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Abstract

Acute and repeated exposure to cocaine induces long-lasting alterations in neural networks that 

underlie compulsive drug seeking and taking. Cocaine exposure triggers complex adaptations in 

the brain that are mediated by dynamic patterns of gene expression that are translated into 

enduring changes. Recently, epigenetic modifications have been unveiled as critical mechanisms 

underlying addiction that contribute to drug-induced plasticity by regulating gene expression. 

These alterations are also now linked to the heritability of cocaine-induced phenotypes. This 

review focuses on how changes in the epigenome, such as altered DNA methylation, histone 

modifications, and microRNAs, regulate transcription of specific genes that contribute to cocaine 

addiction.
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Introduction

Addiction is a chronic, relapsing disorder that is characterized by compulsive drug seeking 

and taking accompanied by unfavorable consequences (Mendelson and Mello 1996). Acute 

and repeated exposure to cocaine induces changes in the plasticity of the mesocorticolimbic 

circuitry (Schmidt and Pierce 2010). The brain regions involved in this circuit include the 

nucleus accumbens (NAc) and ventral tegmental area (VTA), important for the rewarding 

effects of cocaine; the amygdala and hippocampus, involved in memories related to learning 

cues and context; the prefrontal cortex (PFC) and anterior cingulate cortex, critical for 

cognition and executive function; and finally the mediodorsal thalamus, connected to 

abnormal learning disorders (Everitt and Robbins, 2005; Gu et al., 2011). Specifically, 

alterations in gene expression profiles within this reward circuitry underlie the switch from 

recreational to chronic drug use (Nestler 2001; Koob and Volkow 2010; Maze and Nestler 

2011; Schmidt et al., 2013). Therefore, unveiling the molecular mechanisms that promote 
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stable changes in gene expression and ultimately lead to drug-seeking will assist in 

identifying new therapeutic targets for the treatment of addiction. Recently, epigenetic 

mechanisms have been shown to contribute to the heritability of addictive phenotypes as 

well as drug-induced structural, synaptic, and behavioral plasticity by coordinating the 

expression of gene networks in specific brain nuclei (Renthal and Nestler 2008; Russo et al. 

2010; Schmidt et al., 2013). In this review, specific epigenetic mechanisms, such as DNA 

methylation, chromatin remodeling through histone acetylation and methylation, as well as 

microRNAs, will be discussed as mechanisms that regulate gene networks and contribute to 

cocaine addiction.

Role of Epigenetics in Cocaine Addiction

Epigenetics includes both heritable and stable changes in gene expression that occur without 

altering the DNA sequence (Bird, 2007; Siegmund et al., 2007; Tsankova et al., 2007). 

Epigenetic mechanisms translate environmental stimuli into stable alterations in chromatin 

that either activate or repress gene transcription (Jaenisch and Bird, 2003). Recently, these 

mechanisms have been shown to contribute to drug-induced changes in the brain by 

coordinating the expression of gene networks in specific brain regions that are critical for 

addiction (Renthal and Nestler, 2008; Russo et al., 2010; Schmidt et al., 2013). Specifically, 

repeated exposure to cocaine leads to addictive phenotypes by enhancing gene expression 

changes via epigenetic regulation of those specific genes (Nestler, 2013). In addition, 

exposure to cocaine can induce epigenetic changes in the germline, which are passed on to 

offspring thereby altering their vulnerability to cocaine (Vassoler et al., 2013; Vassoler & 

Sadri-Vakili, 2013; Nestler, 2013). Thus, the epigenome provides a direct mechanism 

whereby drugs of abuse such as cocaine can influence gene expression patterns involved in 

the development and heritability of addiction. The following sections will focus on specific 

epigenetic mechanisms and how each modification plays a role in cocaine addiction.

