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Abstract
Epigenetic regulation can mediate long-lasting changes in gene expression, which makes it an
attractive mechanism for the stable behavioral abnormalities that characterize drug addiction.
Recent research has unveiled numerous types of epigenetic modifications within the brain’s
reward circuitry in animal models of drug addiction. In this review, we summarize the latest
advances in the field, focusing on histone modifications, DNA methylation, and non-coding
RNAs. We also highlight several areas for future research. Unraveling the highly complex
epigenetic mechanisms of addiction is adding to our understanding of this syndrome and has the
potential to trigger novel approaches for better diagnosis and therapy.

Introduction
Epigenetics describes diverse mechanisms that regulate gene transcription without
modifying underlying DNA sequences, and includes numerous types of histone
modifications, DNA methylation, and non-coding RNAs. Such mechanisms play a key role
in encoding environmental stimuli into cellular fate during development and behavioral
adaptations throughout an individual’s lifetime [1].

Drug addiction can be viewed as maladaptive neural plasticity to drugs of abuse. Once
formed, it can drive life-long behavioral abnormalities. While the RNA and protein
molecules that presumably mediate these long-term effects are normally turned over on the
order of days, it is speculated that epigenetic mechanisms might alter gene expression and
thus the intrinsic properties of the brain over a much longer time course [2,3]. Epigenetic
modifications, by causing long-lasting changes in the steady state levels of expression of a
gene, in the inducibility of that gene in response to some subsequent stimulus, or in the
splicing isoforms of a gene that are expressed, are ideally suited for mediating addiction-
associated neural plasticity.

Virtually all principles of epigenetic regulation have come from studies of cultured cells in
vitro and non-neuronal systems. Thus, elaborating the epigenetic mechanisms of drug
addiction will contribute not only to our understanding of this syndrome, but also far more
generally to the epigenetic basis of brain function and plasticity.
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Histone modifications
Chromatin is composed of nucleosomes, DNA wrapped around histone octomers containing
two copies each of H2A, H2B, H3, and H4 (Figure 1). Histones undergo many types of
posttranslational modifications (PTMs) that alter their structure and interaction with
neighboring DNA [4]. The N-terminal tails of histones protrude from the nucleosome and
can be covalently modified at numerous residues by acetylation, methylation,
phosphorylation, ubiquitination, SUMOylation, citrullination, and ADP-ribosylation. These
histone modifications are formed and removed by large families of enzymes, which make
them reversible, labile epigenetic “marks.” By far, histone acetylation and methylation are
most studied in drug addiction.

Histone acetylation is associated with transcriptional activation; it negates the positive
charge of lysine (Lys) residues in histone tails and increases spacing between nucleosomes.
It is controlled by histone acetyltransferases (HATs) and histone deacetylases (HDACs) [5].
Acute or repeated exposure to cocaine or other stimulant drugs of abuse increases global
levels of histone acetylation in the nucleus accumbens (NAc), a key brain reward region [6]
(Figure 2). Short-term increases in histone acetylation promote behavioral responses to
cocaine, while sustained increases generally oppose cocaine’s effects, based on the actions
of systemic or intra-NAc administration of HDAC inhibitors or NAc-specific deletions of
HDAC genes [e.g., [6–9]. Altered histone acetylation has been demonstrated at several
candidate genes in the NAc in response to stimulants, and these changes correlate with their
altered expression. For example, H4 acetylation is increased at the c-Fos promoter acutely,
with no changes seen chronically, consistent with desensitization of c-Fos expression after
chronic drug exposure [6,10]. In contrast, the BDNF and Cdk5 promoters show H3
acetylation only after chronic cocaine, consistent with induction of these genes by chronic
drug exposure [6]. A genome-wide study utilizing ChIP-chip—chromatin
immunoprecipitation (ChIP) with antibodies against pan-acetylated H3 or H4 followed by
promoter microarrays—has provided a more complete map of genes in NAc that display
altered histone acetylation after chronic cocaine [11]. Numerous gene promoters were found
to be hyper- or hypoacetylated; interestingly, there was minimal overlap between genes that
display alterations in H3 versus H4. While many of the genes that showed altered histone
acetylation in response to cocaine exhibit commensurate changes in mRNA expression—
with hyperacetylation associated with increased expression and hypoacetylation decreased
expression most— genes did not follow this pattern. These observations indicate that the
“histone code” for gene regulation [4] is likely to be very complex, with histone acetylation
contributing just a fraction of all epigenetic information that determines a gene’s activity. It
will be important to repeat these genome-wide determinations for each of the many
individual sites of histone acetylation, and in combination with other histone modifications,
to better understand the role of each in gene regulation.

