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Amphetamine and methamphetamine addiction is
described by specific behavioral alterations, suggesting long-
lasting changes in gene and protein expression within specific
brain subregions involved in the reward circuitry. Given the
persistence of the addiction phenotype at both behavioral
and transcriptional levels, several studies have been
conducted to elucidate the epigenetic landscape associated
with persistent effects of drug use on the mammalian brain.
This review discusses recent advances in our comprehension
of epigenetic mechanisms underlying amphetamine- or
methamphetamine-induced behavioral, transcriptional, and
synaptic plasticity. Accumulating evidence demonstrated that
drug exposure induces major epigenetic modifications—
histone acetylation and methylation, DNA methylation—in a
very complex manner. In rare instances, however, the
regulation of a specific target gene can be correlated to both
epigenetic alterations and behavioral abnormalities. Work is
now needed to clarify and validate an epigenetic model of
addiction to amphetamines. Investigations that include
genome-wide approaches will accelerate the speed of
discovery in the field of addiction.

Introduction

The abuse of amphetamine (AMPH) and its clinically devastat-
ing derivative methamphetamine (METH) is widespread.
Repeated exposure to these substances can lead to addiction.
Addiction is a neuropsychiatric disorder thought to result from
neural adaptations at the molecular, cellular, and tissular levels fol-
lowing repeated drug exposure. Current research on addiction to
psychostimulants, mainly cocaine and substituted amphetamines,
is trying to elucidate the mechanisms underlying such adaptive
changes because they might explain the transition from recrea-
tional drug use to addicted behaviors. Drug-induced alterations in
gene and subsequent protein expression appear necessary to
account for drastic dysregulations of physiological brain processes.

All psychostimulants are known to transiently facilitate neuro-
transmission mediated by monoamines including dopamine,
norepinephrine, and serotonin in specific brain circuits, notably
the reward pathways.1 Reward pathways extend from the ventral
tegmental area to the nucleus accumbens (NAc), the dorsal stria-
tum, the hippocampus, and the prefrontal cortex (PfC) through
dopaminergic projections.2 Because cocaine and amphetamines
increase the amount of dopamine in the synaptic cleft through
diverse mechanisms, it is possible that distinct molecular adapta-
tions might occur in response to different psychostimulants. This
sentence highlights the need for comprehensive studies of these
drugs of abuse. Here, we focus our attention on data specific for
AMPH and its highly addictive analog, METH.
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AMPH and METH activate neurotransmitter release by
reversing monoamine transport, whereas cocaine acts as a mono-
amine reuptake inhibitor.1 AMPH and METH display very simi-
lar molecular effects, notwithstanding some pharmacodynamic
variations; for example, at the same dose, METH is described as
a more potent stimulant.3 Nevertheless, because a transient exces-
sive monoamine neurotransmission alone cannot account for
drug-triggered long-lasting transcriptional and behavioral altera-
tions, there is a need for a multi-systematic yet integrative eluci-
dation of addiction and its consequences.4 Such integration will
have to go beyond the dopamine hypothesis of addiction.

These long-lasting aspects of addiction indicate that epigenetic
modifications might be key modulators of drug-induced gene
expression, because epigenetic alterations can register and main-
tain durable structural chromatin adaptations.5 This realization
has led researchers to try to elucidate the epigenetic landscape
associated with psychostimulant addiction. To date, studies have
predominantly focused on cocaine exposure,6 with less focus on
METH addiction. This review summarizes the evidence linking
AMPH or METH exposure to drug-induced epigenetic changes.
Those include histone acetylation and methylation, as well as
DNA methylation. We will discuss the results examining the
effects of these drugs on the expression of histone acetyltransfer-
ases (HATs), deacetylases (HDACs), methyltransferases (HMTs/
KMTs), demethylases (HDMs/KDMs), and DNA methyltrans-
ferases (DNMTs).

Histone acetylation
Histone acetylation remains by far the most studied chroma-

tin modification in animal models of addiction.6 Extended
literature has described the role of histone acetylation in cocaine-
induced behaviors.7 Similar mechanisms may be involved in
METH addiction.