Cocaine induces alterations in DNA methylation

Environmental stimuli such as cocaine exposure can be translated to changes in gene 

expression and long-lasting behavioral phenotypes by enzymatic modifications to the DNA 

sequence. One such modification is DNA methylation during which DNA 

methyltransferases (DNMTs) add methyl groups to the C5 position of cytosine which 

predominantly resides in cytosine-guanine dinucleotides (CpG) in the genome (Suzuki and 

Bird 2008). Methylation of CpG islands impedes transcription factor binding to DNA 

sequences by recruiting co-repressor complexes (Jaenisch and Bird 2003). These methylated 

DNA regions are bound by methylbinding domain-containing proteins such as methyl CpG-

binding protein 2 (MeCP2) that recruit co-repressors such as histone deacetylases (HDACs) 

and methyltransferases to gene promoters (Figure 1). CpG methylation was originally 

thought to lead to gene repression, however, it is now known to be a dynamic process that 

can either promote or repress gene expression (Suzuki and Bird 2008). DNA methylation is 

critical for imprinting, X chromosome inactivation, and cell differentiation. In addition, it 

can be altered at specific loci in germ cells by exposure to environmental factors such as 

toxins (Guerrero-Bosagna et al., 2010) and stress (Franklin et al., 2010), and can then be 

inherited by offspring over multiple generations. Thus, DNA methylation is a conceivable 
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mechanism for the transmission and maintenance of epigenetic alterations in response to the 

environment. Altered DNA methylation patterns also contribute to disease and are observed 

in response to drugs of abuse (Alegria-Torres et al., 2011; Graff et al., 2011).

Cocaine exposure has been shown to alter gene expression by modifying DNA methylation 

that may underlie cocaine-induced behavioral responses. Acute cocaine administration 

increases DNA methylation, DNMT3A and DNMT3B levels, and binding of MeCP2 to 

specific gene promoters that decreases gene expression in the NAc (Anier et al. 2010). 

Importantly, sensitization to the locomotor activating effects of cocaine is delayed in rats 

treated with a DNMT inhibitor (Anier et al. 2010) or pretreated with S-adenosylmethionine 

(SAM) (Anier et al., 2013), a methyl group donor, and coincides with altered DNA 

methylation at gene promoters (Anier et al. 2010). Furthermore, the acquisition or 

expression of cocaine-induced conditioned place preference (CPP) is blocked by DNMT 

inhibitors administered into brain regions involved in learning and memory (Han et al., 

2010). Importantly, these changes correlated with decreases in DNMT3a and -3b expression 

in the NAc (Anier et al., 2013). These studies demonstrate the importance of DNA 

methylation in cocaine-induced behaviors. Courage and colleagues demonstrated that 

inhibition of DNMT decreases cocaine-induced DNA hypermethylation and attenuates drug-

induced down-regulation of gene expression in the NAc (Carouge et al. 2010). Prolonged 

periods of drug abstinence in cocaine-experienced animals, increases DNMT3a expression 

(LaPlant et al. 2010), while decreased DNMT3a function enhances the behavioral response 

to cocaine supporting the hypothesis that decreased DNA methylation promotes increased 

gene transcription and contributes to drug-induced behavioral plasticity (LaPlant et al. 

2010).

Importantly, in addition to functional plasticity, DNA methylation is a critical epigenetic 

mechanism underlying cocaine-induced structural plasticity. For example, DNMT3a is 

critical for cocaine-induced increases in dendritic spine density (LaPlant et al. 2010). 

Specifically, there was a selective increase in thin dendritic spines in the NAc that was 

dependent on DNA methylation. In addition, repeated cocaine treatment increases DNMT 

and DNA methylation associated with the β-catalytic subunit of the protein phosphatase 

type-1 (Ppp1cb), a gene involved in synaptic and structural plasticity (Ceulemans and 

Bollen, 2004; Mansuy and Shenolikar, 2006), decreasing its expression (Pol Bodetto et al., 

2013). Ppp1cb and its endogenous inhibitor Darpp32 (dopamine- and cyclic amphetamine-

regulated phosphoprotein) are key players in cocaine's effects (Svenningsson et al., 2004). 

Therefore epigenetic alterations associated with the regulation of these genes specifically 

may underlie cocaine's long-lasting structural effects.

