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Abstract

Growing evidence during the last 15 years has implicated epigenetic mechanisms in the behavioral 

effects of addictive drugs. The main focus of these studies has been on epigenetic mechanisms of 

psychomotor sensitization and drug reinforcement, as assessed by the conditioned place 

preference and drug self-administration procedures. Some of these studies documented long-

lasting changes in expression of epigenetic enzymes and molecules that persisted for weeks after 

the last drug exposure. These observations inspired recent investigations on epigenetic 

mechanisms of relapse to drug seeking after prolonged abstinence.

Here, we review studies examining epigenetic mechanisms (e.g., histone modifications, chromatin 

remodeler-associated modifications and DNA methylation) that contribute to relapse to cocaine, 

amphetamine, methamphetamine, morphine, heroin, nicotine and alcohol seeking, as assessed in 

rodent models. We first provide a brief overview of studies examining persistent epigenetic 

changes in the brain after prolonged abstinence from non-contingent drug exposure or drug self-

administration. Next, we review studies on the effect of either systemic or brain-site specific 

epigenetic manipulations on reinstatement of drug-conditioned place preference after extinction of 

the learned preference, reinstatement of drug seeking after operant drug self-administration and 

extinction of the drug-reinforced responding, and incubation of drug craving (the time-dependent 

increase in drug seeking after cessation of drug self-administration). We conclude by discussing 

the implications of these studies to understanding mechanisms contributing to persistent relapse 

vulnerability after prolonged abstinence. We also discuss the implications of these results to 

translational research on the potential use of systemically administered epigenetic enzyme 

inhibitors for relapse prevention in human drug users.
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Introduction

In 2005, Kumar et al. (1) published a paper entitled “Chromatin remodeling is a key 

mechanism underlying cocaine-induced plasticity in striatum.” They reported that a single 

non-contingent cocaine injection acutely increases histone 4 (H4) acetylation at cFos (Table 

S1 for glossary of terms) promoter in rat striatum. They also showed that repeated cocaine 

injections increase striatal histone 3 (H3) acetylation at Bdnf and Cdk5 promoters 24 h after 

the last cocaine injection. The results of this study suggest that epigenetic mechanisms (i.e., 

regulation of gene expression through non-DNA encoded mechanisms) contribute to 

cocaine’s physiological and potentially behavioral effects. This publication inspired many 

studies on epigenetic mechanisms, primarily in the form of histone modifications (Fig. 1), in 

physiological and behavioral effects of addictive drugs (2–11).

At the molecular level, many studies observed epigenetic changes within 24 h after non-

contingent drug exposure or drug self-administration (7–9). Some studies also documented 

persistent epigenetic changes several days to weeks after the last drug exposure; we 

summarize these findings in Tables S2–S31. These observations suggested that epigenetic 

mechanisms contribute to relapse to drug-seeking behaviors that are either sustained or 

emerge during prolonged abstinence. Due to space limitations, we do not discuss these 

correlational studies. Briefly, these studies reported persistent changes of various histone 

modifications (Fig. 1), histone modifying enzymes (expression and activities; Fig. 1), DNA 

methylation, DNA methylation-related enzymes (expression and activities), or chromatin 

remodeling proteins from 2 days to ~1 month after last drug exposure across drug classes 

and brain regions (see Tables S2–S3).

At the behavioral level, the main focus has been on epigenetic mechanisms in the 

development and expression of psychomotor sensitization (the progressive increase in 

locomotor activity after repeated drug injections) and drug reinforcement, assessed by 

conditioned place preference (CPP) and drug self-administration (7–10). In contrast, fewer 

studies examined causal roles of epigenetic changes in drug relapse. Preventing relapse is a 

key challenge for treating addiction (12, 13), and in the present review, we discuss rodent 

studies examining the causal roles of epigenetic mechanisms in relapse to different addictive 

drugs. We focus on both systemic and brain-site specific epigenetic manipulations in three 

models: resumption of drug preference in the CPP procedure (including drug-priming-

induced reinstatement of drug CPP after extinction of the learned preference or memory 

retrieval and reconsolidation during abstinence), reinstatement of drug seeking after operant 

drug self-administration and extinction of the drug-reinforced responding, and incubation of 

drug craving (the time-dependent increase in drug seeking after cessation of drug self-

administration). Due to space limitations, we do not discuss studies on noncoding RNAs and 

refer readers to recent reviews (14–16). We provide a glossary of epigenetic and 

physiological terms used in this review (blue font) in Table S1.

