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Abstract: The persistence of the addiction phenotype in methamphetamine use disorder (MUD) sug-
gests the potential presence of epigenetic changes and potential structural adaptations that may drive
the manifestations of MUD in humans. In the present review, we discuss the evidence that documents
the fact that methamphetamine exposure can cause changes in epigenetic modifications, including his-
tone acetylation and methylation, as well as DNA methylation and hydroxymethylation in a complex
manner that need to be fully dissected. Nevertheless, our work has demonstrated the existence of corre-
lations between behavioral changes and epigenetic alterations during methamphetamine self-

ARTICLE HISTORY administration. We found that prolonged methamphetamine self-administration and contingent foot-
shocks resulted in rats with compulsive drug-taking and abstinent phenotypes. In addition, rats that re-
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tered DNA hydroxymethylation in those genes led to an increase in their mRNA expression. Addition-

DoI: al studies revealed decreased mRNA expression of histone deacetylases associated with increased his-
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tone acetylation and induced gene expression in the dorsal striatum. These changes were associated

with a reduction in methamphetamine intake in response to contingent footshocks. More research is

CrossMark necessary in order to further dissect how pharmacological or genetic manipulations of identified epige-

netic alterations and expression of potassium channels can impact methamphetamine-taking behaviors
or relapse to methamphetamine-taking after long periods of abstinence. Investigations that use discov-
ery approaches, such as whole-genome sequencing after chromatin immunoprecipitation, should accel-
erate our efforts to develop epigenetic therapeutic approaches against MUD.
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1. INTRODUCTION consequent to repeated methamphetamine exposure [4]. Cur-
rent investigations have begun to elucidate some of the
mechanisms that serve as substrates for these neuroadapta-
tions with the hope that they might help explain the transi-
tion from recreational methamphetamine use to MUD in
humans [5]. Because methamphetamine impacts neuro-
transmission through the facilitation of the release of dopa-
mine, norepinephrine, and serotonin in brain regions where
monoaminergic terminals are located [6-8], therefore, the
focus of biochemical and molecular studies has been on the-
se brain areas. Some of these brain regions consist of nodal
points in the so-called brain reward pathways that include the
ventral tegmental area (VTA), the nucleus accumbens
(NAc), the dorsal striatum, the hippocampus, and the pre-
frontal cortex (PFC) [9-12]. In the present review, we discuss
data specific to the influences of methamphetamine on epi-
genetic markers in several brain regions.

The abuse of methamphetamine (METH) is widespread,;
nearly 37 million individuals use METH or amphetamine-
type stimulants worldwide [1]. In the United States, meth-
amphetamine use reported during drug-related treatment
admissions increased by more than 50% between 2008 and
2017. This increase was observed among almost all demo-
graphic groups and all census regions [2]. Repeated exposure
to methamphetamine can lead to the development of an ad-
dictive diathesis characterized by excessive drug-taking,
compulsion to take the drug, drug-taking behavior in the
presence of adverse social and medical consequences and
repeated relapses even during active treatment of the psychi-
atric disease [3]. Methamphetamine use disorder (MUD) is a
biopsychosocial disorder that is probably the result of
molecular, cellular, and bio-pathological neuroadaptations
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hough ideas about methamphetamine use disorder have
mostly focused on the transient increase in monoamine lev-
els in the synaptic cleft, these acute changes cannot obvious-
ly account for the clinical course of methamphetamine and
the repeated relapses observed when patients are participat-
ing in treatment programs during which they may or may not
be exposed to the drug [18, 19]. This line of reason suggests
that methamphetamine-induced epigenetic alterations and
consequent changes in the expression of genes and proteins
might be the relevant factors in promoting neurostructural
modifications that might serve as the substrates for compul-
sive drug use and craving [3, 4].

A few laboratories have been investigating the epigenetic
and transcriptional effects of methamphetamine on the brain.
Herein, we provide a summary of the evidence that metham-
phetamine exposure causes epigenetic consequences in vari-
ous brain regions. The review includes investigations of the
effects of methamphetamine on histone acetyltransferases
(HATs/KATs), deacetylases (HDACSs), methyltransferases
(HMTs/KMTs) [20] demethylases (HDMs/KDMs) [21],
DNA methyltransferases (DNMTs) [22], and ten-eleven
translocation methylcytosine dioxygenases (TETs) [23, 24].