Role of HDAC inhibitors in AMPH and METH addiction:
behavioral evidence

A role for histone acetylation in METH addiction was first
suggested by behavioral approaches. For instance, METH-
induced conditioned place preference (CPP) is associated with
increased H3 but not H4 acetylation in the limbic forebrain.8

Models of METH addiction in rodents have demonstrated that
METH triggers enhanced locomotor activity, accompanied by
behavioral sensitization.9 To assess how histone acetylation might
interfere with both phenomena, rodents were treated with either
AMPH or METH in conjunction with HDAC inhibitors, usu-
ally valproic acid (VPA) and sodium butyrate (NaB). Table 1
lists the experimental details of selected HDAC inhibitors treat-
ments. Studies using either intraperitoneal 10,11 or micro-injec-
tions in the amygdala,12 the PfC, 12 and the striatum 12,13 have
reported that non-specific HDAC inhibitors can attenuate
drug-induced locomotor activity. More interestingly, Cp60, a
HDAC1/2-specific inhibitor, is sufficient to prevent AMPH-
induced locomotor activity after a single injection,14 suggesting a
central role for HDAC1/2 in this behavioral response.

Surprisingly, treatments with HDAC inhibitors showed
apparently discrepant consequences both on the acquisition and
the maintenance of METH- or AMPH-induced locomotor
behavioral sensitization15-19 with animals exhibiting distinct
behavioral responses to distinct experimental regimens. Non-spe-
cific pharmacological approaches have also resulted in divergent
conclusions in the case of cocaine-injected animals.7 Assessing
the role of each specific HDAC by viral overexpression or genetic
knockout may be essential to a better understanding of drug-
induced epigenetic adaptations. In particular, class I and class II
HDACs seem to play distinct roles, while NaB and VPA have
been identified in vitro as potential inhibitors of class I but not
class II HDACs.20 In addition, VPA, but not NaB, has been

Table 1. Behavioral and biochemical consequences of HDACs inhibitors and AMPH/METH administration.

Reference Drug HDACs inhibitor(s) Tested behavior
Administration and
testing schedule

Effect of HDACs
inhibitors

Global biochemical
alterations

Frey et al., 2006 AMPH IP VPA IP, 2x/d Locomotor hyperactivity Prevented /
Reversed

Arent et al., 2011 METH IP NaB / VPA
Micro-injections

Locomotor hyperactivity Attenuated /

Schroeder et al., 2013 AMPH IP Cp60 SAHA IP Locomotor hyperactivity Cp60: prevented
SAHA: no effect

PfC, ventral striatum,
hippocampus: "H2BAc,
"H3K9Ac, "H4K12Ac

Kalda et al., 2007 AMPH IP NaB / VPA IP Acquisition of behavioral
sensitization

Enhanced Striatum: "H4K12Ac
with additive effects

Maintenance of behavioral
sensitization

Attenuated /

Coccurello et al., 2007 METH IP VPA IP Acquisition of behavioral
sensitization

Attenuated /

Harkness et al., 2013 METH IP BA IP Acquisition of behavioral
sensitization

Enhanced NaB reverts METH-
induced H3K14Ac

Maintenance of behavioral
sensitization

Enhanced /

Administration schedules are pictured with the following symbols: a black square corresponds to one daily drug injection, a white square to one daily
HDACs inhibitor injection, and the red arrows indicate each behavioral test. Abbreviations: IP, intra-peritoneal injection. NaB, sodium butyrate; VPA, valproic
acid.
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reported as a regulator of GABAergic signaling, which in turn
modulates the activity of dopamine neurons,21 thus complicating
the use of non-specific pharmacological agents.

HDACs inhibitors can cause additive increasing effects on
METH- or AMPH-induced histone acetylation in the striatum,
notably on H4 acetylation.15,17 In contrast, NaB exhibits weaker
additive effects compared to VPA, or even some opposite
effects.18 These discrepant results may be explained by different
dosing regimens, diverse behavioral testing paradigms, or multi-
ple biochemical targets in the brain. Importantly, METH or
AMPH use may increase global acetylation in the striatum.22

HDACs inhibitors could potentiate these drug effects, while hav-
ing variable consequences on drug-elicited behavioral responses.