1We do not include the long-term effects of drug exposure on epigenetic changes in developmental and transgenerational studies, 
which are beyond the scope of this review.
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Epigenetic mechanisms in animal models of relapse

Conditioned place preference (CPP)

Drug-induced CPP has been used to evaluate the reinforcing effects of addictive drugs (17). 

In 2000, the model was adapted to evaluate drug priming-induced reinstatement of drug 

preference after extinction of the learned preference (18, 19). However, the model’s 

relevance to human addiction, characterized by prolonged volitional drug use that escalates 

over time, is questionable, because rodents are non-contingently exposed to low drug 

amounts over several days. Below, we briefly discuss studies using CPP to study epigenetic 

mechanisms, primarily histone acetylation, in reinstatement of drug CPP after extinction, 

and retrieval and reconsolidation of drug-associated memories after CPP training during 

abstinence (Table S4).

Systemic drug injection studies—Malvaez et al. (20) assessed the effect of a non-

specific histone deacetylase (HDAC; Fig. 1) inhibitor (sodium butyrate, NaBut) on 

extinction of cocaine CPP and cocaine priming-induced reinstatement in mice. They 

reported that daily systemic NaBut injections immediately after each extinction session 

facilitate extinction and decrease reinstatement. Their findings were extended using a 

specific HDAC inhibitor against HDAC3 (21). Wang et al. (22) and Zhu et al. (23) reported 

that daily NaBut injections immediately after extinction sessions facilitate extinction and 

decrease drug priming-induced reinstatement of morphine and methamphetamine (Meth) 

CPP. In contrast, NaBut has no effect on extinction or cocaine priming-induced 

reinstatement of CPP when injected daily without extinction sessions, or injected daily 10 h 

after the extinction sessions (20). NaBut also has no effect on Meth priming-induced 

reinstatement when injected acutely 30 min before Meth priming (23). Together, results 

indicate that repeated HDAC inhibition following extinction suppresses drug priming-

induced reinstatement of CPP across drug classes.

In contrast, Itzhak et al. (24) reported that daily NaBut injections immediately after the 

extinction sessions increase resistance to extinction and has no effect on cocaine priming-

induced reinstatement in mice. Differences in the CPP procedures across studies (20, 24) 

may account for these discrepant results.

Three studies examined the effect of inhibiting other epigenetic modifications on 

reinstatement of drug CPP. Zhang et al. (25) reported that repeated injections of a KDM6B 

(a histone lysine demethylase; Fig. 1) inhibitor after cocaine CPP training decrease 

expression of cocaine CPP and cocaine priming-induced reinstatement in mice. Guo et al. 

(26) reported that daily injections of a BRD4 (a chromatin remodeling protein; Fig. 1) 

inhibitor prior to extinction session decrease cocaine priming-induced reinstatement in mice. 

Lastly, Lax et al. (27) reported that injections of a PARP-1 (a DNA damage response 

enzyme and chromatin remodeler) inhibitor 50 min before the first CPP test decrease 

subsequent expression of cocaine-induced CPP for up to 14 days later. Guo et al, (26) and 

Lax et al. (27) also identified specific brain sites for the action of systemic epigenetic 

manipulations (see below).
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Brain-site specific studies

Nucleus accumbens: Guo et al. (26) reported that daily NAc injections of CK2α 
(responsible for activating chromatin remodeling protein, BRD4; Fig. 1) inhibitor prior to 

the extinction sessions facilitate extinction of cocaine CPP and decrease cocaine priming-

induced reinstatement in mice. Aguilar-Valles et al. (28) assessed the role of histone 

methylation in NAc on retrieval and reconsolidation of Meth-associated memories in mice. 