Repressive histone methylation has also been implicated in drug addiction [12–14]. G9a and
GLP (G9a-like protein), two histone methyltransferases that catalyze the di-methylated state
of Lys9 of H3 (H3K9me2), are downregulated in NAc by chronic cocaine [12] or opiate
[14] administration, along with decreases in global levels of this mark. A similar
downregulation is seen in NAc of animals that self-administer these drugs, as well as in NAc
of human drug addicts. In contrast to G9a and GLP, numerous other types of histone
methyltransferases and demethylases are not affected by drug exposure[12,14]. Genetic or
pharmacological blockade of G9a in this brain region potentiates behavioral responses to
both drugs of abuse, whereas increasing G9a function exerts the opposite effect [12,14].
Downregulation of G9a also increases the dendritic arborization of NAc neurons[12], which
directly connects altered H3K9me2 in the synaptic plasticity associated with addiction.

Feng and Nestler Page 2

Curr Opin Neurobiol. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



G9a appears to be a critical control point for epigenetic regulation in NAc, as we know it
functions in two negative feedback loops. It opposes the induction of ΔFosB, a long-lasting
transcription factor important for drug addiction [2,3], while ΔFosB in turn suppresses G9a
expression[12,14]. Also, G9a is induced in NAc upon prolonged HDAC inhibition, which
explains the paradoxical attenuation of cocaine’s behavioral effects seen under these
conditions, as noted above[9]. Genome-wide maps, utilizing ChIP-chip or the more
powerful ChIP-seq (ChIP followed by deep sequencing), have been obtained for altered
H3K9me2 binding in NAc after chronic cocaine or opiates[11,14]. As with histone
acetylation, regulation of H3K9me2 is associated with altered gene expression, but is not in
itself deterministic.

One surprising feature of early work in this field is that drug exposure alters global (or total
cellular) levels of histone PTMs, such as increased histone acetylation or decreased
H3K9me2 and H3K9me3 in NAc [6,12–14]. While genome-wide studies confirmed that a
greater number of genomic sites show increased acetylation or reduced H3K9 methylation,
hundreds of genes show opposite changes in these marks, and most genes show no
alterations after drug exposure. This raises the crucial question of what determines whether a
specific gene is modified in the face of a global change in a histone-modifying enzyme and
its mark. These findings also raise the possible importance of histone modifications outside
of gene promoters. This is particularly important, since the majority (>90%) of the genome
has recently been proven to be transcribed and have regulatory roles [15]. Indeed, we have
found using ChIP-seq close to 3,000 cocaine-induced H3K9me3 differential sites and more
than 9,000 morphine-induced H3K9me2 differential sites in NAc, most of which are located
at repetitive genomic sequences [13,14]. Cocaine-mediated decreases in H3K9me3 at
specific repeats, such as LINE1, is associated with their increased expression [13]. This
suggests that, while changes at specific genes are not tightly governed by global histone
changes, such global patterns might reflect general genomic destabilization [16]after
repeated drug exposure.

