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Abstract

Drug addiction involves long-term behavioral abnormalities and gene expression changes
throughout the mesolimbic dopamine system. Epigenetic mechanisms establish/maintain
alterations in gene expression in the brain, providing the impetus for investigations characterizing
how epigenetic processes mediate the effects of drugs of abuse. This review focuses on evidence
that epigenetic events, specifically histone modifications, regulate gene expression changes
throughout the reward circuitry. Drugs of abuse induce changes in histone modifications
throughout the reward circuitry by altering histone-modifying enzymes, manipulation of which
reveals a role for histone modification in addiction-related behaviors. There is a complex interplay
between these enzymes, resulting in a histone signature of the addicted phenotype. Insights gained
from these studies are key to identifying novel targets for diagnosis and therapy.
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Introduction

Addiction is often described as maladaptive neural plasticity in response to drugs of abuse,
which results in long-term molecular alterations in key brain regions leading to life-long
behavioral abnormalities. While there is much evidence supporting a strong genetic
component of susceptibility to addiction [1], it is also thought that the addicted phenotype is
a result of exposure to “risk factors,” including early life experiences and other
environmental stimuli, that “prime” an organism to be more vulnerable to addiction [2].
Because of the strong influence of external risk factors on the development of addiction, it
has been proposed that epigenetic mechanisms regulate the long-term changes associated
with this phenotypic priming and the subsequent addicted phenotype.

In its broadest definition, epigenetics is described as changes in gene expression that do not
arise from changes to the DNA sequence; this generally involves alterations in histone
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modifications, DNA methylation, and noncoding RNAs (microRNAs and long noncoding
RNAS). Each of these mechanisms can be altered in response to internal and external signals
and provide a mechanism by which environmental stimuli can interact with an individual’s
genome to influence cellular response and function, including neuroplasticity. The differing
temporal effects of each mechanism are, in part, a result of their varying levels of stability —
e.g., most histone modifications are exceptionally dynamic, whereas DNA methylation is
less so. With regards to addiction, epigenetic mechanisms alter gene expression in the
following ways: 1) by changing the steady state expression of specific genes; 2) by priming
genes for induction (sensitizing) or repression (desensitizing) in response to a stimulus (e.g.,
drug); or 3) regulating the expression of splice variants of specific genes that are sensitive to
drugs of abuse [3].

To date, a majority of the work on the epigenetic mechanisms involved in addiction have
focused on histone modifications in response to stimulants (e.g., cocaine) and, to a lesser
extent, opiates (e.g., morphine) in the nucleus accumbens (NAC), a key brain region
involved in reward. Recently, work has expanded to other brain regions in the reward
circuitry (Figure 1) including the ventral tegmental area (VTA), prefrontal cortex (PFC),
basolateral amygdala (BLA), and hippocampus (HPC), as well as to other drugs of abuse
(e.g., ethanol [EtOH]). Therefore, the focus of this review will be on stimulant effects in the
NAc but will include information from other brain regions and drugs of abuse where
information is available.

Histone Modifications

DNA is condensed into the nucleus of the cell in a highly organized and compact manner
referred to as chromatin. The functional unit of chromatin, the nucleosome, is composed of
~147 base pairs wrapped around core histone octamers consisting of 2 copies of each of the
following proteins: H2A, H2B, H3 and H4 (Figure 2). Each histone protein can undergo
numerous post-translational modifications (PTMs) in which different functional groups are
covalently added to amino acid residues of their N-terminal tails — e.g., acetylation,
methylation, phosphorylation, ubiquitination, SUMQylation, citullination, and ADP-
ribosylation, among others. These modifications not only alter the structure of the
nucleosome but also change the interaction of DNA with the associated histones, thus
increasing or decreasing the likelihood of transcription at a given locus. Histone
modifications are diverse, and we are only beginning to understand how the various
combinations of PTMs influence or indicate specific transcriptional states [4]. Additionally,
new PTMs and novel modified amino acid residues continue to be discovered [5]. Finally,
histone modifications are added or removed by a large family of enzymes referred to as
“writers” and “erasers,” respectively, making them reversible and dynamic epigenetic
modifications. While it is thought that myriad histone modifications and their interactions
are likely involved in the regulation of the acquisition and maintenance of the addicted
phenotype, histone acetylation and methylation are currently the most extensively studied
PTMs in the addiction field.
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Histone Acetylation

