dependent protein kinase II (CaMKII) signaling
athways, and NR2B-containing receptors show a higher affin-

ty for CaMKII than NR2A-containing receptors [46]. Activation
f CaMKII regulates activity-dependent synaptic changes, thus,
roviding a signaling mechanism for the developmental switch
nderlying synaptic maturation [47]. Hippocampal slices exposed
o alcohol show selective internalization of NR2A subunits, chang-
ng the composition of NMDA receptors at the synapse to essentially
ure NR2B-containing heteromers [48]. Enhanced NR1 and NR2B
xpression and increased mushroom-type dendritic spines were
bserved in vivo in postsynaptic density fractions taken from the
ouse prefrontal cortex in animals exposed to ethanol chroni-

ally [49]. Chronic intermittent ethanol exposure increases NR2B
ithout increasing NR2B phosphorylation or PSD95 [50]. Inter-

stingly, the prefrontal cortex has been implicated in long-term
earning mechanisms that lead to relapse even a longer period of
bstinence [7,51]. Similar increases in NR2B-containing receptors
ere observed in the hippocampus of ethanol-exposed rat brain

lices [52]. These receptors were associated with clusters of F-
ctin and PSD95, indicating an increase in dendritic spine density
52]. The increased expression of NR2B subunits also is observed
n response to other drugs of abuse, such as cocaine, heroin, and
icotine [53–55].

NR2B subunits likely mediate the enhanced LTP seen in animals
hronically exposed to drugs of abuse due to the higher affinity
or downstream activating mechanisms. The increased responsiv-
ty of these receptors, when compared to NR2A subunits, forms

 critical period for learning and synaptic plasticity in the brain,
nd the loss of NR2B receptor subunits may  play an important
ole in the decreased plasticity seen in the aging brain [56,57]. The
e-enrichment of synapses with NR2B subunits may  hijack nor-

al  dendritic spine formation to reopen a critical period-like state.
his process is hypothesized to contribute to the aberrant learn-

ng mechanisms responsible for the compulsive drug seeking and
egative affective states associated with the dark side of addiction
7,12,18]. Understanding the molecular processes that cause these
ffects will likely lead to new approaches to treat alcohol and drug
ddiction.

. Epigenetic basis of the dark side of addiction

.1. Epigenetic modifications

Recently, epigenetics has emerged as a novel mechanism under-
ying the processes of synapse formation and maintenance. The
erm “epigenetics” defines modifications of the genome that

odulate transcription and/or translation without affecting the
nderlying DNA sequence [58,59]. Epigenetic mechanisms include
Please cite this article in press as: E.J. Kyzar, S.C. Pandey, Molecular m
(2015), http://dx.doi.org/10.1016/j.neulet.2015.01.051

he covalent modifications of histone proteins around which DNA
s wrapped (i.e., the chromatin complex) [59] and the addition
f methyl groups directly to DNA, known as DNA methylation
60]. These chemical modifications to chromatin can alter the
 PRESS
e Letters xxx (2015) xxx–xxx 3

accessibility of DNA to transcriptional machinery, leading to
changes in gene expression without any change to the DNA
sequence [61,62].

Several histone chemical modifications [59,63] can either pro-
mote or inhibit transcription of the underlying genetic information,
depending on the type of epigenetic mark and the specific residue
on which it is located. For example, acetylation, mainly occurring
at lysine residues, is a marker of active gene transcription [59].
Methylation of histone proteins, particularly methylation of lysine
and arginine, can either promote or repress transcription, depend-
ing on the context of the modified residue. Namely, methylation of
H3K4 (histone H3 lysine residue K4), H3K36, and H3K79 are associ-
ated with active transcription, while methylation of H3K9, H3K27,
and H4K20 are associated with decreased transcriptional states
[59,63]. These covalent modifications are regulated by a group of
enzymes that function to add and/or remove specific epigenetic
markers from specific histone residues. This group includes, for
example, histone acetyltransferases (HATs; responsible for adding
acetyl groups to histone lysine residues) and histone deacety-
lases (HDACs; responsible for removing acetyl groups from histone
lysine residues). The language created by the dynamic interaction
of these enzymes and their respective chromatin marks is enor-
mously complex, but understanding these interactions is crucial to
determining the precise regulation of gene transcription [64]. In the
context of this review, it is important to note that covalent histone
modifications are important for ongoing synaptic plasticity and are
involved in various neurological and psychiatric disease processes
[65,66].

