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Abstract

Alcoholism is a complex psychiatric disorder that has a multifactorial etiology. Epigenetic 

mechanisms are uniquely capable of accounting for the multifactorial nature of the disease in that 

they are highly stable and are affected by environmental factors, including alcohol itself. 

Chromatin remodeling causes changes in gene expression in specific brain regions contributing to 

the endophenotypes of alcoholism such as tolerance and dependence. The epigenetic mechanisms 

that regulate changes in gene expression observed in addictive behaviors respond not only to 

alcohol exposure, but also to comorbid psychopathology such as the presence of anxiety and 

stress. This review summarizes recent developments in epigenetic research that may play a role in 

alcoholism. We propose that pharmacologically manipulating epigenetic targets, as demonstrated 

in various preclinical models, holds great therapeutic potential in the treatment and prevention of 

alcoholism.
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Introduction

Alcoholism can be characterized as a chronic relapsing brain disorder. The pathogenesis of 

alcoholism is driven by both positive and negative affective states, which promote alcohol 

drinking, most likely due to allostatic adaptations in specific brain circuitry (Koob, 2003; 

Koob & Kreek, 2007; Pandey, 2004). This leads to a recurrent compulsion to consume 

alcohol and ultimately to a loss of control over intake, arising due to the development of a 

negative emotional state during withdrawal. This has been referred to as the “dark side of 

addiction”, that ultimately results to maintenance of addiction (Koob & Le Moal, 2005; 

Koob, 2013).
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The comorbidity of anxiety and alcohol use disorders (AUD) is an important criterion to 

consider for the propensity of an individual to become an alcoholic (Kushner, Abrams, & 

Borchardt, 2000). Individuals with anxiety disorders have the tendency to transition from 

occasional drinking to alcohol dependence more rapidly than individuals who have no 

comorbid anxiety (Kushner, Maurer, Menary, & Thuras, 2011). Short-term consumption of 

alcohol to relieve anxiety escalates to chronic intake and withdrawal, leading to an 

exacerbation of anxiety symptoms at which point the individual drinks to “self-medicate” to 

counter the heightened anxiety (Robinson, Sareen, Cox, & Bolton, 2009). Interestingly, 

when the negative state is augmented by the presence of comorbid stress-related psychiatric 

disorders, including mood and anxiety disorders, the risk of becoming an alcoholic is 

increased (Grant et al., 2004; Schuckit & Hesselbrock, 1994).

Both genetic and epigenetic (environment influenced) factors affect alcohol consumption 

and have been shown to aid in the transition from use to abuse to addiction via 

neuroadaptations occurring in the brain (Cloninger, 1987; Moonat & Pandey, 2012; Pandey, 

Ugale, Zhang, Tang, & Prakash, 2008; Starkman, Sakharkar, & Pandey, 2012). Epigenetics 

can be loosely defined as a means of “stably” propagating a change or “heritability” of a 

cellular state that is not encoded in the DNA itself (Holliday, 1987). The brain essentially 

consists of post-differentiated non-dividing cells, and epigenetic regulation of neuronal 

pathways become critical to the establishment and maintenance of neuronal homeostasis and 

plasticity in the brain by mediating both transient and stable changes in gene expression. 

Epigenetic regulation in post-mitotic cells, such as neurons, brings about some debate since 

it is not propagated through cell divisions and therefore has prompted researchers to classify 

it into a subfield called “Neuroepigenetics” (Day & Sweatt, 2010). Epigenetic regulatory 

mechanisms include covalent modifications to histones, transcription factor-mediated 

energy-dependent chromatin remodeling, DNA modification by methylation at cytosine 

residues and control of gene expression by non-coding RNAs (Bonasio, Tu & Reinberg, 

2010). Neuroplasticity is a fundamental property of the brain that allows it to dynamically 

adapt following exposure to alcohol and other drugs of abuse. One mechanism by which 

neuroplasticity to drugs of abuse such as ethanol and cocaine may occur is via epigenetic 

modifications that regulate gene expression i.e. histone covalent modifications and DNA 

methylation mechanisms (Moonat & Pandey, 2012; Robison & Nestler, 2011).

In addition to neuroplasticity, ethanol has been shown to affect epigenetic pathways in 

peripheral tissues such as the gastro-intestinal and biliary systems (Shukla & Lim, 2013). 