DNA Methylation
DNA methylation occurs with the addition of a methyl group to the C5 position of cytosine
(5-mC) predominantly at CpG sites. It plays a pivotal role in cell differentiation/
reprogramming, imprinting, X chromosome inactivation, repetitive element silencing, and
tumor formation [1,17]. DNA methylation generally exerts a repressive effect on gene
transcription. It can either prevent the association of DNA-binding factors with their target
sequence or bind to methyl-CpG-binding proteins to recruit transcription co-repressors to
modify the surrounding chromatin into a silencing state [18]. Compared with histone tail
modifications, which are considered readily reversible, DNA methylation is viewed as a
more stable epigenetic change.

DNMT3a, the only de novo DNA methyltransferase expressed in postnatal brain [19], is
increased in NAc after prolonged (28 days) withdrawal from either repeated non-contingent
cocaine administration or self-administration [20]. Local knockout of DNMT3a from the
NAc, or local infusion of the DNMT inhibitor RG108, increased behavioral responses to
cocaine, whereas DNMT3a overexpression in NAc had the opposite effect. DNMT3a
likewise regulates dendritic arborizations of NAc neurons [20]. In addition, NAc knockout
of MeCP2 (methyl CpG binding protein 2), an important modulator of neural plasticity
[21,22], enhances amphetamine reward [23]. These findings suggest that DNMT3a and
MeCP2 act to blunt drug action.

However, such actions of DNMT3a or MeCP2 do not necessarily indicate a role for altered
DNA methylation, and information on the regulation of DNA methylation in addiction
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models remains limited. A small number of studies have investigated DNA methylation
changes at particular genes of interest [24,25], but there has not yet been a genome-wide
mapping of such regulation. Genome-wide measures of DNA methylation are challenging
technically: most existing methods focus on gene promoter regions only and do not
distinguish between several forms of DNA methylation that may have opposite effects on
transcription (see next paragraph). True genome-wide maps of DNA methylation, with
single base resolution based on deep sequencing, are still too expensive to be practical.
Nevertheless, such maps are critically needed to understand how dynamic are alterations in
DNA methylation at particular genomic sites over a broad time course of drug exposure, and
to what extent such changes are reversible during drug abstinence.

Recent research has suggested, in fact, that DNA methylation in the adult brain is much
more dynamic than previously recognized. Members of ten-eleven translocation (TET)
family of proteins oxidize 5-mC into 5-hydroxymethylcytosine (5-hmC) [26,27], and
subsequently into 5-formylcytosine and 5-carboxylcytosine [28,29]. Through deamination,
glycosylation, and base excision repair, these newly discovered forms of cytosine
modification can then be converted back into an unmethylated state [30,31]. These findings
have attracted considerable interest, since they provide a mechanism by which 5-mC
oxidation mediates active DNA demethylation in brain [32], a possibility that has long been
debated [33]. Moreover, 5mC oxidation derivatives are expressed at highest levels in
neurons [34]. In contrast to the repressive effect of 5-mC on gene expression, 5-hmC is more
correlated with transactivation. In preliminary work, we have obtained genome-wide maps
of 5-hmc in NAc after cocaine exposure and found that changes in 5-hmc correlate with
altered gene expression (Feng et al, unpublished data). These findings further underscore the
importance of obtaining genome-wide maps of several forms of DNA methylation in drug
abuse models.

Non-coding RNAs
The complete sequencing of the mammalian genome and its transcriptional products has
revealed a surprisingly large number of expressed RNAs that are not translated into proteins.
Such non-coding RNAs have been shown to play crucial regulatory roles in cell function
[15,35].