In addition to covalent histone modifications, methyl groups
can be added directly to cytosine residues within DNA (i.e.,
DNA methylation), usually in genomic regions rich in CpG
(cytosine–phosphate–guanine) residues known as CpG islands
[67,68]. DNA methylation most often causes transcriptional
repression of the underlying DNA sequence via steric hindrance
of the binding of transcriptional machinery and, additionally, via
the recruitment of methyl–CpG-binding proteins (MeCPs) and
HDACs [69,70]. DNA methylation plays a vital role in brain devel-
opment, neuronal differentiation, synaptogenesis, and ongoing
synaptic plasticity in differentiated neurons [71–73]. Much like
HATs and HDACs, the DNA methylation process is catalyzed by
particular enzymes that add or remove methyl groups to DNA
[74]. The DNA methyltransferase (DNMT) family is responsible
for the catalytic addition of methyl groups. After this process
occurs, newly methylated CpG islands are bound by members
of the MeCP family of proteins which influence transcription
[75,76]. The MeCP2 protein is particularly important for the
regulation of synaptic plasticity and dendritic spine maturation
[72,77,78].

Methylated DNA in the form of methylcytosine can be fur-
ther converted to hydroxymethylcytosine by a family of enzymes
known as the ten eleven translocation (TET) group [79]. The
presence of hydroxymethylcytosine is enriched in the brain and
appears to be associated with actively transcribed genes [80,81].
Another family of enzymes, known as growth arrest and DNA
damage repair (Gadd45), participate in active demethylation
of DNA and are responsible for epigenetic activation [82,83].
Notably, TET1 was  recently shown to directly influence active DNA
demethylation of essential synaptic plasticity genes in two dif-
ferent memory extinction studies [84,85]. Genetic knockout of
Gadd45b in a rodent model causes lasting changes in memory
formation and synaptic plasticity [86]. Taken together, these stud-
ies implicate DNA methylation and demethylation as critically
echanisms of synaptic remodeling in alcoholism, Neurosci. Lett.

important regulators of neuronal function and dendritic spine for-
mation. In the subsequent sections, we will outline the epigenetic
contribution to synaptic regulation in response to alcohol abuse and
addiction.

dx.doi.org/10.1016/j.neulet.2015.01.051
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Fig. 1. Effect of alcohol exposure on dendritic spines.
This diagram illustrates the modulation of dendritic spine density in the amygdala during various stages of alcohol (EtOH) exposure. Acute alcohol increases the density
of  dendritic spines, which is accompanied by marked anxiolysis. Continued alcohol exposure will normalize spine density, while withdrawal from alcohol intake causes
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ecreased dendritic arborization and this is correlated with decreased BDNF syste
ehaviors during alcohol withdrawal. Relapse to alcohol use possibly attenuates bot
ata  from our laboratory [24,25,30].

.2. Epigenetic regulation of the �-opioid system by alcohol

The action of drugs of abuse is likely mediated through mul-
iple signaling molecules and molecular cascades, many of which
nvolve epigenetic processes. The endogenous dynorphin system
s of particular importance, as binding of dynorphin to �-opioid
eceptors likely mediates negative affective states seen in alcohol
ithdrawal [87–89]. Prodynorphin mRNA, the molecular precursor

o dynorphin, is induced in the NAc following dopamine release
and, consequently, drug use) [90]. This increase is postulated to

ediate feedback inhibition of dopamine release, contributing to
Please cite this article in press as: E.J. Kyzar, S.C. Pandey, Molecular m
(2015), http://dx.doi.org/10.1016/j.neulet.2015.01.051

he dysphoria and anxiety seen in the latter stages of addiction
nd other psychiatric disorders [91,92]. Acute ethanol admin-
stration in rats causes an increase in H3K9 acetylation and a

ig. 2. Molecular players underlying alcohol-related alterations to dendritic spine densit
rain-derived neurotrophic factor (BDNF) and activity-regulated cytoskeleton-associate
ynaptic plasticity in the amygdala. In particular, decreased BDNF and Arc expression a
lcohol  consumption. Conversely, increased expression of BDNF and Arc due to acute eth
ffects. Interestingly, decreases in dendritic spines in the central nucleus of amygdala (C
nd  heightened anxiety states. Diagram derived from data published from our laboratory
he amygdala. This decrease in BDNF causes a subsequent increase in anxiety-like
decreased spine density and anxiety-like behaviors. Diagram is based on published

decrease in repressive H3K27 methylation at the prodynorphin
gene promoter in the amygdala, providing an epigenetic mech-
anism for the acute increase of prodynorphin expression [93].
Antagonism of �-opioid receptors, the major postsynaptic target of
dynorphin, curbs ethanol self-administration in alcohol-dependent
rodents [94]. Interestingly, a study of human alcoholics showed an
increase in DNA methylation in the prefrontal cortex at the pro-
dynorphin gene associated with a single nucleotide polymorphism
(SNP) [95].