Regulation of HDACs expression, histone acetylation, and
transcriptional response

Acetylation of H3 and H4 appears to play a central role in
drug-induced transcriptional responses. Specifically, a single
METH injection was reported to induce global time-dependent
increases in acetylated H4K5 and H4K8, but a global time-
dependent decrease in H3K9, H3K18, and H4K16 acetylation
in the NAc.23 This study also correlated patterns of histone acety-
lation with a METH-induced decrease in HDAC1, but an
increase in HDAC2 and ATF2 protein levels. Thus, H4K5 and
H4K8 hyperacetylation could have resulted from both a prior
METH-induced increase in ATF2 expression and a decrease in
HDAC1 expression, since RNAi-mediated knockdown against
HDAC1 was shown to increase H4K5 acetylation.24 In contrast,
increased HDAC2 expression, which also accompanies HDAC1
decrease after RNAi treatment, putatively as a compensatory
mechanism,24 may account for H3K9, H3K18, and H4K16
hypoacetylation. This study suggests that METH differentially
modulates the expression of HDAC1, HDAC2, and ATF2 in
the NAc, with the resulting pattern of histone acetylation differ-
entially regulating the expression of many genes.23 The time
course expression of class I HDAC1 and HDAC2, as well as class
II HDAC4 and HDAC5, revealed surprising results in the
PfC,25 suggesting a unique role for the PfC or NAc in addiction.
In the PfC, HDAC1 mRNA level appears reduced after acute
METH treatment, similar to the decreases observed in the
NAc.23 HDAC1 expression is, however, not affected after
chronic treatment or withdrawal. On the other hand, HDAC2
expression in the PfC was decreased after both acute and chronic
METH injections.25 HDAC4 and HDAC5 were decreased only
after withdrawal, while global HDAC activity is increased.25

These complex results highlight a potential shift from the
involvement of class I to class II HDACs during withdrawal.25

Similarly, models of cocaine addiction have hypothesized oppo-
site roles for class I and class II HDACs, as evidenced by behav-
ioral studies. For example, class I HDAC1/2 are thought to
enhance cocaine effects,26 whereas overexpression of class II
HDAC5 in the NAc is reported to inhibit cocaine-induced
CPP.27

Genome-wide analysis using a ChIP-Sequencing approach
gives access to precise patterns of histone acetylation, and allows
for a better comparison between regulation of histone acetylation

and gene expression. Using this approach, Cadet et al.22 have
reported that acute METH injection induces H4K5 acetylation
around the transcription start sites (TSSs) of genes in the dorsal
striatum. This results are consistent with previous global
results15,17 and reflect changes in gene expression.23 Similar posi-
tive correlation between H4K5 acetylation in the TSS and gene
expression was found for chronic METH treatment,22 although
chronically regulated genes are different from acutely regulated
ones. However, the correlation appeared weaker for chronically
treated animals, suggesting that METH-induced novel H4K5
acetylation might be necessary but not sufficient to maintain
transcriptional changes in gene expression. Microarray analysis
also demonstrated that acute METH mainly causes a global
increase in gene expression, whereas chronic METH is linked
with a global decrease.22 Global downregulation after chronic
METH could correlate with the observation that H4K5 acetyla-
tion does not necessarily elicit significant changes in gene expres-
sion. Thus, combinatorial epigenetic influences could involve in
transcriptional regulation after METH treatment.