Histone acetylation is generally associated with a permissive transcriptional state (Figure 2).
By negating the positive charge associated with the lysine residues on histone tails,
acetylation promotes an “open” chromatin state. Histone acetylation, especially in response
to cocaine, is by far the most studied modification in addiction models [6]. While the effects
of drugs of abuse are widespread, a picture of how histone acetylation is changing
throughout the brain after exposure to drugs of abuse including cocaine [6], morphine [7,8],
nicotine [9-11], and others is beginning to emerge (Table 1). In general, acute or repeated
exposure to drugs of abuse, including cocaine, ethanol, and morphine, increases global (i.e.,
total cellular levels of) acetylation at H3 and/or H4 throughout the reward circuitry including
the whole striatum [12-14], NAc [11,15-17], dentate gyrus of the hippocampus [10], and
BLA [8] (Table 1). Interestingly, acute exposure to methamphetamine results in a time
dependent (1hr vs. 24 hr post exposure) decrease in acetylated H3 and increase in acetylated
H4 in the NAc of rats [18]. Additionally, EtOH reduces total H3K9ac in VTA 14 hours after
last exposure [19], suggesting that, even at the global level, altering histone acetylation in
response to drugs of abuse is complex, exhibiting region- and drug-specific regulation.
However, it does seem that drugs of abuse modulate histone acetylation to produce a
transcriptionally active state in many regions of the reward circuitry.

Global alterations in acetylation provide insight into general changes in transcription in
response to drugs of abuse. To further understand the mechanism of action of such changes
it is necessary to identify sites of altered histone acetylation at specific genes. Chromatin-
immunoprecipitation (ChlP) (Table 2) has been used to identify drug-induced increases in
pan-acetylation of histone H3 for a number of genes in specific brain reward regions. A
common set of genes with enriched histone acetylation, consisting of immediate early genes
and those involved in neuroplasticity, is beginning to emerge in the literature and includes
cFos, Fosb, Bdnf, Cdk5, Cbp, and genes that encode several glutamate receptors (although
methamphetamine decreases their acetylation) [20] (for specifics see Table 1). Specifically,
Hd4ac is increased at the cFos promoter after acute but not chronic cocaine treatment,
consistent with a desensitization of cFos expression only after chronic drug exposure
[13,21]. In contrast, Bdnf and Cdk5 promoters display enriched H3ac only after chronic drug
exposure [7,13,22], consistent with induction of these genes after chronic exposure to both
cocaine [13,22] and morphine [7].

Genome-wide studies have been instrumental in identifying candidate genes involved in
drug-related behaviors and addiction susceptibility. Using ChIP-Chip (Table 2), an earlier
method for analyzing genome-wide changes in chromatin modifications, Renthal et al.
(2009) carried out the first genome-wide map of pan-acetylation of histone H3 and H4 in the
NAC in response to chronic cocaine. The authors reported increases of H3ac and/or H4ac at
1696 genes in the NAc and reduced levels of acetylation at only 206 genes, consistent with
increased acetylation being the predominant modification. Interestingly, there was little
overlap of genes displaying alterations of H3ac and H4ac (221 genes), and most genes did
not follow the expected expression pattern predicted by altered histone modifications:
hypoacetylation correlated with decreased gene expression and hyperacetylation correlated
with increased gene expression [16]. These data indicate that additional gene regulatory
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mechanisms work in concert with histone acetylation to control drug-induced changes in
gene expression.