Dynorphin is known to activate corticotrophin releasing fac-
tor (CRF), an important mediator of stress responses in the brain
echanisms of synaptic remodeling in alcoholism, Neurosci. Lett.

and the rest of the body [96,97]. Of note, CRF is a well-known
modulator of synaptic plasticity and dendritic branching in the
amygdala and other brain regions such as the hippocampus and the

y.
d protein (Arc) play a critical role in the induction and maintenance of structural
re associated with decreased spine density, leading to an increase in anxiety and
anol exposure induces spinogenesis in the amygdala and produces anxiolytic-like

eA) due to knock down of Arc is associated with increased consumption of alcohol
 [24,25,30].

dx.doi.org/10.1016/j.neulet.2015.01.051


 ING Model
N

scienc

v
i
[
t
t
[

3

a
[
r
i
i
s
e
i
a
i
H

F
I
P
p
t
b
t

ARTICLESL-31083; No. of Pages 9

E.J. Kyzar, S.C. Pandey / Neuro

entral tegmental area (VTA) [97,98]. CRF antagonists injected
nto the brain reverse the anxiogenic effect of ethanol withdrawal
99,100], and this reversal is mainly mediated by CRF neurons in
he CeA [100]. CRF receptor antagonism suppresses the response
o stress which is normally increased during ethanol withdrawal
101].

.3. Epigenetic regulation of synaptic plasticity by alcohol

Recently, chromatin remodeling has emerged as a novel mech-
nism which could explain the effects of alcohol on anxiety
102,103]. Alcohol exposure exerts potent effects on cyclic AMP
esponse-element binding protein (CREB), a transcription factor
mplicated in neuronal plasticity and cognition [2,104,105]. CREB
s crucial for synaptogenesis, axonal growth, dendritic spine den-
ity, and the fine-tuning of synaptic connectivity [106–108]. Rats
xposed to acute ethanol displayed anxiolysis that paralleled
Please cite this article in press as: E.J. Kyzar, S.C. Pandey, Molecular m
(2015), http://dx.doi.org/10.1016/j.neulet.2015.01.051

ncreases in phosphorylated CREB, CREB binding protein (CBP),
cetylated histone H3 and H4, neuropeptide Y (NPY) expression
n the CeA and MeA, and, perhaps most importantly, inhibition of
DAC activity in the amygdala [102]. These results indicate an open

ig. 3. Reversal of the “dark side” of addiction by inhibition of HDAC2.
ncreased expression of histone deacetylase isoform 2 (HDAC2) and/or higher HDAC activit

 rats) or by prior alcohol abuse. Higher HDAC activity and subsequent deacetylation of 

lasticity genes such as BDNF, Arc and neuropeptide Y (NPY), leading to decreased exp
he  expression of negative affective states (anxiety) and compulsive drug-seeking behav
e  reversed by the inhibition of HDAC activity by HDAC2 siRNA infusion into central nuc
hereby increasing gene expression and dendritic spine density. Diagram is derived from
 PRESS
e Letters xxx (2015) xxx–xxx 5

chromatin conformation in response to acute alcohol exposure. It is
important to note that CBP itself acts as a histone acetyltransferase,
or HAT [109]. Ethanol withdrawal after chronic ethanol treat-
ment produces a significant decrease in phosphorylated CREB, CBP,
acetylated H3 and H4, and NPY expression in the amygdala, with a
parallel increase in HDAC activity and development of anxiety-like
behaviors. Opposite to the acute alcohol effects, these results indi-
cate a condensed chromatin conformation upon repeated alcohol
exposure. These effects were rescued by treatment with tricho-
statin A (TSA), a pan HDAC inhibitor, which prevented the alcohol
withdrawal related anxiety [102].

As mentioned earlier, BDNF and Arc are gene products important
for synaptic plasticity, and activation of these genes lies down-
stream of CREB phosphorylation [110,111]. Both BDNF and Arc
are induced upon acute ethanol exposure, but these signaling
molecules show decreased amygdaloid function during chronic
ethanol exposure and/or withdrawal [24,30]. Decreased BDNF and
echanisms of synaptic remodeling in alcoholism, Neurosci. Lett.