The effects of cocaine exposure are not limited to alterations in DNA methylation or 

DNMTs, changes in MeCP2 also occur in brain areas that contribute to reward and 

addiction. MeCP2 phosphorylation at Ser421 increases with both acute and repeated 

administration of cocaine or amphetamine and, importantly, it is selective for a subset of 

neurons in the striatum, NAc and PFC (Deng et al. 2010; Mao et al., 2011). Importantly, 

MeCP2 Ser421Ala knock-in mice display enhanced sensitivity to the reinforcing effects of 

self-administered cocaine (Deng et al., 2014), demonstrating that phosphorylation of MeCP2 

functions to decrease drug-induced plasticity within the NAc. Findings from our group 
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demonstrated that following abstinence from chronic cocaine exposure MeCP2 dissociation 

from brain-derived neurotrophic factor (BDNF protein; Bdnf gene) promoter IV in the PFC 

is correlated with increases in BDNF expression (Sadri-Vakili et al. 2010). In addition, 

MeCP2 is increased in the striatum and PFC of rats in response to cocaine self-

administration (Im et al. 2010; Host et al. 2011; Pol Bodetto et al., 2014) and MeCP2 

knockdown in striatum is associated with impaired cocaine-dependent increases in BDNF 

levels (Im et al. 2010). This study along with the one from our group indicate that increases 

in MeCP2 expression are associated with Bdnf regulation following exposure to cocaine, 

however, it is unclear whether it is required. It is important to note that MeCP2 alterations 

do not necessarily point to a role for changes in DNA methylation since MeCP2 could have 

different functions. Together, these results suggest that dynamic changes in DNA 

methylation or methyl-binding proteins such as MeCP2 may be important epigenetic 

mechanisms underlying cocaine-induced behavioral effects.

Histone modifications associated with cocaine exposure

The second epigenetic mechanism that plays a role in cocaine addiction is the regulation of 

gene transcription by post-translational modifications of histone proteins. The nucleosome is 

comprised of DNA wrapped around an octamer of histone proteins that is further compacted 

to form chromatin. Chromatin is found in two basic states characterized by different levels 

of condensation. Euchromatin (open chromatin) is associated with active gene transcription 

due to a relaxed chromatin structure and accessible DNA sequences, while heterochromatin 

(condensed chromatin) is associated with inactive gene transcription due to tight packaging 

of DNA around histone cores (Berger 2007; Schmidt et al., 2013). Combinations of 

posttranslational modifications of histone proteins change the affinity of DNA for histones, 

thereby positively or negatively regulating transcription (Strahl and Allis 2000). Therefore, 

chromatin remodeling through post-translational modifications of histones is a required 

mechanism for gene expression.

The N-terminal tails of histones contain specific amino acid residues that are sites for 

several post-translational modifications (Strahl and Allis 2000) including methylation, 

acetylation, phosphorylation, ubiquitination, and sumoylation, to name a few (Renthal and 

Nestler, 2008; Schmidt et al., 2013). Specific enzymes add or remove associated histone 

marks, indicating that histone modifications are reversible (Kouzarides 2007). Altogether, 

dynamic histone signatures at individual genes and throughout the genome form a “Histone 

Code” that regulates transcription (Strahl and Allis 2000). Two histone modifications, 

namely lysine acetylation and methylation, have been implicated as important mechanisms 

in cocaine addiction and will be focused on in this review.

Cocaine-induced changes in histone acetylation—Histone acetylation has been 

studied the most extensively in models of cocaine addiction. Acetylation of lysine residues 

on N-terminal tails of histones decreases the electrostatic interactions between histones and 

negatively charged DNA (Kouzarides 2007). Thus, hyperacetylation of promoters is 

associated with increased gene expression, whereas hypoacetylation correlates with 

decreased gene expression (Kurdistani et al. 2004). Histone acetyltransferases (HATs) are 

enzymes that catalyze the addition of acetyl groups to lysines on histone tails, creating an 
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open chromatin configuration that enhances gene activation. In contrast, histone 

deacetylases (HDACs) are enzymes that remove acetyl groups from histones, thereby 

promoting condensation of chromatin and inhibiting gene transcription (Marks et al. 2003). 

Together, HATs and HDACs modify chromatin structure to regulate gene expression 

(Figure 2). Similar to other disorders, drugs of abuse alter histone acetylation in the brain, 

and these alterations may underlie some of the functional abnormalities observed in 

addiction (Renthal and Nestler 2008; McQuown and Wood 2010; Schmidt et al., 2013).