They reported that decreasing Mll1 (a histone methyltransferase [HMT] Fig.1) or KDM5C 

(a histone lysine demethylase; Fig. 1) expression by siRNA in NAc decreases Meth-induced 

CPP expression on abstinence days 2 and 6.

Other brain regions: Lax et al. (27) determined the role of amygdala PARP-1 in retrieval 

and reconsolidation of cocaine-associated memories in rats. They found that injection of a 

PARP-1 inhibitor into central amygdala (CeA), but not basolateral amygdala (BLA), prior to 

the first CPP test decreases CPP expression for up to 14 days after CPP training. 

Additionally, CeA overexpression of D3ZLJ1 (a downstream target of PARP-1) decreases 

CPP expression for up to 14 days after training. Wang et al. (29) reported that daily BLA 

injections of a nonspecific HDAC inhibitor (Trichostatin A [TsA]) facilitate extinction of 

morphine CPP and decrease morphine priming-induced reinstatement. Lastly, Lopez et al. 

(30) reported that HDAC3 overexpression in the cholinergic neurons in medial habenula 

(MHb) in mice has no effect on cocaine priming-induced reinstatement.

Summary: Studies using systemic injections of HDAC inhibitors show a causal role of 

histone acetylation in extinction and drug priming-induced reinstatement across drug 

classes, but effects vary across different CPP procedures and different injection schedules. 

Brain-site specific studies suggest that the site of HDAC action is BLA for morphine but not 

MHb for cocaine. Other studies show causal roles of two chromatin remodeling proteins in 

cocaine priming-induced reinstatement and retrieval and reconsolidation of cocaine-

associated memories after CPP training. Finally, evidence supports a causal role of histone 

methylation in NAc in retrieval and reconsolidation of Meth-associated CPP memories. 

Overall, studies using the CPP procedure provided evidence supporting the role of various 

epigenetic mechanisms in reinstatement of drug preference and reconsolidation of drug-

associated memories.

Reinstatement of drug seeking after extinction

Examination of epigenetic mechanisms underlying operant relapse began with the 

reinstatement model. In this model, resumption of drug seeking (reinstatement) after 

exposure to drug priming injections, drug cues and/or context, and/or different stressors is 

determined after drug self-administration training and extinction of the drug-reinforced 

responding (31–34). It is important to note that extinction training induces plasticity in brain 

areas involved in reinstatement of drug seeking [e.g., NAc (35)], which can be difficult to 

dissociate from plasticity induced by prior drug exposure and abstinence duration (36). 

Below, we discuss the roles of epigenetic mechanisms in reinstatement of drug seeking (see 

Table S5 and Fig. 2 for summary of findings).
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Systemic drug injection studies—Systemic injections of non-specific HDAC (Fig. 1) 

inhibitors were reported to affect reinstatement of drug seeking across drugs and reinstating 

stimuli. Romieu et al. (37) reported that the HDAC inhibitors TsA or PhB injected daily for 

4 d prior to testing decrease cocaine priming-induced reinstatement. Chen et al. (38) 

reported that NaBut injections 6 h (but not 12 h) prior to testing decrease heroin priming-

induced reinstatement. Peterson et al. (39) examined neural mechanisms underlying the 

protective effect of exercise on cocaine seeking. They reported that daily NaBut injections 

for 14 d during abstinence reduce cue-induced reinstatement of cocaine seeking but have no 

effect on extinction responding (39). Arndt et al. (40) reported that injections of HDAC 

inhibitor TsA 30 min prior to extinction and reinstatement sessions decrease cue-induced 

reinstatement of amphetamine seeking, but not extinction or amphetamine priming-induced 

reinstatement.

Studies have also examined the role of HDACs in retrieval and reconsolidation of drug-

associated memories. In these studies, extinction training is followed by a cue-exposure 

session where drug-associated cues are presented to reactivate drug-cue memories. 

Reinstatement is then tested the following day or after longer abstinence periods. Monsey et 

al. (41) reported that TsA injection 45 min after a cue-exposure session increases subsequent 

cue-induced reinstatement of cocaine seeking, suggesting that HDAC inhibition enhances 

reconsolidation of cocaine-cue memories. In contrast, injections of garcinol, a histone 

acetyltransferase (HAT; Fig. 1) inhibitor, 30 min after the cue-exposure session decrease 

cue-induced reinstatement (41, 42). TsA injections after garcinol injection prevent garcinol-

induced decrease in cue-induced reinstatement (41).