Arc expression are linked to increased HDAC activity, as well as
decreased histone H3 acetylation and dendritic spine density in
the CeA and MeA. TSA treatment returned BDNF and Arc expres-
sion to normal levels and restored dendritic spine density to control

y can be caused either by a genetic predisposition (exemplified by alcohol-preferring
histone H3 induces a condensed chromatin conformation around crucial synaptic
ression in the amygdala. The resultant decrease in dendritic spine density causes
ior, collectively referred to as the “dark side” of addiction [5,6]. This process can
leus of amygdala (CeA) or by direct pharmacological inhibition (HDAC inhibitors),

 published data from our laboratory [25,102,103,112].

dx.doi.org/10.1016/j.neulet.2015.01.051
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mounts [25,102]. In a recent study, TSA treatment was effective in
eversing deficits in NPY expression and deficits in global and NPY-
pecific H3K9 acetylation in the amygdala of alcohol-preferring (P)
s compared to non-preferring (NP) rats [112]. Additional research
y our group found the reversal of rapid tolerance to the anxiolytic
ffects of ethanol, including NPY expression in the CeA and MeA,
pon treatment with TSA [113]. In an ethanol-induced behavioral
ensitization paradigm, treatment with sodium butyrate (NaB), an
DAC inhibitor, increased BDNF expression in the striatum [114].
hese studies cleary indicate that histone modifications regulate

mportant synaptic plasticity-associated genes in the amygdala and
ther brain regions, thereby modulating alcohol-related behaviors.

.4. Direct HDAC2 regulation of dendritic spines in alcoholism
nd cognition

In recent studies conducted in our lab, increased innate HDAC2
soform expression and decreased H3K9 acetylation were observed
n the CeA and MeA  of P versus NP rats, a well-established model
sed to study the genetic predisposition to alcoholism [103]. P rats
isplayed decreased BDNF and Arc expression in the CeA and MeA
nd markedly decreased dendritic spine density in those same brain
egions as compared to NP rats [30,103]. BDNF and Arc expression
ere normalized by an infusion of small interfering RNA (siRNA)

gainst HDAC2 into the CeA. HDAC2 siRNA infusion subsequently
ncreased dendritic spine density which were innately lower com-
ared to NP rats [30,103]. HDAC2 siRNA infusion into the CeA also
orrected the deficits in histone H3 acetylation of BDNF and Arc
enes and expression of these genes. HDAC2 siRNA infusion into
he CeA attenuated the anxiety-like and alcohol-drinking behaviors
f P rats. These data firmly established the regulation of synaptic
lasticity and dendritic arborization in alcoholism by direct HDAC2
egulation of BDNF and Arc [30,103].

Notably, HDAC2 is crucial for other neurocognitive domains,
uch as learning and memory [115,116]. A recent study showed that
ncreases in HDAC2 were responsible for decreased gene expres-
ion seen in Alzheimer’s disease-like neurological deficits. These
eficits were reversed by injection of a short hairpin RNA (shRNA)
argeted knockdown of HDAC2, which restored normal levels
f synaptic plasticity [117]. HDAC2 overexpression in neurons
ecreases dendritic spine density, synapse number and memory

ormation. Conversely, HDAC2-deficient mice show increased den-
ritic spine density and synapse number, which is paralleled by

ncreased memory formation [115]. This study was the first to show
he direct regulation of dendritic spine density by the HDAC2 iso-
orm and its involvement in cognitive processes.

As demonstrated above, HDACs, and in particular the HDAC2
soform, have emerged as significant players in synaptic plasticity-
elated chromatin remodeling and subsequent dendritic spine
lteration. Increased HDAC2 expression decreases the expression
f genes important for the maintenance of dendritic spine den-
ity such as BDNF, Arc, and NPY, leading to increased anxiety
nd alcohol-seeking behavior. Decreasing HDAC2 reverses both the
olecular and behavioral consequences of alcohol addiction, thus

mplicating this enzyme as a potential treatment target (Fig. 3).
DAC2 is also crucial for the induction and maintenance of struc-

ural synaptic plasticity in other neurological domains such as
emory formation [115]. Taken together, these findings under-

core the potential usefulness of HDAC inhibition in treating alcohol
se disorders and other neurocognitive ailments.