2. HISTONE ACETYLATION AND METHAMPHET-
AMINE USE DISORDER

Histone acetylation is one of the most investigated chro-
matin modifications in rodent models of substance use disor-
ders [25-27]. The accumulated evidence supports a role for
histone acetylation in methamphetamine use disorder. Spe-
cifically, animals that underwent methamphetamine condi-
tioned place preference (CPP) were reported to show in-
creased H3 but not H4 acetylation in the brain [28]. In a
model of methamphetamine-induced behavioral sensitiza-
tion, mice were treated with methamphetamine for 10 days
in conjunction with saline or the HDAC inhibitor, sodium
butyrate (NaB) [29]. The authors reported that NaB in-
creased the locomotor responses to methamphetamine acute-
ly in sensitized animals [29]. They also found that acute NaB
and methamphetamine increased histone H4 acetylation in
the mouse dorsal striatum. Repeated methamphetamine also
increased histone H3 acetylation but not the chronic drug
combination [29]. However, the changes in behaviors did not
show any direct patterns to changes in histone acetylation.
More studies are needed to assess the specific role of
HATs/KATs and HDACs in methamphetamine-induced lo-
comotor sensitization by using viral vectors to increase or
decrease the expression of specific KAT or HDAC to assess
their role in this behavioral adaptation. This idea is relevant
to the observations that methamphetamine injection can re-
sult in the decrease in histone H3 acetylated at lysine 9
(H3K9ac) and lysine 18 (H3K18ac) in nuclear sub-fractions
but time-dependent increase in the acetylated H4KS and
H4K8 [30]. In addition to altered histone acetylation, injec-
tions of methamphetamine decreased HDACI1 protein ex-
pression but increased HDAC2 protein expression levels in
the nucleus accumbens (NAc) [30]. These results were ex-
tended further by measuring the effects of chronic metham-
phetamine on gene expression and histone modifications in
the dorsal striatum of rats [31]. Chronic methamphetamine
was associated with decreased mRNA and protein levels of
GluAl and GIluA2 alpha-amino-3-hydroxy-5-methyl-4-
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isoxazole propionic acid receptor (AMPAR) and GIuN1 N-
methyl-D-aspartate receptor (NMDAR) subunits. Chromatin
immunoprecipitation-polymerase chain reaction (ChIP-PCR)
revealed that chronic methamphetamine caused decreased
enrichment of acetylated histone H4 at GluAl, GluA2, and
GluN1 promoters. In addition, methamphetamine increased
repressor element-1 silencing transcription factor (REST)
corepressor 1 and histone deacetylase 2 enrichment onto
GluAl and GluA2 gene sequences. Furthermore, valproic
acid, a histone deacetylase inhibitor, attenuated methamphet-
amine-induced decreased expression of AMPAR and N-
methyl-D-aspartate receptor subunits in the dorsal striatum,
and METH-induced decreased H4K16Ac recruitment on
AMPAR gene sequences. Because of the multitude of
changes that methamphetamine exposure can cause, it will
be important to use vectors that influence specific HAT or
HDAC instead of using non-specific HDAC inhibitors when
assessing the role of histone acetylation/deacetylation in an-
imal models of methamphetamine use disorders.

Class I, HDACI1 and HDAC?2, and class II, HDAC4 and
HDACS, may also play differential roles in methampheta-
mine use disorder [32]. Specifically, Li et al. in 2014 report-
ed that acute injection of methamphetamine decreased
HDAC! and HDAC2 mRNA levels but not HDAC4 and
HDACS in the PFC, whereas chronic methamphetamine af-
fected HDAC2, HDAC4 but not HDAC1 and HDACS in that
structure [32]. After seven days of withdrawal from meth-
amphetamine, there were significant decreases in HDAC4
and HDACS in the PFC. These results indicate that HDACs
respond differentially during chronic methamphetamine ad-
ministration and that their roles in various aspects of the de-
velopment and maintenance of addiction need to be very
carefully examined before making specific recommendation
about the use of epigenetic drugs in the treatment of addic-
tion in humans.