Microarray analysis has also identified putative proteins that
might interact with HDACs and consequently account for com-
plex regulation of chromatin structure. In a long-access model of
METH self-administration, the drug was shown to affect the
expression of genes that act in complexes with HDACs as either
activators or repressors.28 For example, the study reported
increased brain abundant signal protein 1 (basp1) mRNA level
after METH self-administration. BASP1 can co-repress WT1
targets in the NAc by recruiting HDAC1.29 In a similar fashion,
the protein product of Kruppel-like factor 10 (klf10) gene that
was also upregulated by METH self-administration contains a
R1 domain that allows interaction with the HDAC co-repressor,
Sin3A.30 The striatal upregulation of these 2 transcripts could
lead to decreased transcription due to HDAC-mediated histone
hypoacetylation.28

Transcriptional regulation of members of the AP1 complex
through histone acetylation

Activator Protein-1 (AP1) complexes work as transcription
factors that can regulate gene expression in response to numerous
physiological and pathological stimuli.31 Some members of these
complexes, including JunD and DfosB, which is a splicing variant
of FosB, appear to be crucial regulators of responses to rewarding
stimuli.32 Specifically, drug-induced DfosB accumulates in the
striatum due to its high stability, leading to the speculation that
this accumulation might be responsible, in part, for the transcrip-
tional differences observed after acute and chronic drug use.33

Indeed, acute METH was found to increase FosB/DfosB, c-Fos,
c-Jun and JunB mRNA levels the striatum, whereas chronic
METH appeared to blunt this effect.28,34 Consistently with their
higher stability, protein levels of FosB/DfosB are reported to be
increased after METH self-administration in various brain
regions.35

Histone acetylation may also play a role at different steps of
these processes. First, H4 acetylation in the striatum appears to
be an important regulator of fosB gene expression after chronic
AMPH treatment, in a fashion consistent with increased DfosB
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expression.17 Authors also reported that AMPH increases striatal
CREB phosphorylation, thus reducing CREB:HDAC1 interac-
tion and recruitment onto the promoter region of DfosB.17 His-
tone acetylation could also explain the blunting of c-fos
expression that occurs with chronic drug exposure (see Fig. 1).
In fact, ChIP experiments in the striatum have revealed that
chronic AMPH treatment increases DfosB binding onto c-fos pro-
moter and increases DfosB-mediated HDAC1 recruitment.36

HDAC activity could have led to c-fos promoter hypo-acetylation
and subsequent reduced c-fos expression. Viral overexpression of
either DfosB or HDAC1 confirmed those results.36 Therefore,
c-fos desensitization after chronic AMPH exposure appears to be
mediated by DfosB and HDAC1. More studies are thus needed
to test whether this mechanism is involved in the blunting of
other neuroplasticity genes. These investigations should provide
a partial window to the molecular adaptations underlying the
transition of recreational use to compulsive abuse.

Histone methylation
Although histone methylation has not been well studied in

addiction models,6 this modification may modulate gene expres-
sion in a much finer way because histone methylation can pro-
mote either activation or inhibition of transcription.37

Trimethylation of histone H3 at lysine 4 (H3K4me3), which is
usually associated with active transcription, was found to be
increased in the NAc in models of METH-induced behavioral
sensitization 38 and CPP.39 This increase in H3K4me3 occurred
on the promoter of C-C chemokine receptor 2 (ccr2) gene during
behavioral sensitization.38 Interestingly, ccr2 knockout mice
showed impaired maintenance of behavioral sensitization to
METH.38 H3K4me3 is also linked with the upregulation of

several genes in the NAc during METH-associated memory for-
mation, including c-fos.39 Using siRNA-mediated approaches,
Aguilar-Valles et al. 39 also reported that KMT2A, an enzyme
involved in histone H3 trimethylation at K4, was upregulated
with chronic METH injections and was also necessary for
METH-associated memory formation and maintenance. Another
enzyme, KDM5C, which demethylates H3K4, was also involved
in the maintenance of METH CPP.39 Taken together, these
studies suggest that chronic METH may specifically alter
the abundance of H3K4me3 on the promoter of genes responsi-
ble for long-lasting adaptations.