Itis likely that drugs of abuse alter histone modifications by affecting the activity or
expression levels of histone acetyltransferases (HATS) and histone deacetylases (HDACS),
the enzymes that add or remove acetylation of lysine residues, respectively [3]. Indeed,
several studies have reported that HDACSs [21,23,24] and HATSs [25] are recruited to
promoter regions of specific genes in the NAc and striatum in response to stimulants
(cocaine and amphetamine). Regulation of histone acetylation through manipulation of HAT
and HDAC expression has yielded valuable information regarding the role of acetylation in
drug-elicited behavioral responses [6,20] (Table 3). In general, decreasing histone
acetylation in the NAc either through activation/overexpression of HDACSs or inhibition/
knockdown of HATSs blunts the behavioral responses to cocaine and other drugs of abuse
including a reduction in cocaine locomotor sensitization and conditioned place preference
(CPP) and a reduced break point in cocaine self-administration. On the other hand,
increasing histone acetylation in the NAc either through pharmacological inhibition of
HDAC:S or viral-mediated overexpression of HATSs initially facilitates the behavioral effects
of many drugs of abuse including cocaine [26] (for specifics see Table 3). However, more
complex effects are seen with sustained HDAC inhibition in NAc, which can blunt
behavioral responses to cocaine by suppressing gene expression through the induction of
repressive histone mechanisms (see below) [23]. Studies investigating general HDAC
inhibition on behavioral outcomes have produced varying results but it seems that the effects
are specific to the timing of exposure (either before, during or after exposure to drugs of
abuse) as well as the length of exposure (Table 3).

While further investigation is needed to determine the specific role for each enzyme, recent
studies are beginning to identify more selective effects of certain enzymes in drug-induced
behaviors (Table 3). For example, overexpression of HDAC4 [13,17] or HDACS [27] or
inhibition of CBP (a HAT) [25,28] weakens the response to repeated cocaine exposure as
measured by locomotor activity [25,28] or CPP acquisition [13,17,27]. Additionally, focal
deletion of HDAC1, but not HDAC2 or 3, from NAc mimics the effect of long-term HDAC
inhibitor treatment by attenuating locomotor responses to cocaine [23]. Interestingly, focal
deletion of HDAC3 in the NAc enhances cocaine CPP [24] as does knockout of HDAC5
[27], an effect not observed with HDAC9 [27]. This opposing effect observed with HDAC3
could be explained by the finding that HDACS3 plays an important role in drug-induced
memory consolidation, as pharmacological inhibition of HDAC3 enhances extinction of
cocaine-induced memories after CPP [29]. These data highlight the need for further
characterization of these enzymes in acquisition and maintenance of addiction. While these
manipulations have not been investigated in many other brain regions, there is evidence that
CBP enrichment at Bdnf is increased in the VTA after cocaine self-administration followed
by 7 days of forced abstinence, which is associated with an increase in H3 acetylation at the
Bdnf promoter as well as an increase in Bdnf expression [22]. Finally, the class 111 HDACs,
sirtuins (SIRTSs), have been implicated in the actions of cocaine [16,30] and morphine [30].
Viral-mediated overexpression of Srtl or 2 in the NAc enhances cocaine and morphine
reward whereas focal deletion of Srt1 in the NAc inhibits acquisition of morphine and
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cocaine CPP [30]. While it is apparent that differences in histone acetylation state are
involved in the behavioral response to acute and prolonged exposure to drugs of abuse,
further studies are necessary to identify how these alterations work in concert to produce a
temporally specific histone landscape that is indicative of the various stages of addiction.

Taken together, these data support the conclusion that cocaine is a potent regulator of
histone acetylation in the NAc [16,27]. However, histone lysine acetylation is not the only
modification contributing to expression changes and the “histone code” regulating these
alterations is exceptionally complex [31], including acetylation of additional residues as well
as numerous other types of histone modifications. Further investigations, which focus on
additional histone modifications are necessary to develop a complete understanding of how
each modification (or combination of modifications) regulates gene expression in response
to drugs of abuse.