Castino et al. (43) reported that NaBut injection immediately (but not 6-h later) after 

extinction sessions decreases nicotine- and nicotine+cue-induced reinstatement, but not 

extinction or cue-induced reinstatement of nicotine seeking. The authors hypothesized that 

HDAC inhibition facilitates consolidation of extinction memory that was not observable due 

to low levels of responding during extinction sessions. Therefore, they performed a 

subsequent experiment in which cues were presented during extinction sessions to increase 

responding. NaBut injections immediately after extinction sessions enhance extinction 

learning, suggesting that HDAC inhibition facilitates consolidation of extinction memories 

(43).

Wright et al. (44) examined the role of DNA methylation in reinstatement of cocaine 

seeking. They found that daily injections of exogenous L-methionine (MET) 1–2 h prior to 

all operant sessions decrease cocaine priming-induced reinstatement but not self-

administration, extinction, or cue-induced reinstatement.

Brain site-specific studies

Nucleus accumbens: In contrast to studies using systemic injections of non-specific HDAC 

inhibitors, investigators manipulated specific HDAC isoforms in brain site-specific studies. 

Hitchcock et al. (45) reported that NAc injection of the HDAC3 inhibitor RGFP966 20 min 

prior to the first extinction session has no effect on extinction responding but decreases 

responding during subsequent extinction sessions. NAc injections of RGFP966 also decrease 

context-and cue-induced reinstatement but not cocaine priming-induced reinstatement. 
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Martin et al. (46) reported that NAc injections of HDAC2/3 inhibitor MI-192 for 3 days 

following extinction training decrease heroin priming-induced reinstatement on the 

following day.

Taniguchi et al. (47) reported that NAc injection of a virus expressing a nuclear localized 

mutant HDAC5 21 d prior to cocaine self-administration training decreases cue- and cocaine 

priming-induced reinstatement, but not cocaine self-administration, extinction, or stress-

induced reinstatement. HDAC5 regulates the expression of NPAS4, an activity-dependent 

immediate early gene, but NPAS4 knockdown in NAc has no effect on cue-induced 

reinstatement in mice (47).

Anderson et al. (48) reported that transient viral-mediated expression of the HMT G9a in 

NAc during cocaine self-administration training increases stress-induced reinstatement (but 

not cue- or drug-induced reinstatement) weeks after viral expression subsides. The authors 

also reported that G9A knockdown in NAc 3–7 d prior to self-administration training 

decreases stress-induced reinstatement (49). These studies suggest that G9a bidirectionally 

regulates stress-induced reinstatement of cocaine seeking.

Two studies examined the role of TGF-β signaling in reinstatement of cocaine seeking. 

Gancarz et al. (50) reported that transient viral-mediated expression of SMAD3 in NAc 

increases cocaine priming-induced reinstatement, while a dominant negative SMAD3 

(dnSMAD3) decreases this reinstatement. Wang et al. (51) reported that NAc injections of 

the BRG1 inhibitor PF13 for 4 days decrease cue-induced reinstatement the following day. 

They also found that transient viral expression of BRG1 in NAc increases cue-induced 

reinstatement, while expression of dnSMAD3 decreases this reinstatement (51).

Other brain regions: Monsey et al. (41) reported that a single garcinol injection into lateral 

amygdala nucleus (LA) 1 h after a cue-exposure session decreases subsequent cue-induced 

reinstatement of cocaine seeking, extending the authors’ previous finding on a similar effect 

of systemic garcinol injections (42). These studies suggest that garcinol’s inhibitory effect 

on drug cue-associated memories occurs via disruption of gene transcription in LA. Shi et al. 

(52) reported that an BLA injection of DNMT inhibitor 5-AZA immediately, but not 6-h 

later, after a cue-exposure session decreases subsequent cue-induced reinstatement and cue

+cocaine reinstatement of cocaine seeking. These results suggest that different amygdala 

subregions are involved in drug cue-associated memories that contribute to cue-induced 

reinstatement.