. HDAC inhibitors as novel treatments for addiction
Please cite this article in press as: E.J. Kyzar, S.C. Pandey, Molecular m
(2015), http://dx.doi.org/10.1016/j.neulet.2015.01.051

Given the ability of HDAC inhibitors to potently modulate the
ynaptic plasticity of learning and memory [118], these drugs hold
otential as treatment for substance abuse-related disorders. The
 PRESS
e Letters xxx (2015) xxx–xxx

HDAC2 isoform has emerged as the principal effector of epigenetic
remodeling in both cognitive decline and alcohol addiction (Fig. 3)
[103,112,117,119]. All aforementioned HDAC inhibitors may  be act-
ing via inhibition of HDAC2 in the brain. The lack of specificity
often leads to concerns about side effects and unintended conse-
quences of HDAC inhibitor administration [120,121]. These drugs
have been utilized as cancer therapy agents [121,122]. The clinical
side effects observed during HDAC inhibitor cancer therapy include
benign problems, such as gastrointestinal disturbances and fatigue,
and more serious issues including thrombocytopenia, anemia,
hypotension, inflammation, infection, electrolyte disturbances, and
cardiovascular complications [123–125]. This evidence, combined
with the knowledge that HDAC inhibitors are toxic to neurons in
culture at high concentrations [126,127], has tempered optimism
regarding the use of these drugs to treat brain diseases. Nonethe-
less, it must be noted that HDAC inhibitors are exceedingly well
tolerated in most cases [118,128]. Additionally, it is possible that
the dose needed to modify brain chromatin conformation in addic-
tive and other neurological disorders may  be significantly lower
than the doses used as adjuvants in cancer chemotherapy.

HDAC inhibitors have shown promising results in the treatment
of other neurological disorders, particularly with regard to rescu-
ing aberrant synaptic plasticity. For example, HDAC inhibitors have
successfully ameliorated the symptoms of neurocognitive decline
and the decreased dendritic arborization seen in a variety of animal
models of Alzheimer disease (AD) [129–131]. This data is further
corroborated by lower BDNF expression and higher levels of repres-
sive H3K9 methylation (a chromatin marker which prohibits H3K9
acetylation) in neuronal cultures obtained from a mouse model of
AD [132].

Additionally, older mice with lower levels of acetylated H4K12
displayed increased associative memory formation, gene expres-
sion and histone acetylation when administered HDAC inhibitors
[133]. HDAC inhibitors also have been effective in reducing the
motor symptoms of Huntington disease (HD) in animal mod-
els of the disease [134,135]. In particular, genes involved in HD
pathology show hypo-acetylation in the promoter region that is
corrected with HDAC inhibitor treatment [136]. Hypo-acetylation
also was observed in dying motor neurons in a rodent model
of amyotrophic lateral sclerosis (ALS) [137]. The HDAC inhibitor
sodium valproate provided neuroprotective effects in this same
model in an effect mediated through CBP [138]. HDAC inhibitors
have been effective in a rare neurodevelopmental disease known as
Rubinstein–Taybi syndrome (RTS), which is caused by mutations in
the CBP gene [139]. CBP activates gene promoters by acting as a HAT
at critical synaptic plasticity genes [140]. The histone acetylation
deficits and the observed neurodevelopmental defects of RTS are
reversed by the administration of the HDAC inhibitor TSA [140,141].
These drugs have also proven effective in improving symptoms of
depression, schizophrenia, and cocaine addiction in animal models
[142–144].

Our lab and others have published extensively on the ability
of HDAC inhibitors to reverse the gene expression deficits caused
by multiple models of alcoholism and alcohol abuse, the results
of which were discussed above [25,112,113]. This data supports
further examination of histone modifying agents as potential ther-
apeutic drugs in the treatment of alcohol addiction. Treatment with
TSA and HDAC2 siRNA was  able to normalize the deficits in den-
dritic spines in the CeA under various conditions of alcoholism,
suggesting that HDACs are important targets within the epigenome
regulating synaptic remodeling.
echanisms of synaptic remodeling in alcoholism, Neurosci. Lett.

5. Conclusions

Here, we have summarized the current knowledge regard-
ing alcohol-induced modulations of dendritic branching and the

dx.doi.org/10.1016/j.neulet.2015.01.051
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pigenetic and molecular mechanisms underlying these processes
Figs 1–3). As discussed above, alcohol is an important regulator
f synaptic organization and function, and that these processes
re controlled, at least in part, by specific epigenetic regulators.
n particular, alcohol exposure induces near-immediate changes
o chromatin and synaptic plasticity-associated gene expression.
hese alterations could induce a change in neuronal phenotype
arked by re-enrichment of immature synapses, aberrant synaptic

lasticity and dysfunctional dendritic spine formation. These struc-
ural changes are posited to underlie the compulsive drug seeking,
egative affective states, and behavioral changes seen in alcohol
ddiction (Fig. 3). We  also have highlighted the potential usefulness
f HDAC inhibitors as a novel treatment for alcohol use disorders
25,102,103,112]. Future studies should continue to elucidate the
pecific epigenetic mechanisms underlying compulsive alcohol use
nd alcoholism, as this is likely to provide new molecular targets
or clinical intervention.
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