Numerous types of microRNAs (miRNAs), a class of small non-coding RNAs, have been
investigated in addiction models [36,37]. miRNAs exert a repressive role on gene expression
by binding to specific mRNAs and thereby blocking their translation or inducing their
degradation. Multiple miRNAs are reported to be up- or downregulated by drugs of abuse.
For instance, cocaine increases levels of miR-181a and decreases miR-124 and let-7d in rat
striatum [38,39], and mimicking the direction of each of these changes enhances cocaine
reward. Since miRNAs function via base-pairing with complementary sequences within
mRNA molecules, it is possible to infer target mRNAs of drug-altered miRNAs through
computational predictions, although such methods can yield false positive and negative
results. Recent work is encouraging. miR-212 is induced in rat dorsal striatum after cocaine
self-administration, and serves to inhibit cocaine intake [40]. This action was attributed to
the ability of miR-212 to indirectly lead to the activation of CREB [41], a transcription
factor that antagonizes cocaine reward [2]. Several additional genes implicated in addiction
models, such as ΔFosB, dopamine transporter, and glutamate receptor subunits, have also
been related to drug-triggered alterations in specific miRNAs [39,41]. Next generation
sequencing has recently been used to capture the repertoire of miRNAs that are altered in
NAc whole extracts and purified striatal post-synaptic densities after chronic cocaine [42]. It
was found that tens of miRNAs are regulated by cocaine. Future work is needed to identify
the definitive mRNA targets for each regulated miRNA as well as to explore still un-
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annotated, novel miRNAs that are altered by drugs of abuse using available next generation
sequencing datasets.

Lately, long non-coding RNAs (lncRNAs) are emerging as key regulators of gene
transcription [35,36,43,44]. Such non-coding RNAs, defined as having a length >200 bp, are
highly abundant and highly regulated. They appear to form RNA-protein interactions to
carry out their functions by modulating chromatin-modifying complexes and interacting
with transcription factors, among other actions. Though the role of lncRNAs in drug
addiction has not yet been characterized, mining microarray data revealed that several
lncRNAs are altered in the brains of addicted humans [45]. This is therefore an area ripe for
future investigation.

Conclusion and future directions
Although still in relatively early stages, work to date has demonstrated that many forms of
epigenetic regulation are altered in brain reward regions by drugs of abuse and in turn serve
to regulate drug action. Already these initial studies have raised several key questions that
will need to be addressed moving forward.

One complex question is how epigenetic regulation is translated into transcription change.
As noted earlier, no single modification examined to date is deterministic for a change in
gene expression, consistent with the required involvement of numerous modifications that
work in concert. Deciphering such a code is an important goal for future research. A
technical challenge in this effort is the heterogeneous cell population of even brain
micronuclei, which makes it impossible to derive data as clear-cut as for cell culture
systems. Methodologies are underway to isolate specific cell types from brain [46] and to
perform genome-wide ChIP-seq, RNA-seq, and DNA methylation assays on much less
starting material [47,48]. In the meantime, nearly all bioinformatics tools for genome-wide
analysis have been developed based on clean cell culture data, which are not optimal to
detect the more subtle signals from terminally differentiated neurons, particularly with the
high background noise unavoidable with in vivo studies. Improved analytical tools will
require creative collaborations between biologists and bioinformaticians.

An important part of this effort of defining an epigenetic code will be to decipher the cross-
talk among histone modifications, DNA methylation, and non-coding RNAs. For example,
certain histone methylation events are preferentially enriched at methylated DNA sites [49].
MeCP2 has been shown to interact with miRNAs to influence cocaine reward [50]. Long
non-coding RNAs can serve as a scaffold for multiple chromatin modification enzymes such
as DNMTs and G9a [43]. Studying these and many other potential interactions across
epigenetic mechanisms in drug addiction models is a high priority of current research.