Barbier et al. (53) showed that viral-mediated knockdown of PRDM2 in dorsal medial 

prefrontal cortex (dmPFC), injected 1 week prior to behavioral testing, increases alcohol 

self-administration, aversion-resistant alcohol intake, and stress-induced reinstatement in 

rats. Interestingly, these behavioral phenotypes mimic those observed in rats with a history 

of alcohol dependence (53).

Summary: Consistent with most CPP studies, studies using the operant reinstatement model 

indicate that HDAC inhibition decreases relapse across drug classes. However, the inhibitory 

effect depends on the reinstating stimulus (cue, stress, drug priming) and the timing of 

Werner et al. Page 6

Biol Psychiatry. Author manuscript; available in PMC 2022 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HDAC inhibition (e.g., during extinction, abstinence, or memory retrieval). There is also 

evidence that different isoforms of HDACs in NAc play opposing roles in in reinstatement of 

drug seeking, suggesting that systemic effects of HDAC inhibition act through certain forms 

of HDACs, but not others. Inconsistent findings were observed regarding the effect of 

systemic injections of methyl donors and BLA injections of DNMT inhibitors on 

reinstatement of cocaine seeking, further supporting the complex behavioral effects of 

systemic epigenetic manipulations. There is also evidence for the roles of other epigenetic 

mechanisms, including HMTs, transcription factors, and chromatin remodelers. In addition 

to NAc, studies have also shown roles of epigenetic mechanisms in LA, BLA, and dmPFC in 

reinstatement of drug seeking for drug classes. Finally, a question for future research is 

whether the effect of HDAC inhibition or other epigenetic manipulations on reinstatement 

after extinction occurs through reconsolidation interference of drug-cue memories, 

consolidation of extinction memories, or both.

Incubation of drug craving

In the past 5 years, 5 studies have examined the causal roles of brain-site specific epigenetic 

mechanisms in incubation of cocaine and Meth craving (Table S5 and Fig. 2). In rats, 

incubation of drug craving has been assessed in two ways. In early studies, incubation of 

drug craving was assessed using a modified within-session extinction-reinstatement 

procedure (31) where, on different abstinence days, rats were first given 6–8 hourly 

extinction sessions in the absence of the drug infusion-associated discrete tone-light cue, and 

then tested (1-h session) for cue-induced reinstatement where lever presses led to contingent 

delivery of the tone-light cue (54, 55). Early studies observed reliable incubation of lever 

presses for both extinction responding without the cue and subsequent cue-induced 

reinstatement after extinction (56, 57). Consequently, most incubation of craving studies 

assessed incubation of craving in a single extinction session, performed on different 

abstinence days, where lever presses led to contingent presentations of the drug-associated 

discrete cues (58, 59). In the studies described below, Cannella et al. (60) used the original 

within-session extinction plus cue-induced reinstatement procedure, while the other studies 

used the single extinction session procedure, to determine epigenetic mechanisms in 

incubation of drug craving. The incubation of craving model may be a more suitable 

procedure than the classical extinction-reinstatement model to determine the role of drug-

induced epigenetic changes in relapse, because repeated daily extinction training can induce 

extinction learning-induced epigenetic (or other brain neuroadaptation changes) that could 

contribute to the relapse-related behavior during testing (58, 61–64). Finally, the rat studies 

discussed below used extended access (6 h or more daily sessions) drug self-administration, 

because early studies have shown that incubation of craving is more robust after extended vs. 

short (2 h daily sessions) self-administration sessions (57).

Brain-site specific studies

Nucleus accumbens: Three studies focused on NAc and examined the causal role of DNA 

methylation and INO80 complex (a chromatin remodeler) in incubation of cocaine craving. 