The first studies examining alterations in histone acetylation in response to cocaine 

demonstrated that acute cocaine administration increased histone H4 acetylation at the 

promoters of the immediate early genes Fos and Fosb in the NAc (Kumar et al. 2005; 

Levine et al. 2005). Notably, the time course of histone acetylation following acute cocaine 

exposure was consistent with the induction kinetics for the Fos and Fosb genes (Renthal and 

Nestler 2008). In addition, acute cocaine exposure globally increased histone H3 phospho-

acetylation and histone H4 acetylation in the striatum (Brami-Cherrier et al. 2005; Kumar et 

al. 2005). Chronic cocaine exposure also promotes histone acetylation by decreasing 

HDAC5 activity in the NAc and increasing expression of HDAC5 target genes (Renthal et 

al. 2007). It was also associated with increased histone acetylation at specific gene 

promoters. For example, repeated cocaine administration increased histone H3 acetylation at 

the Cdk5 and Bdnf promoters thereby increasing gene expression (Kumar et al. 2005). The 

effects of chronic cocaine exposure on histones associated with the Bdnf promoter are region 

specific. While increases in Bdnf expression are associated with increased acetylation of 

histone H3 at Bdnf exon I-containing promoters in the NAc (Cleck et al. 2008) and VTA 

(Schmidt et al. 2012), histone H3 acetylation is increased at the Bdnf exon IV promoter in 

the medial PFC (Sadri-Vakili et al. 2010). During abstinence from cocaine, histone H3 

acetylation and corresponding changes in transcription are stable (Freeman et al. 2008) 

suggesting that cocaine-induced chromatin remodeling leads to persistent changes in gene 

expression that may underlie relapse.

The role of histone acetylation in cocaine-taking behavior is complex. Both pharmacological 

inhibition and genetic manipulation of HDACs alter the behavioral responses to cocaine. 

Inhibiting HDACs promotes behavioral responses in animals self-administering cocaine, 

however, these effects are highly dependent upon the timing of HDAC inhibitor 

administration and the route of delivery. Systemic and intra-accumbens administration of 

HDAC inhibitors enhances cocaine-induced locomotor activity and CPP (Kumar et al. 2005; 

Renthal et al. 2007). Whereas the systemic administration of an HDAC inhibitor before 

daily cocaine selfadministration sessions are initiated decreases the number of infusions self-

administered, suggesting that histone acetylation decreases the reinforcing efficacy of 

cocaine (Romieu et al. 2008). Consistent with these results, viral-mediated overexpression 

of HDAC5 in the NAc decreases histone acetylation and attenuates cocaine-induced CPP 

(Renthal et al. 2007). Similarly, overexpressing HDAC4 in the NAc shell decreases cocaine 

self-administration on a progressive ratio schedule (Wang et al. 2010). Mice with targeted 

HDAC1 deletions in the NAc demonstrate attenuated behavioral responses to cocaine 

(Kennedy et al., 2013) and deletion of HDAC3 in the NAc facilitates extinction of cocaine 

place conditioning (Malvaez et al., 2013). These behavioral effects correspond with 
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increased histone acetylation and suggest that alterations in chromatin structure and 

transcription during drug withdrawal may prevent craving and relapse (Malvaez et al. 2010). 

In contrast, cocaine taking increases when animals that are stably self-administering cocaine 

are pretreated with an HDAC inhibitor, suggesting that histone acetylation increases the 

reinforcing effects of cocaine (Sun et al. 2008). Administration of an HDAC inhibitor 

directly into the NAc increases an animal's motivation to self-administer cocaine and is 

associated with increased histone H3 acetylation (Wang et al. 2010). Moreover, HDAC 

inhibitor treatment facilitated extinction of cocaine-CPP and attenuated the reinstatement of 

cocaine-seeking behavior (Malvaez et al. 2010; Romieu et al. 2011). While these results 

provide evidence for histone acetylation as an epigenetic mechanism that underlies cocaine-

taking behavior, the exact temporal sequence of histone acetylation and gene expression in 

relation to cocaine exposure and, importantly, behavioral outcomes remains unknown.

While most studies have focused on the role of HDACs in cocaine addiction, HATs have 

also been shown to contribute. Mice deficient in the HAT, CREB binding protein (CBP), 

have reduced histone H4 acetylation and decreased sensitivity to cocaine (Levine et al. 