Histone Methylation

Histone methylation, another well-characterized histone modification, is associated with
either activation or repression of gene expression depending on which residues are
methylated and the number of methyl groups added. Indeed, translating the role of histone
methylation and its responses to drugs of abuse is much more complex than histone
acetylation. To date, most of the work on drugs of abuse has focused on the role of
repressive histone methylation in addiction [26]. However, a recent study in NAc using
ChiIP-seq coupled with RNA-seq (Table 2) investigated how combinations of methylation
marks (H3K4mel, H3K4me3, H3k36me3 - activating marks; and H3K9me2, H3k9me3,
H3K27me3 - repressive marks) correlate with altered transcript levels after exposure to
repeated cocaine. While global changes across the genome were not observed, enrichment of
H3K4mel or H3K4me3 at specific gene regions was correlated positively with increased
transcription levels, whereas enrichment of H3K9me2, H3K9me3 or H3K27me3 was
negatively correlated with transcription [32]. Other studies have found that repeated
exposure to cocaine decreases global levels of H3K9me2 [33] and H3K9me3 [34] in NAc,
whereas repeated opiate exposure [35] decreases only H3K9me2 in this brain region. In
contrast, methamphetamine treatment decreases H3K27me2 and increases H3K4me2 and
H3K4me3 globally in NAc when exposure is coupled with CPP but not in the animals’
home cage [36], again suggesting that regulation of histone methylation in response to drugs
of abuse is complex and likely drug-, region-, and context-specific.

As mentioned above, an emerging theme developing in the field suggests that inhibition of
repressive histone modifying enzymes (e.g., HDACSs, and histone methyltransferases
[HMTs]) in the NAc enhances drug-associated behaviors. Studies manipulating these HMTs
and associated histone demethylases (HDMs) support this.

A recent study investigating mixed lineage leukemia 1 (MLL1) and histone lysine (K)-
specific demethylase 5C (KDM5c), which catalyze the methylation and demethylation of
H3K4me3, a permissive mark, respectively, implicates H3K4me3 in drug-elicited behaviors.
Methamphetamine administration increases expression of MII1 mRNA in NAc when paired
with a novel context, however, when exposure occurs in the home cage, expression is
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decreased. NAc-specific knockdown of MLL1 reduces global H3K4me3 levels and inhibits
methamphetamine-induced CPP. Interestingly, NAc-specific knockdown of KDM5c¢
increases global H3K4me3 but it also inhibits amphetamine CPP if the knockdown occurs
after consolidation (between test days 1 and 2) [36]. This suggests that the methylation state
of H3K4 in NAc plays a complex role in the temporal- and context-specific neuroplasticity
required for development and expression of methamphetamine-induced behavioral
adaptations.

Another histone lysine residue whose methylation state has proved to be critical in
regulating drug-induced behavioral responses is H3K9. G9a and GLP (G9a-like protein),
both of which are HMTs for H3K9me2, are down-regulated in the NAc by chronic cocaine
[33,34] or opiates (G9a only) [35] — an effect that was not observed for other H3K9/K27
HMTs [33,35]. For both drugs, this down-regulation of G9a and/or GLP is associated with
global decreases in levels of H3K9me2. Pharmacological inhibition or viral-mediated
knockdown of G9a facilitates cocaine- or opiate-mediated CPP, whereas overexpression
opposes drug-induced effects [33,35]. Indeed, the paradoxical suppression of cocaine-
elicited behaviors after prolonged HDAC inhibition in NAc, or local knockout of HDAC1
(see above), appears to be mediated via the induction of G9a and its consequent repression
of gene expression [23](Table 3). There are important cell-type specific effects of H3K9me2
in response to cocaine. Overexpression of G9a in dopamine receptor (Drd)2, but not Drd1,
cells in the NAc reduced cocaine CPP. On the other hand, Drd1- or Drd2-specific knockout
of G9a showed differing regulation of cocaine CPP, with Drd1 KO resulting in decreased
CPP and Drd2 specific knockout increasing cocaine CPP [37]. However, these latter actions
appear to be mediated via developmental consequences of an early knockout of G9a,
particularly in Drd2 type neurons, emphasizing the important of using inducible
manipulations in the study of epigenetic mechanisms involved in adult addiction. There is
additional evidence that cell-type specific effects are tightly temporally regulated with acute
and repeated cocaine exposure having different cell-type specific actions [38]. Taken
together, these data suggest that histone methylation plays an important and complex role in
drug-induced behaviors.