It is important to note that METH self-administration was
not associated with increased H3K4me3 abundance on the pro-
moters of c-fos and fosB in the dorsal striatum.40 Contradictory
results could be explained by distinct roles of dorsal and ventral
striatum or by different neural adaptations to non-contingent or
contingent injections of the drug. It is also to be noted that
desensitization of the c-fos gene after chronic AMPH treatment
(see Fig. 1) is correlated with increased expression of KMT1A
and repressive H3K9me3 on its promoter.36 Crosstalks between
permissive (H3K4me3) and repressive (H3K9me3, hypoacety-
lated histones) marks might also explain time-dependent varia-
tions of epigenetic modifications on various drug-related genes.
An interesting candidate for such interactions is KLF10, which is
upregulated in the striatum after METH self-administration.28

KLF10 interacts with KDM5B, a histone demethylase (HDM)
for H3K4me3,41 in addition to its interaction with HDAC:
Sin3a complex.30 METH-induced increase in HDM activity
might serve as a compensatory response to METH-induced
H3K4me3,38,39 thus resulting in a lack of changes in H3K4me3
on the promoter of several genes even in the presence of increased
H3K4me3 protein levels.40 It is also likely that genome-wide
approaches to H3K4me3 binding might identify additional genes
not identified by single genes studies.

DNA methylation
DNA methylation has not been extensively investigated in

models of METH or AMPH addiction. The maintenance
DNMT, DNMT1, is highly expressed in the mouse brain.42

METH was found to differentially modulate DNMT1 expres-
sion in the NAc of 2 strains of rats. Fisher 344/N rats exhibit
increased DNMT1 expression associated with resistance to
METH-induced behavioral sensitization whereas Lewis/N rats
show reduced DNMT1 expression and enhanced behavioral sen-
sitization.43 This study had indicated that different genotypes
may respond differentially to METH administration. After two
weeks of withdrawal from chronic AMPH exposure, DNA meth-
ylation was found globally increased in the NAc, in the medial
PfC and the orbitofrontal cortex (OfC).44 Such increase in DNA
methylation is consistent with a global decrease of transcription
after one month of METH withdrawal, as demonstrated with
microarray analysis.28 Strikingly, OfC and medial PfC both
exhibit a decrease in global DNA methylation pattern, even
though they show opposite cellular morphological adaptations.45

Methyl-CpG-binding protein-2 (MeCP2), a “reader” of DNA
methylation, is involved in cocaine addiction,46,47 and is also

Figure 1. Epigenetic desensitization of c-fos after chronic AMPH treat-
ment. Striatal c-fos expression is induced by an acute drug challenge but
blunted after chronic AMPH exposure. This transcriptional desensitiza-
tion correlates with increased binding of DfosB and HDAC1 recruitment
onto the c-fos promoter. There is coincident increased KMT1A expression
after chronic AMPH. Together, these enzymes reshape surrounding chro-
matin into a repressive conformation for c-fos transcription by catalyzing
H4 deacetylation and H3K9 methylation, resulting in blunted c-fos
response to acute drug challenge.36
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thought to participate in AMPH-triggered behaviors.48,49 Using
viral NAc-specific knockdown and overexpression of MeCP2,
Deng et al. 48 showed that MeCP2 limits rewarding properties of
AMPH as evaluated by CPP. Hypomorphic mutant mice
expressing a truncated MeCP2, on the contrary, exhibit no CPP
for AMPH.48 These results show that MeCP2 may have distinct,
even opposite, roles in the NAc and in other structures. Acute
AMPH induces a transient and NAc-specific phosphorylation of
MeCP2 at Ser241 and reduces the inhibitory activity of
MeCP2.48 MeCP2 phosphorylation is known to regulate brain
derived neurotrophic factor (bdnf) expression, a gene important for
synaptic plasticity.50 Interestingly, BDNF levels were found to be
increased in hippocampus of METH
self-administering rats 51 as well as in
the plasma of human METH users,52

suggesting that METH-induced
changes in MeCP2 phosphorylation
may be involved. All taken together,
these data suggest that drug exposure
activates the inhibitory phosphorylation
of MeCP2 in the NAc, which may
result in the derepression of various tar-
get genes, including bdnf. Consistent
with a role of MeCP2 phosphorylation
in addiction, Deng et al.49 reported
recently that mice expressing a non-
phosphorylatable form of MeCP2 dis-
play both a reduced threshold for the
induction of AMPH-triggered locomo-
tor sensitization and an increased sensi-
tivity to self-administered cocaine.