Massart et al. (65) reported that NAc injections of RG108 (a DNA methyltransferase 

inhibitor) or S-adenosylmethionine (SAM, a methyl donor) decrease and increase, 

respectively, cocaine seeking on abstinence day 30, and that these effects last for up to 
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abstinence day 60. Cannella et al. (60) extended these findings and examined the role of a 

specific DNA methyltransferase isoform in NAc, DNMT3A2, in incubation of cocaine 

craving. First, they reported that viral knockdown of DNMT3A2 by shRNA in NAc shell 

during abstinence or prior to cocaine self-administration decreases cue-induced 

reinstatement on abstinence day 45. In the latter condition, DNMT3A2 knockdown also 

decreases cue-induced reinstatement on abstinence day 1 but has no effect on cocaine self-

administration. These data indicate that DNMT3A2 in NAc plays a role in cocaine relapse.

One study examined the role of a chromatin remodeler, inositol auxotroph 80 (INO80) 

complex in incubation of cocaine craving. Werner et al. (66) reported that transient viral 

expression of INO80 and an inactive form of INO80 in NAc increases and decreases, 

respectively, cocaine seeking on abstinence day 30. They also reported that INO80 

expression in NAc is regulated by TRIM3, an E3 ubiquitin ligase, which provides evidence 

linking the ubiquitin-proteasome system and epigenetic modifications in the context of drug 

relapse.

Finally, Carpenter et al. (67) reported that CRISPR-mediated inactivation of a novel 

transcription factor, Nr4a1 in NAc decreases cocaine seeking in mice on abstinence day 28, 

but not day 1. However, the authors of this study used a short access (2-h daily sessions) 

self-administration procedure and cocaine seeking was lower on abstinence day 28 than on 

day 1 in the control groups. Thus, the epigenetic mechanism identified in this study is likely 

unrelated to incubation of cocaine craving.

Other brain regions: A recent study explored the role of a novel epigenetic modification, 

histone 3 glutamine 5 dopaminylation, H3Q5dop (Fig. 1), in ventral tegmental area (VTA) in 

incubation of cocaine craving in rats. Lepack et al. (68) reported that downregulating 

H3Q5dop in VTA by viral expression of a mutated H3 decreases cocaine seeking on 

abstinence day 30, accompanied by a decrease in evoked dopamine release in NAc. The 

authors also observed increased H3Q5dop in VTA after 30 abstinence days from heroin self-

administration, suggesting that the role of H3Q5dop in VTA in relapse generalizes across 

drug classes.

Finally, one study explored the role of dorsal striatum (DS) in incubation of Meth craving. 

Li et al. (69) reported that viral overexpression of the nuclear-localized HDAC5 and viral 

knockdown of HDAC5 by shRNA in DS increases and decreases, respectively, Meth seeking 

on abstinence day 30 but not day 1. These findings support a time-dependent role of HDAC5 

in DS in incubation of Meth craving. However, these results are inconsistent with previous 

findings on the role of NAc HDAC5 in reinstatement of cocaine seeking after extinction (see 

above) (47). The reasons for these different findings could be due to several factors, 

including the drugs (cocaine vs. Meth), self-administration procedure (extended access vs. 

short access), and brain regions (NAc vs. DS).

Summary: Brain-site specific studies have identified distinct epigenetic mechanisms within 

NAc and VTA in incubation of cocaine craving; one study also identified a causal role of 

HDAC5 in DS in incubation of Meth craving. The studies reviewed indicate that the role of 

DNMT3A2 in NAc cocaine seeking is time-independent (60). In contrast, the role of 
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HDAC5 in DS in drug seeking is time-dependent and specific to ‘incubated’ Meth seeking 

after prolonged abstinence. The latter supports the notion that epigenetic mechanisms 

specifically contribute to relapse to drug seeking that emerge during prolonged abstinence, 

possibly through interacting with other abstinence-dependent neuroadaptations. Finally, 

Massart et al. (65), Werner et al. (66), and Lepack et al. (68) did not examine the causal role 

of epigenetic mechanisms on cocaine seeking during early abstinence. Therefore, it is 

unknown whether these epigenetic mechanisms play a time-dependent role in the 

development of incubation of cocaine craving.