Other Histone Marks

Few studies have investigated the role of other histone modifications in response to drugs of
abuse, however, a recent study suggests that polyADP-ribosylation of histones, a permissive
mark, plays a role in cocaine induced neuronal plasticity. Expression of PARP1 (polyADP-
ribosytransferase-1), a “writer” of histone polyADP-ribosylation, is increased in the NAc
after repeated cocaine exposure leading to an increase in histone polyADP-ribosylation.
Furthermore, overexpression of PARP1 in NAc enhances cocaine locomotor sensitivity and
cocaine-induced CPP, and also increases cocaine self-administration, while infusion of a
PARP1 inhibitor or overexpression of PARG (polyADP-ribosylglycohydrolase), an “eraser”
of histone polyADP-ribosylation, yields opposing results. After repeated cocaine, there is a
genome-wide increase of PARP1 binding across genes as determined by ChlP-seq (Table 2),
and a significant correlation of greater PARP1 enrichment with increased gene expression
[39]. These results are consistent with a permissive transcriptional environment following
repeated cocaine exposure identified in previous studies. Further investigation of this and
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other histone modifications is under way, but in the future it will be necessary to integrate
genome-wide alterations in a multitude of histone modifications in order to identify the
complex code that is indicative of an addicted phenotype.

Conclusions

It is clear that epigenetic mechanisms play an important and complex role in the neuroplastic
changes associated with addiction. Currently, histone acetylation and methylation are by far
the most comprehensively studied histone modifications in the field of addiction. A
comprehensive review of the data, which includes numerous drugs of abuse and brain
regions, reveals several emergent properties with regards to histone modifications (Tables 1
and 3): 1) drugs of abuse generally increase the likelihood of transcription in NAc by
increasing histone modifications associated with an “active” chromatin state and reducing
those associated with a repressive chromatin state; 2) these activating marks are associated
with immediate early genes and many others that have been implicated generally in
neuroplasticity; 3) drugs of abuse likely affect the expression or activation of the “writers”
and “erasers” of histone modifications, and manipulation of these enzymes in NAc and
certain other brain regions alters the behavioral response to drugs of abuse. These enzymes
are thus potential targets for therapeutic intervention, however, this must be viewed with
caution since most chromatin regulatory proteins are expressed ubiquitously and their
manipulation is likely to produce unacceptable side effects. These data are far from
complete and future studies must focus on the myriad other histone marks as well as map
these alterations genome-wide throughout the brain reward circuitry in response to drugs of
abuse. Finally, as recent data suggest that these modifications interact to produce different
chromatin states [23], a comprehensive analysis of how these marks interact on a genome-
wide scale to produce the addicted phenotype is necessary. By developing a complete
understanding of how histone modifications are altered in response to drugs of abuse,
including studies focusing on genome-wide temporal changes involved in the acquisition,
maintenance, and potential extinction of the addictive phenotype, we hope to develop
effective treatments and interventions for the human population. To that end, more studies
focusing on how genome-wide histone modifications are altered in self-administration
paradigms are necessary to develop a more complete understanding of the behavioral effects
associated with altered histone modifications. Such studies would allow for the
identification of conserved and divergent mechanisms involved in contingent and non-
contingent behavioral responses to drugs of abuse.