2005). Furthermore, our previous findings, together with those from other groups, 

demonstrate that cocaine-induced increases in Bdnf transcription are associated with 

increases in histone acetylation at several Bdnf promoters (Kumar et al. 2005; Schroeder et 

al. 2008; Sadri-Vakili et al. 2010; Schmidt et al. 2012). Histone acetylation at BDNF 

promoters is associated with binding of CBP (Schmidt et al. 2012) as well as HDAC1 and 

HDAC2 (Guan et al. 2009) to promoter sequences. These studies indicate that CBP is 

involved in cocaine addiction, but the role of other HATs has yet to be elucidated. Together, 

these results indicate that cocaine-induced behavioral plasticity is mediated, in part, by 

alterations in both HATs and HDACs that work in concert to alter acetylation of histones 

associated with gene networks. Thus, identifying intracellular signaling pathways that 

mediate histone acetylation will provide a mechanism for how this specific epigenetic 

modification facilitates the effects of cocaine.

Cocaine-induced changes in histone methylation—In addition to histone 

acetylation, alterations in histone methylation have also been shown in response to cocaine 

exposure. Addition of methyl groups is a relatively stable modification that occurs on both 

lysine and arginine residues located on histone tails (Rice and Allis 2001). Methylation is a 

complex process as it can occur in mono- (me), di- (me2), or tri-methylated (me3) states 

with each methylation event having distinct, and often opposite, effects on gene expression 

(Rice and Allis 2001). Histone methylation at gene promoters can promote or repress gene 

expression depending on the exact amino acid residues being methylated (Maze and Nestler 

2011). As an example, tri-methylation of histone H3 lysine residues 4 (H3K4me3) enhances 

transcription (Rice and Allis 2001). In contrast, di- and tri-methylation of histone H3 lysine 

residues 9 (H3K9me2/3) decreases gene transcription by recruiting co-repressors that 

function to increase chromatin condensation (Rice and Allis 2001).

The first study assessing the role of histone methylation in response to cocaine was 

performed by Black and colleagues and demonstrated that histone H3 methylation is 

decreased in the medial PFC, altering gene expression in adult rats that were exposed to 

cocaine during adolescence (Black et al. 2006). Importantly, these adolescent rats developed 
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cognitive impairments in adulthood (Black et al. 2006), suggesting that cocaine exposure 

during adolescence produces long-lasting changes in gene expression that are mediated by 

histone methylation.

Numerous studies have demonstrated an important role for G9a, a repressive histone 

methyltransferase, in cocaine addiction. Maze and colleagues (2010) showed that repeated 

administration of cocaine in adult mice represses G9a expression thereby decreasing histone 

methylation in the NAc and enhancing cocaine-induced behavioral responses (Maze et al. 

2010). Consistent with these findings, viral-mediated knockdown of G9a increased the 

expression of G9a target genes in the NAc with chronic cocaine exposure and enhanced 

cocaine-induced synaptic and behavioral plasticity (Maze et al. 2010). Thus, the inability of 

G9a to regulate gene transcription following repeated cocaine results in aberrant synaptic 

plasticity in the NAc (Maze et al. 2010). Subsequently, these investigators showed that 

repeated cocaine exposure decreased histone H3 methylation in the NAc and produced long-

lasting decreases in heterochromatin formation, which suggests that cocaine-induced 

alterations in histone methylation and the formation of heterochromatin are also important 

mechanisms in the longterm actions of cocaine (Maze et al. 2011). G9a regulation of histone 

methylation in the NAc was also shown to play a critical role in drug-induced vulnerability 

to stress (Covington et al. 2011). A more recent study by Maze and colleagues demonstrated 

a reduction in G9a expression in both Drd1 and Drd2 cells following repeated cocaine 

(Maze et al., 2014). This study is the first to implicate G9a as an important regulator of 

neuronal subtype identity in the adult CNS (Maze et al., 2014). Taken together, these results 

suggest that chronic cocaine exposure during adolescence and adulthood regulates histone 

methlyation and thereby gene transcription in the brain that, in turn, may contribute to drug-

induced behavioral plasticity.