Conclusion and future directions

Preventing relapse is major challenge in treating drug addiction. Evidence suggests that 

exposure to addictive drugs causes epigenetic changes in multiple brain areas, but most 

preclinical studies have focused on epigenetic changes observed during acute abstinence 

(<24 h after drug exposure) and epigenetic mechanisms that underlie psychomotor 

sensitization and drug reinforcement (4, 9). More recently, studies have begun to examine 

causal roles for epigenetic mechanisms in drug relapse, as assessed in rodent models.

Most epigenetic studies in drug relapse focused on systemic injections or NAc 

manipulations and demonstrated that multiple epigenetic mechanisms underlie reinstatement 

of drug CPP and operant responding after extinction, and incubation of drug craving. In 

NAc, chromatin remodeling, histone methylation, histone acetylation, transcription factors, 

and DNA methylation have all been shown causal roles in relapse-related behaviors. Other 

studies demonstrated causal roles of epigenetic mechanisms in other brain regions 

underlying relapse, including DS, amygdala (CeA, LA, and BLA subregions), dmPFC, and 

VTA. These studies suggest that epigenetic mechanisms in multiple brain regions contribute 

to drug relapse.

The most studied epigenetic mechanism in drug relapse is histone modifications, particularly 

HDACs. The general finding from these studies is that systemic and brain-site specific 

manipulations of HDACs, both non-specific and specific, decrease relapse to drug seeking or 

preference (but see (24)). Differences among studies may be due to drug classes, behavioral 

procedures, brain regions, and timing of HDAC manipulations. Further investigation is 

required to disentangle these variables.

Epigenetic mechanisms affect numerous transcriptional processes and manipulating these 

mechanisms likely results in nonspecific consequences. Manipulating individual epigenetic 

targets provides more specificity than general inhibitors, yet the downstream targets remain 

numerous. To improve the translational potential of this research, future studies should 

determine the downstream target(s) of identified epigenetic mechanisms and the causal roles 

of these downstream targets in relapse to drug seeking or preference. These studies will 

provide insight into how transcriptomic and proteomic states, beyond a single downstream 

target, underlie relapse and maintain relapse vulnerability during prolonged abstinence. 

Advancements in unbiased genome-wide and proteomic approaches have made possible the 

interpretation of neuroepigenomics data (70). Methods such as RNA-seq and ChIP-seq are 

becoming increasingly common, and some studies have already begun examining 
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transcriptome and chromatin states during different abstinence periods (66–68, 71) and after 

reinstatement or relapse testing (44, 72, 73).

Finally, a question for future research is the degree to which the results from the preclinical 

studies reviewed here can be translated to humans. Traditionally, pharmacological agents 

assessed in animal models of relapse target brain mechanisms that acutely control drug 

seeking induced by relapse-provoking stimuli (context, cues, drug priming, stress) (31, 33, 

74). In contrast, the results of the studies reviewed indicate that pharmacological 

manipulations of the different epigenetic enzymes do not decrease (or increase) relapse via 

this ‘direct’ mechanism. Instead, as discussed above, the effect of the epigenetic 

manipulations on relapse appears to occur ‘indirectly’ through reconsolidation interference 

of drug-cue memories, consolidation of extinction memories, or both. The clinical 

implications of these preclinical findings is that to the degree that these psychological 

processes are critical to human relapse, HDAC inhibitors and other epigenetic-related drugs 

will only be effective in humans if combined in a time-locked manner with behavioral 

manipulations (cue-induced memory retrieval, extinction of cue responding) that target these 

processes (75, 76).
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Figure 1. Histone modifications associated with drug relapse.
General histone (left) and examples of histone H3-specific (right) modifications associated 

with drug relapse in preclinical models.
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Figure 2. Epigenetic mechanisms underlying operant drug relapse.
The figure summarizes results from Table S4 listing systemic and brain-site specific 

epigenetic manipulations that play a role in operant drug relapse. Mechanisms related to 

cocaine are in blue, heroin are in red, Meth are in green, alcohol are in yellow, and both 

cocaine and heroin are in purple. Abbreviations for brain regions: NAc, nucleus accumbens; 

dmPFC, dorsal medial prefrontal cortex; BLA, basolateral amygdala; LA, lateral amygdala; 

DS, dorsal striatum. Abbreviations for epigenetic terms are listed in Table S1.
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