While we focus here on histone modifications, there are promising data for the involvement
of DNA methylation and non-coding RNAs as well [26]. Further studies are necessary to
identify genome-wide, including promoter and gene body, changes in several forms of DNA
methylation within the NAc and other brain reward regions in response to drugs in order to
develop a comprehensive understanding of how DNA methylation contributes to the
addiction process. Likewise, advanced sequencing methods should be used to obtain a
comprehensive appreciation of the many types of non-coding RNAs (micro-RNAs and long
non-coding RNAS) that are altered in the brain’s reward circuitry in addiction. Because each
of these types of epigenetic mechanisms acts in concert with one another, studies integrating
this vast array of drug-induced alterations in DNA methylation and non-coding RNAs with
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histone modifications would be exceptionally informative. Overlaid on top of such analyses
would then be exploration of how early life experiences modify the epigenetic state of brain
regions rewards to help determine an individual’s vulnerability for addiction. Taken
together, these studies would provide a comprehensive analysis of the epigenetic
mechanisms underlying addiction and would offer considerable progress toward the
development of improved biomarkers for vulnerability to and treatment of addiction.
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Figure 1.
Exposure to drugs of abuse results in epigenetic alterations throughout the brain reward

circuitry. The major brain regions involved in mesolimbic reward pathway are depicted in
the rodent brain: dopaminergic neurons (green) in the ventral tegmental area (VTA) project
to the nucleus accumbens (NAc), prefrontal cortex (PFC), amygdala (AMY) and
hippocampus (HPC). The NAc also receives glutamatergic (red) innervation from the PFC,
AMY and HPC. While the mechanisms of action are specific for each drug, most drugs of
abuse increase dopaminergic signaling from VTA to other regions of the reward circuitry.
Many studies investigating epigenetic mechanisms of addiction have focused on the NAc as
it is a major region of integration for rewarding stimuli. Modified from [2]with permission.
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Figure 2/Table 1.

Chromatin modifications regulated by drugs of abuse. The illustration (top) indicates histone
octamers in a repressive (left) or permissive (right) state. Enzymes involved in maintaining
these states and associated transcription factors are indicated and histone tails with specific
residues are highlighted as targets of modification: H3 residues subject to methylation or
acetylation are indicated in green on the left and H4 residues subject to acetylation are
indicated in purple on the right. Table (bottom) lists histone tail modifications of specific
residues that are altered in response to drugs of abuse. Arrows indicate an increase (yellow),
decrease (blue) or no effect (gray) in specific modifications, @ indicates that no information
is available. Abbreviations: 2Me — dimethylation; 3Me — trimethylation; Ac — acetylation;
Amphet — amphetamine; AMY — amygdala; Bdnf — brain-derived neurotrophic factor;
CaMKII - calcium/calmodulin-dependent kinase Il alpha; Cbp — CREB-binding protein;
cFos— FBJ murine osteosarcoma viral oncogene homolog; CPP — conditioned place
preference; DG — dentate gyrus; Egrl — early growth response protein 1; Ehmt2 —
euchromatic histone-lysine N-methyltransferase 2; Grial — glutamate receptor, ionotropic,
AMPA 1; Gria2 — glutamate receptor, ionotropic, AMPA 2; Grinl — glutamate receptor,
ionotropic, N-methyl D-aspartate 1; Grin2b — glutamate receptor, ionotropic, N-methyl D-
aspartate 2B; LC — locus coeruleus; Meth — methamphetamine; mPFC — medial prefrontal
cortex; NAc — nucleus accumbens; Nr4a2 — nuclear receptor subfamily 4, group A, member
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2; Otxr — oxytocin receptor; Pdyn — prodynorphin; Pnoc — pronociceptin; DIg4 — discs, large
homolog 4; postsynaptic density protein 95, PSD-95; Suv39h1 — suppressor of variegation
3-9 homolog 1; VTA - ventral tegmental area; WD — withdrawal. Modified from [40] with
permission
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