A genome-wide analysis using a ChIP-Sequencing ap-
proach was able to identify the role of a specific histone
modification in the regulation of gene expression [26]. The
authors reported that an acute METH injection caused
changes in H4K5 acetylation around the transcription start
sites (TSSs) of several genes in the dorsal striatum. Chronic
methamphetamine injections also caused increased H4KS5
acetylation marks at the TSS and changes in gene expression
even though the patterns of gene expression were different
between acute and chronic methamphetamine treatment [26].
Interestingly, microarray analysis revealed that chronic
METH administration caused a global decrease in gene ex-
pression that appeared to be independent of changes in H4K5
abundance at these genes [26]. That study also identified
putative proteins that, together with HDACs, might serve to
modify the complex regulation of chromatin structure during
methamphetamine administration. In addition to repeated
injections of methamphetamine, it is essential to use drug
self-administration paradigms to identify epigenetic modifi-
cations that might be more relevant to methamphetamine use
disorders in humans. By using these paradigms, it has been
reported that the expression of genes that code for proteins
interacting with HDAC complexes was significantly impact-
ed [3]. These genes included brain abundant signal protein 1
(baspl) mRNA levels. BASPI is a corepressor of WT1 tar-
gets via interaction with HDAC]1 [33]. Another gene of in-
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terest was the protein product of Kruppel-like factor 10
(kIf10) gene that contains an R1 domain through which it
interacts with the HDAC corepressor, mSin3A [34]. Future
studies will assess the role of these genes and proteins in
mediating the molecular adaptations that might underlie tran-
sitions of recreational methamphetamine use during early
stages of drug-taking behaviors to compulsive use during
stages when criteria for addiction are met.

3. PARTICIPATION OF HISTONE METHYLATION
IN MODELS OF METHAMPHETAMINE USE DIS-
ORDER

In addition to histone acetylation, there have been reports
that methamphetamine use may also be associated with his-
tone methylation. Behavioral sensitization after repeated
injections of methamphetamine is associated with increased
trimethylation of histone H3 at lysine 4 (H3K4me3) at the
promoter of the chemokine, CCR2, in the NAc of mice [35].
Similarly, Aguilar-Valles ef al. in 2014 used conditioned
place preference (CPP) to assess how epigenetic changes in
the NAc might support methamphetamine-associated memo-
ries [36]. Towards that end, they measured the expression of
several modified epigenetic proteins and found an increased
abundance of H3K4me2 and H3K4me4 in the NAc of ani-
mals that expressed methamphetamine CPP. They also re-
ported changes in the expression of many genes that were
upregulated by METH-associated contextual learning [36],
with these genes belonging to classes associated with synap-
tic growth, memory, transcription, and chromatin modifica-
tion. The authors found that the histone-lysine N-
methyltransferase 2A (KMT2A), also called myeloid/ lym-
phoid or mixed-lineage leukemia 1 (MLL1), an enzyme in-
volved in histone H3 trimethylation at K4, was upregulated
in the NAc of the methamphetamine CPP animals. Using
a small interfering RNA (siRNA) delivery approach, they
showed that they could decrease KMT2A and H3K4me3
abundance as well as reduce methamphetamine CPP [36].
Interestingly, METH self-administration was not associated
with increased H3K4me3 abundance on the promoters of c-
fos and fosB in the dorsal striatum [37]. These different re-
sults can be explained by the models used in the two sets of
experiments, the differential role of the ventral and dorsal
striatum in behavioral responses to the drug, and the differ-
ent species of rats vs. mice used by the investigators.

4. ROLES OF DNA METHYLATION AND DNA HY-
DROXYMETHYLATION IN METHAMPHETAMINE
USE DISORDER

Recent studies have begun to pay attention to the role
that DNA methylation and hydroxymethylation might play in
the models of methamphetamine use disorders; the DNA
methylation enzymes are expressed in the brain [38]. The
establishment of DNA methylation patterns occurs during
embryonic development via the actions of the de novo DNA
methyltransferases (DNMTs), DNMT3A, and DNMT3B,
with the maintenance of DNMT, DNMT1, preserving meth-
ylation early during development [39]. Numachi et al. in
2007, reported that repeated injection of methamphetamine
for 21 days caused differential changes in DNMT1 expres-
sion in the NAc and dorsal striatum of two strains of rats
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[40]. Specifically, they reported that Fisher 344 rats exhibit-
ed increased striatal DNMT]1 expression after both acute and
repeated injections of methamphetamine, whereas Lewis rats
showed reduced DNMT1 expression [40]. They also report-
ed increased DNMT1 expression in the NAc of Fisher rats
but not in the Lewis rats. Jayanthi et al. in 2014, also report-
ed that chronic methamphetamine led to increased interac-
tions of REST corepressor-1 and methylated CpG binding
protein 2 with histone deacetylase 2 associated with de-
creased expression of glutamate AMPA receptors in the dor-
sal striatum [31]. Methylated DNA immunoprecipitation and
hydroxymethylated DNA immunoprecipitation-polymerase
chain reaction also revealed that chronic methamphetamine
was associated with decreased enrichment of 5-
methylcytosine and 5-hydroxymethylcytosine at GluAl and
GluA2 promoter sequences. These results indicate that com-
parable changes in DNA methylation and hydroxymethyla-
tion can occur in the model of methamphetamine use disor-
der. The relevance of these changes in behavioral responses
to the drug will require specific genetic manipulations of the
enzymes involved in catalyzing each reaction in the brain.