Genome-wide alterations in histone modifications in response to cocaine—
Cocaine-induced alterations in histone modifications have been identified on a genome-wide 

level using microarrays and next generation sequencing methods. Specifically, several 

studies have identified the precise genomic loci that are associated with modified histones 

following exposure to cocaine using genome-wide promoter arrays (ChIP-chip) or parallel 

DNA sequencing (ChIP-Seq) (Renthal et al. 2009; Maze et al. 2011; Zhou et al. 2011). 

These highthroughput methods fully characterize the complex cocaine-induced epigenetic 

signatures that regulate transcription of gene networks that may underlie drug-induced 

behavioral plasticity. For example, the ChIP-chip analysis of the NAc following chronic 

cocaine exposure revealed increases in histone H3 and H4 acetylation (to increase 

transcription), as well as increases in histone H3 dimethyl of K9 or K27 (H3K9me2 or 

H3K27me2) (to decrease transcription) (Renthal et al. 2009). Furthermore, chronic cocaine 

exposure also decreased histone H3 methylation (H3K9me3) in the NAc as measured by 

ChIP-Seq (Maze et al. 2011). Taken together, these studies demonstrate that cocaine alters 

patterns of gene expression in the NAc through epigenetic mechanisms that lead to stable 

and enduring changes. Therefore, future studies should focus on genome-wide studies in 

order to unveil the dynamic chromatin signatures involved in cocaine-taking and -seeking.
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Cocaine-induced alterations in microRNAs

The final epigenetic mechanism implicated in cocaine addiction is regulation of gene 

expression at the post-transcriptional level by microRNAs (miRNAs), a class of non-protein 

coding RNA transcripts (∼22 nucleotides) (Ambros 2004). miRNAs have emerged as a new 

class of epigenetic regulators that are capable of altering synaptic plasticity as well as 

behavior (Guarnieri and DiLeone 2008). There are over 800 unique miRNA species in 

humans (Bentwich et al. 2005; Berezikov et al. 2006) that are highly expressed in the brain 

(Sempere et al. 2004; Lugli et al. 2008). Greater than 33% of the mammalian genome is 

subject to miRNA regulation and each miRNA is capable of targeting an average of 200 

mRNA transcripts (Lewis et al. 2005; Friedman et al. 2009b). A growing body of evidence 

indicates that miRNAs have multiple effects on transcription that include, mRNA 

degradation, increased mRNA translation, chromatin remodeling, and DNA methylation. In 

addition to repressing protein synthesis and directing sequence-specific degradation of 

complementary mRNA, the miRNA complex has also been shown to lead to increases in 

gene expression by activating mRNA translation (Vasudevan et al. 2007; Place et al. 2008; 

Steitz and Vasudevan 2009). miRNAs are also able to alter the expression of genes by 

remodeling chromatin structure and increasing DNA methylation (Tan et al. 2009). Lastly, 

miRNAs are able to coordinate the expression of related gene networks involved in synaptic 

plasticity (Kosik 2006; Schratt et al. 2006) as they have been identified in dendrites, 

suggesting that miRNAs rapidly translate cellular signals into regulation of mRNA (Ashraf 

and Kunes 2006; Hobert 2008). Therefore, given the potential role of drug-induced plasticity 

in the development and persistence of compulsive behaviors associated with addiction 

(Hyman et al. 2006; Luscher and Malenka 2011; Mameli and Luscher 2011), it is not 

surprising that miRNAs play a critical role in cocaine addiction (Dreyer 2010; 

Pietrzykowski 2010; Li and van der Vaart 2011)

Chronic cocaine exposure alters numerous miRNAs in the NAc and striatum (Eipper-Mains 

et al., 2011) and its effects are mediated, in part, by specific miRNAs. Cocaine 

selfadministration increases miR-212 expression in the dorsal striatum, which in turn 

decreases this behavior, suggesting that upregulation of striatal miR-212 is a compensatory 

mechanism that decreases the motivational effects of cocaine (Hollander et al. 2010). 