Another goal is to better understand the influence of different forms of epigenetic regulation
on a gene’s activity. As noted at the outset, some epigenetic modifications likely alter the
steady-state level of a gene’s transcription, while others poise genes for greater (gene
priming) or lesser (gene desensitization) induction in response to some subsequent stimulus
in the absence of a steady state change in expression[3]. There are several precedents for
such priming and desensitization in addiction models, and such regulation needs to be
examined more globally [10,12,51](Figure 3). Recent work has indicated that epigenetic
modifications also control pre-mRNA alternative splicing [52]. Accordingly, an epigenetic
change will correlate with altered expression of a particular isoform of a gene without
detectable regulation of total transcript levels. As well, we know that many epigenetic
modifications occur in non-genic regions. Each of these consequences of epigenetic
regulation, beyond alterations in steady state levels of expressed RNAs, is far beyond the
coverage of traditional microarrays. We expect that next generation sequencing technologies
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(e.g., ChIP-seq, RNA-seq) [53,54] will soon provide more complete answers to these
questions.

We also need to better understand the intracellular signaling pathways through which
synaptic transmission is translated into epigenetic modifications. We still know very little
about these steps, with only a small number of examples reported to date [e.g., [55–57] (see
Figure 2). The next step is to learn how a particular epigenetic modification is targeted to a
given gene, as stated earlier, and to decipher why some, perhaps even most, epigenetic
changes are highly labile, while a smaller subset may persist for longer times.

Finally, we need to ascertain whether any drug-induced epigenetic modifications are
transferred to offspring to influence their susceptibility to drug abuse or other conditions.
Such trans-generational transmission would require drug-induced epigenetic changes in
sperm or ova to persist in the fertilized embryo and to influence adult brain function. There
are early reports that this may be the case [58], however, much further work is needed to
demonstrate definitively an epigenetic basis of such transmission and to understand the
underlying mechanisms involved.
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Highlights

• Role of histone acetylation and methylation in drug addiction.

• Role of DNA methylation, 5-methylcytosine and 5-hydroxymethylcytosine, in
addiction.

• Role of microRNAs and long non-coding RNAs in drug addiction.
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Figure 1. Histone posttranslational modifications
(A) The nucleosome core particle composed of 147 bp of DNA wrapped around an octamer
of histone proteins (two copies each of H2A, H2B, H3, and H4). (B) Histone modifications
on histone H3 tail. Permissive gene expression correlates with modifications that weaken the
interaction between histones and DNA or that promote the recruitment of transcriptional
activating complexes (e.g., histone acetylation at K23, K18, K14, and K9, as well as
methylation at K79, K36, and K4 or phosphorylation at S28 and S10). Repressive
transcription correlates with histone deacetylation (which compacts nucleosomes), histone
methylation (e.g., on H3K27 or H3K9, which recruits repressive complexes to chromatin),
or DNA methylation (not shown).
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Figure 2. Mechanisms of transcriptional and epigenetic regulation by drugs of abuse
Drugs of abuse act through synaptic targets (reuptake mechanisms, ion channels, and
neurotransmitter [NT] receptors) to alter intracellular signalling cascades. This leads to the
activation or inhibition of transcription factors and of many other nuclear targets, including
chromatin-regulatory proteins (shown by thick arrows). These processes result in the
induction or repression of particular genes, which can in turn further regulate gene
transcription. It is proposed that some of these drug-induced changes at the chromatin level
are extremely stable and thereby underlie the long-lasting behaviours that define addiction.
CREB, cAMP-response element binding protein; DNMTs, DNA methyltransferases; HATs,
histone acetyltransferases; HDACs, histone deacetylases; HDMs, histone demethylases;
HMTs, histone methyltransferases; MEF2, myocyte-specific enhancer factor 2; NF-κB,
nuclear factor-κB; pol II, RNA polymerase II. Figure is reproduced with permission from
Ref. 3
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Figure 3. Gene priming and desensitization
Epigenetic mechanisms are important in mediating gene priming and desensitization, which
are not reflected by stable changes in steady-state mRNA levels. Instead, a later drug
challenge induces a given gene to a greater (primed) or lesser (desensitized) extent based on
the epigenetic modifications that are induced by previous chronic drug exposure. A,
acetylation; M, methylation; P, phosphorylation; pol II, RNA polymerase II. Figure is
reproduced with permission from Ref. 3.
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