Jayanthi ef al. in 2017, also reported the effect of meth-
amphetamine on DNA hydroxymethylation in the rat NAc
[41]. They found that methamphetamine caused DNA hy-
pomethylation at sites near the corticotropin-releasing hor-
mone (Crh/Crf) TSS and intragenic arginine vasopressin
(Avp) sequences; these changes were accompanied by time-
dependent increase in the expression of Crh and Avp in that
structure. Methamphetamine also increased DNA hy-
droxymethylation at the Crh TSS and intragenic Avp sites.
These methamphetamine-induced changes in DNA hy-
droxymethylation were accompanied by increased protein
expression of ten-eleven-translocation (TET) enzymes that
catalyze DNA hydroxymethylation. Moreover, administra-
tion of methamphetamine increased the binding of TET1 at
the Crh promoter and of TET3 at Avp intragenic regions
[41]. In order to further test the role of DNA hydroxymethyl-
ation in methamphetamine use disorder, Cadet et al. in 2017,
used a behavioral paradigm in which rats that had already
escalated methamphetamine intake were segregated into rats
that reduce or stop their drug intake (non-addicted/resilient,
non-compulsive,) from those that continue to take the drug
compulsively (addicted, compulsive) in the presence of ad-
verse consequences represented by contingent footshocks
[42]. We used those divergent groups of rats to investigate
potential alterations in global DNA hydroxymethylation in
the NAc. Resilient rats were found to exhibit substantial dif-
ferential DNA hydroxymethylation in comparison with both
control and compulsive rats. Moreover, differential DNA
hydroxymethylation was observed mainly at intergenic sites
located on long and short interspersed elements. Cadet et al.
in 2017, also reported that there were differentially hy-
droxymethylated regions in genes encoding voltage (Kvl.1,
Kv1.2, Kvbl, and Kv2.2)- and calcium (Kcnmal, Kennl,
and Kcnn2)-gated potassium channels observed in the NAc
of resilient rats, with these changes being associated with
increased mRNA levels of these potassium channels in com-
parison to compulsive and control rats [42]. Thus, changes in
differentially hydroxymethylated regions and increased ex-
pression of specific potassium channels in the brain may
suppress methamphetamine-taking behaviors in the presence
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Fig. (1). This schema illustrates, in part, the potential role of histone acetylation and phosphorylation in methamphetamine use disorder. The
figure shows the initial steps that may be involved after the release of dopamine (DA) and its interactions with DA D1-like receptors in vari-
ous brain regions. Subsequent to DA-D1 interactions, there is an activation of protein kinase A and a subsequent cascade that leads to histone
phosphorylation and the facilitation of histone acetylation. These biochemical events increase the transcription of immediate early genes and
other genes involved in controlling epigenetic events. Together, these events may lead to persistent structural adaptations and associated be-
havioral changes that are labeled as methamphetamine use disorder. Further elucidation of these molecular events should help to develop a
treatment against methamphetamine addiction. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

Table 1. Summary of data on chromatin modifications obtained from animal models of methamphetamine use disorder.

]\f:;:’ﬁ"c'::l':n Direction of Modification |  Brain Region Gene Identity Refs.
Acetylation H3 1 NAc Nrxn, Syp, Dlg4, Grial, Grin2a, Grin2b, Camk2a, Creb, Cdk5 [28]
- H4K12 1 Dorsal striatum - [29]
- H3K14 1 Dorsal striatum - [29]
- H3K9 and H3K18 | NAc - [30]
- H4K5 and H4KS8 1 NAc - [30]
- H4KS; H4K12 and H4K16 | Dorsal striatum GluAl, GluA2 and GIluN1 [31]
- pan-AcK H2-3 NAc - [36]
Methylation H3K4me3 1 NAc CCR2 [35]
i H3K4me2 and H3K4me3 NAc ) (36]
i
- H3K27me2 | NAc - [36]
- H3K4me3 t Dorsal striatum - [37]
DzeAﬂf; }Ijtri(z));y- Increased NAc Crh, Avp [41]

(Table 1) contd....
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Chromatin
Modification

Direction of Modification Brain Region

Gene Identity

Refs.