Cocaine-induced increases in striatal miR-212 are attenuated by MeCP2, which is critical for 

regulating increased cocaine-seeking, however, miR-212 inhibits MeCP2 expression (Im et 

al. 2010). This finding suggests that an important balance between MeCP2 and miR-212 

levels in the striatum regulates compulsive cocaine-taking. The overexpression of miR-212 

in the striatum also attenuated the cocaine-induced upregulation of BDNF protein levels (Im 

et al. 2010). Interestingly, miR-212 amplifies CREB signaling, which also regulates Bdnf 

transcription (Shieh et al. 1998; Tao et al. 1998), and increases cocaine-induced expression 

of CREB-target genes including Fos (Hollander et al. 2010; Im et al. 2010). These opposing 

effects of miR-212 highlight the challenges associated with interpreting the effects of 

disrupting single regulatory factors within the context of an interconnected transcriptional 

network.

In addition to miR-212, other miRNAs are affected following chronic cocaine exposure. 

miR-181a levels are increased, whereas miR-124 and let-7d are decreased, following 
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chronic cocaine administration (Chandrasekar and Dreyer 2009). Increased miR-181a in the 

NAc enhances, while increased miR-124 and let-7d attenuates, cocaine-induced CPP 

(Chandrasekar and Dreyer 2011). These opposing results are associated with specific 

changes in gene expression in the NAc (Chandrasekar and Dreyer 2011). Taken together, 

these results suggest that complex miRNA pathways alter cocaine-induced behavioral 

plasticity by directing expression of gene networks. By targeting hundreds of transcripts, a 

single miRNA is able to coordinate the expression of gene networks that regulate neuronal 

plasticity and behavior. While miRNAs may represent promising novel targets for the 

development of therapies for drug addiction, future studies will need to determine the exact 

role of miRNAs and their specific targets in the mechanisms underlying addiction.

Transgenerational inheritance of cocaine addiction phenotypes

While the field of transgenerational epigenetic inheritance is still in its infancy, multiple 

studies have demonstrated potential mechanisms of inheritance following exposure to a 

number of environmental stimuli (Guerrero-Bosagna et al., 2010; Manikkam et al., 2012a; 

Manikkam et al., 2012b, c, 2013; Tracey et al., 2013; Vassoler et al., 2013). Several studies 

have focused on the transgenerational effects of stress (Franklin et al., 2010; Franklin et al., 

2011; Morgan and Bale, 2011; Dietz et al., 2011; Weiss et al., 2011; Howerton et al., 2013) 

and diet (Binder et al., 2012a; Binder et al., 2012b; Fullston et al., 2012; Kim et al., 2013). 

Thus far, alterations in DNA methylation, histone modifications (Figure 3), and non-coding 

RNAs provide heritable epigenetic mechanisms that are transmitted from parent to offspring 

(Danchin et al., 2011; Bohacek et al., 2012; Vassoler and Sadri-Vakili, 2014). Specifically, 

genes involved in spermatogenesis and developmental regulation are associated with 

alterations in histone and DNA methylation (Hammoud et al., 2009; Brykczynska et al., 

2010). Together, these studies demonstrate that exposure to environmental stimuli during 

gestation induces a permanent epigenetic change in the germline that is transmitted to the 

offspring and results in the adult-onset of disease.

Many studies examining the behavioral, physiological, and molecular consequences of 

cocaine exposure exist, however those investigating the probable mechanisms underlying 

the heritability of cocaine addiction remain limited. The first study implicating a potential 

transmission mechanism was performed by He and colleagues and demonstrated that 

cocaine selfadministration decreased DNMT-1 levels in the seminiferous tubules of the 

testes (He et al., 2006a). Given the critical role of DNMT-1 for maintaining methyl groups 

on imprinted genes in germ cells, a reduction in its expression could provide a potential 

mechanism of transgenerational inheritance (He et al., 2006a). A recent study from our 

group and our colleagues demonstrated that cocaine self-administration increased histone 

acetylation in the sperm and testes and that this modification was transmitted to the 

offspring (Vassoler et al., 2013). Specifically, increased acetylated histone H3 

(H3K9K14ac2) associated with the Bdnf promoter in the PFC was observed in sperm and 

histone H3 was hyperacetylated in the testes of cocaine-experienced rats as well as their 

male offspring (Vassoler et al., 2013). This study is the first to demonstrate that paternal 

cocaine self-administration causes changes in histone acetylation within sperm associated 

with a specific gene that is subsequently transmitted to the offspring. While there is little 

doubt that addiction is influenced by genetic and environmental factors, this data needs to be 
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interpreted with caution as many unanswered questions still remain and further work is 

required to elucidate the exact mechanisms involved in this phenomenon.