A recent study has also investigated
the effects of METH exposure on the
offspring of chronically METH-
treated male and female rodents.53

Both methylated-DNA-immunopre-
cipitation and bisulfite-sequencing
approaches demonstrated that hippo-
campal DNA methylation patterns
are altered in the offspring. These
observations suggest that in utero
exposure to METH can interfere with
the epigenetic reprogramming that
occurs during embryonic develop-
ment.54 Interestingly, the offspring
exhibited behavioral abnormalities,
such as reduced cocaine-CPP for
males and reduced response to condi-
tioned fear for both males and
females.53

Epigenetic bases of METH-induced
alterations in glutamatergic plasticity

The downregulation of glutamate
receptors expression in the dorsal stria-
tum following chronic exposure to

METH probably stands as one of the best-described example of
complex drug-induced epigenetic modifications in the brain.55,56

Psychostimulant drugs produce plastic changes in the striatum
that include changes in the expression of AMPA and NMDA
glutamate receptors.57 In the case of METH, Jayanthi et al. 55

described epigenetic crosstalks that regulate drug-induced tran-
scriptional downregulation of AMPA and NMDA receptors sub-
units that included GluA1, GluA2, and GluN1. Downregulation
of GluA1 and GluA2 involves METH-induced binding of repres-
sive chromatin remodeling complexes onto the upstream repres-
sive sequence of GluA1 and onto the promoters of GluA2 and
GluN1.55,56 Figure 2 depicts these complexes and consequent

Figure 2. Chronic METH exposure down-regulates GluA1/A2 and GluN1 expression via diverse epige-
netic modifications. In the dorsal striatum, chronic METH exposure allows a MeCP2-independent bind-
ing of a CoREST:SIRT2 complex and a MeCP2-dependent recruitment of CoREST, HDAC2 and DNMT1
onto the Upstream Repressive Sequence (URS) of GluA1 and on the promoter of GluA2. Together, these
enzymes reshape surrounding chromatin into a repressive conformation for gene transcription by cat-
alyzing H4 deacetylation. GluN1 is downregulated through H4 deacetylation on its promoter mediated
by a REST:HDAC1 complex.55,56
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epigenetic alterations. It is important to note that VPA was found
to reduce METH-induced downregulation of these 3 genes by
inhibiting HDAC1/2 activity.55,56

Concluding remarks
Addiction to AMPH and METH appears to be related to

complex epigenetic and transcriptional changes that occur after
repeated exposure to these drugs. These alterations include post-
translational histone modifications and DNA methylation.
Crosstalks between distinct histone modifications and changes in
chromatin structures may serve as determining factors in regulat-
ing the expression of gene networks and their protein products.
Within these networks, specific genes may trigger subsequent epi-
genetic cascades that maintain the complex behavioral syndromes
that have been labeled addiction. Elucidation of the initial steps
involved in the addiction cycle may help to develop preventive
pharmacological measures against the progression to compulsive
drug taking. On the other hand, characterizing later limbs of
addiction could generate therapeutic approaches that may help
drive the brain back to homeostasis. These agents might help
patients to refrain from further drug use, hence preventing the
coincident adverse consequences of AMPH and METH
addiction. Because some of the biochemical effects of these 2

drugs appear to be dissimilar, it will be important to study the
corresponding epigenetic and transcriptional responses under
behavioral conditions that are similar. These types of studies will
help to dissect further the molecular substrates of addiction to
these 2 psychostimulants, and to identify specific targets for ther-
apeutic interventions. Our present discussion suggests that the
development of epigenetic drugs that influence the functions of
HDACs, KMTs, and DNMTs might offer important opportuni-
ties for future research that goes beyond the dopamine hypothesis
of addiction. Finally, the data reviewed in this paper also suggest
that more aggressive efforts are needed to translate these observa-
tions into clinical practice.
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