- Increased NAc

Voltage (Kv1.1, Kvl.2, Kvbl and Kv2.2)- and calcium (Kcnmal,
Kcennl, and Kenn2)- gated potassium channels

[42]

DNA methylation Increased Hippocampus

Adoral, Aimpl, Akap5, Atg2b, Atp5s, B4galnt2, Bcl7c, Cacnalg,
Cdc23, Chrm4, Cnga3, Cnst, Cpz, Dhx16, Elk3, Eme2, Exosc6, F11r,
Fucal, Gatad2a, Gdap111, Ggct, Glyrl, Gm266, Gnb1l, Gpatch3,
Grinlla, Hrk, Hspb8, Ilk, Kcnab2, L2hgdh, Mir762, Mrps34, Mstl,
Nphp4, Nudt1611, Pcdhgce3, Pcfl1, Pgaml, Rrp8, Six6, Snx7, Sorbs]1,
Srsf5, Tatdn2, Tbck, Tex261, Tfb2m, Tial, Tsen34, Txnrd3, Ubelyl,

[45]

Ubnl, Vbpl, Zc3h7a, Zic3

- Decreased Hippocampus

Accn4, Aldh3bl, Alle, Ankrd23, Armc7, Atp2cl, Bex1, Clql4,
Camkk?2, Car9, Cldn19, Crhr2, Cyp4f15, Ddhd2, Dlgap2, Dpp6,
Fam100a, Gas213, Lspl, Mpped2, Mysm1, Nelll, Pdia5, Pnck,
Ppp2r3c, Rarg, Rusc2, Smurfl, Socs1, Timm13, Trpm4, Wdrl2

[45]

of adverse consequences. These observations support the
idea of using potassium channel activators to treat metham-
phetamine use disorder in humans [43]. A recent study by
You et al. in 2019, have also reported that the two-pore po-
tassium channel, KCNK13, is a potentially novel alcohol-
sensitive molecular target [44]. These observations suggest
that this channel needs to be included in the therapeutic arse-
nal against alcohol use disorder.

The effects of methamphetamine exposure on DNA
methylation have also been investigated in the brains of off-
springs of chronically drug-treated male and female mice
[45]. Male and female C57B1/6] mice were given metham-
phetamine in escalating doses or saline from adolescence
through adulthood. After they had mated, female mice were
still treated with either drug or saline throughout gestation.
Interestingly, hippocampal DNA methylation studies re-
vealed that there were significant differentially methylated
regions consequent to in utero methamphetamine exposure.
These data are consistent with the idea that methampheta-
mine-taking during pregnancy may cause substantial altera-
tions in epigenetic markers during brain development [46,
47].

CONCLUDING REMARKS

Animal models of methamphetamine use disorder have
indicated that this neuropsychiatric disease might be second-
ary to complex epigenetic and transcriptional changes that
occur in the brain (Fig. 1). Some of these epigenetic neu-
roadaptations consist of histone acetylation and methylation
as well as DNA methylation and hydroxymethylation (Table
1). It is highly likely that methamphetamine-induced changes
in chromatin structures might be responsible, in part, for a
cascade of transcriptional changes that lead to altered protein
expression and secondary structural changes in the brain of
some individuals that continue to compulsively take meth-
amphetamine even in the presence of adverse consequences.
It is also to be noted that delayed gene and protein expres-
sion might also serve in generating more epigenetic cascades
to maintain the behaviors associated with substance use dis-
orders. Further work is necessary to clarify the initial epige-
netic and transcriptional steps that are involved in the transi-

tion of recreational methamphetamine use to methampheta-
mine use disorder. Understanding the molecular substrates of
this transition should help develop epigenetic anti-addiction
drugs to be used by the individuals who are at risk of transi-
tioning to uncontrollable methamphetamine use. Similar
studies to elucidate the molecular bases of craving should
also be helpful to patients who fail treatment because of un-
surmountable cravings.

LIST OF ABBREVIATIONS

AMPAR = Alpha-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid receptor

Avp = Arginine Vasopressin

Crh = Corticotropin-releasing hormone

ChIP-PCR = Chromatin Immunoprecipitation-
Polymerase Chain Reaction

CPP = Conditioned Place Preference

H3K9ac = Histone H3 Acetylated at Lysine 9)

HAT = Histone Acetyltransferases

HDAC = Histone Deacetylases

HDM = Histone Demethylases

HMT = Histone Methyltransferases

MUD = Methamphetamine Use Disorder

NAc = Nucleus Accumbens

NaB = Sodium Butyrate

NMDAR = N-methyl-D-aspartate Receptor

PFC: = Prefrontal Cortex

REST = Repressor Element-1 Silencing Transcrip-
tion Factor

TET = Ten-Eleven-Translocation

TSS = Transcription Start Site

VTA = Ventral Tegmental Area
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