Future Studies

As outlined above both acute and repeated exposure to cocaine lead to changes in epigenetic 

marks and thereby gene expression in the corticostriatal circuit. To date, a number of 

epigenetic alterations have been described in selective brain regions involved in drug abuse 

and addiction however these studies also raise a number of issues that will need to be 

addressed by future studies. The first issue is the identification of specific gene networks 

that are regulated by alterations in epigenetic marks. To date, there is no correlation between 

genome-wide alterations in specific epigenetic modifications and gene expression profiles. 

This lack in consistency could be due to alterations in epigenetic signatures as opposed to 

single epigenetic modifications associated with genes. It is conceivable that combinations of 

epigenetic alterations converging on selective genes are responsible for enhancing or 

attenuating gene expression. More in depth genome-wide approaches employing novel 

genome- and epigenomewide methods of analysis will help to assess and identify the sets of 

genes and epigenetic mechanisms that are involved in these processes. Another important 

and similar area where additional experimentation is required is identifying the specific 

transcripts that are targeted by miRNAs. In addition, as we gain better understanding of the 

different subtypes of non-coding RNAs and their involvement in the epigenetic regulation of 

gene expression, it becomes pertinent to assess these effects in response to drugs of abuse 

such as cocaine. Finally, even though numerous alterations in specific epigenetic marks have 

been described, whether these changes are long-lasting or the time-course of their 

emergence are unclear. While a number of epigenetic marks are transient, others may be 

important for enduring effects and perhaps even the inherited effects of exposure to drugs of 

abuse. Therefore, future work should focus on determining the time course of genome-wide 

epigenetic and mRNA changes in brain regions involved in addiction.

Concluding Remarks

The studies summarized here provide increasing evidence for the epigenetic regulation of 

cocaine-induced gene expression profiles within the corticostriatal circuit. Alterations in 

specific epigenetic marks in discrete brain regions are associated with drug taking and 

seeking behavior in animal models of addiction. Therefore, characterizing these molecular 

events involved in the alteration of chromatin structure and thereby gene transcription 

following chronic cocaine exposure is likely to unveil novel targets for the treatment of drug 

craving and relapse. However, it remains to be determined how lasting alterations in specific 

transcripts as well as gene networks throughout the brain relate to produce long-term 

changes in the epigenome and ultimately cocaine addiction.
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Highlights

• Cocaine exposure triggers complex adaptations in the brain.

• Epigenetic modifications are critical mechanisms underlying addiction.

• Alterations in epigenome is also linked to the heritability of drug-induced 

phenotypes.
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Figure 1. Schematic representation of DNA methylation
DNA methyltransferases (DNMTs) add methyl groups (CH3) to the C5 position of cytosine 

in the genome. Histone methyltransferases (HMT) add CH3 to the N-terminal tails of 

histones. Methylation of cytosines in CpG islands inhibits transcription factor binding to 

DNA sequences through the recruitment of co-repressor complexes. Methyl-binding 

domain-containing proteins such as methyl CpGbinding protein 2 (MeCP2) bind methylated 

DNA regions and recruit co-repressors such as histone deacetylases (HDACs), histone 

mehtyltransferases (HMT), and DNMTs.
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Figure 2. Schematic representation of HAT and HDAC activity
HATs add acetyl groups to N-terminal tails of histone proteins, decreasing the electrostatic 

interactions between histones and negatively charged DNA, thereby creating an open 

chromatin confirmation. HDACs remove acetyl groups from histone tails, thereby 

promoting condensation of chromatin and inhibiting gene transcription.
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Figure 3. Post-translational modifications of histone H3 involved in transgenerational 
inheritance
Lysine residues on the N-terminal tail of histone H3 undergo modifications such as 

acetylation and methylation in response to environmental stimuli. Previously described 

modifications include, repressive histone marks (H3K9me3, H3K27me3; red) as well as 

permissive histone marks (H3K4me2/3, H3K9K14ac2, H3K36me3; green). * indicates 

alterations in response to cocaine exposure.
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