Fetal development may also be under epigenetic regulation (Liu, Balaraman, Wang, 

Nephew, & Zhou, 2009; Singh, Shiue, Schomberg & Zhou, 2009). Despite four decades of 

clinical and preclinical research documenting the teratogenicity of ethanol, knowledge of the 

epigenetic changes induced by prenatal ethanol exposure is only recently emerging. Studies 

investigating fetal alcohol spectrum disorders (FASD) have shown an important role played 

by the epigenome in the pathogenesis of FASD (Perkins, Lehmann, Lawrence, & Kelly, 

2013; Resendiz, Chen, Ozturk, & Zhou, 2013). Interestingly, early ethanol exposure has 

been shown to affect epigenetic regulation of genes involved in imprinting (Haycock & 

Ramsay, 2009), neural and glial development (Liu et al., 2009), cell cycle regulation (Hicks, 

Middleton, & Miller, 2010) and nervous system growth (Zhou et al., 2011).
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This review will focus on two major forms of epigenetic regulation, histone covalent 

modifications and DNA methylation, and their influence on ethanol-related behaviors and 

vice-versa in the brain and periphery.

1. Epigenetic Regulation due to Histone Covalent Modifications

Histone covalent modifications that have been identified as functionally important in 

regulating transcription include acetylation (lysine residues), methylation (arginine and 

lysine residues), phosphorylation (serine and threonine residues), ubiquitination, 

sumoylation, ADP-ribosylation (lysine residues) and proline isomerization (Allis et al., 

2007; Kouzarides, 2007). Of these, acetylation and phosphorylation of histones H3 and H4 

most commonly activate transcription while sumoylation has been implicated in repression. 

Some modifications need to be interpreted in a context-specific manner, e.g. methylation, 

which can cause either activation or repression (Lachner, O’Sullivan, & Jenuwein, 2003). 

Lysine (K) residues are an important substrate for histone modifications since they undergo 

acetylation, methylation, ubiquitination and sumoylation. Furthermore, different patterns of 

modifications give rise to varying cellular outcomes. For example, lysine methylation at 

histone H3 residues K4, K36 and K79 (H3K4, H3K36 and H3K79) causes activation; 

however, methylation at H3K9, H3K27 and H4K20 causes transcriptional repression (Allis 

et al., 2007). Histone covalent modifications are dynamically regulated by the actions of 

deacetylases, serine-threonine phosphatases, lysine demethylases, deiminases and ubiquitin 

proteases that act to reverse the corresponding modifications. Thus, the epigenetic regulation 

of gene expression becomes a very complex phenomenon that warrants a greater 

understanding of how these histone modifications interact with each other. This has been 

likened to a functional ‘code’ that presumably may lead to specific functional outcomes 

when specific combinations of modifications are present (Strahl & Allis, 2000). We will first 

describe histone acetylation and deacetylation mechanisms in the brain and their 

implications in alcoholism and other brain disorders.

1A. Role of Histone Acetylation and Deacetylation in Transcriptional 
Regulation—One of the well-characterized histone covalent modifications is lysine 

acetylation and its opposing mark deacetylation, which are facilitated by two groups of 

enzymes, histone acetyltransferases (HATs) and histone deacetylases (HDACs). Histone 

acetylation helps neutralize the basic charge of lysine by directly promoting the unraveling 

of DNA through minimizing nucleosomal contacts (Bannister & Kouzarides, 2011). HATs 

are associated with transcriptional initiation and elongation, genome stability and cell cycle-

regulated DNA repair (Masumoto, Hawke, Kobayashi, & Verreault, 2005; Wang et al., 

2009). Gene activation is enabled through acetylation of specific lysine tails predominantly 

located on the N- termini of core histones (H2A, H2B, H3 and H4) resulting in an increase 

in transcription. Numerous lysine residues undergo acetylation including K5, K8, K12, K16 

in histone H4 and K9, K14, K18 and K56 in histone H3 (Allis et al., 2007). The three major 

families of HATs are: the GNAT family (Gcn5-associated N-acetyltransferase) which 

include Gcn5, PCAF and others; the MYST family (named after its founding members 

MOZ, Ybf2/Sas3, Sas2, Tip60) and the global co-activators CREB binding protein/p300 

(CBP/p300) family (Sterner & Berger, 2000). (Figure 1)
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CBP/p300 are an important family of HATs that act to remodel chromatin architecture 

functioning as part of different multimeric complexes as well as directly via binding 

phosphorylated-CREB (cyclic-AMP-response element binding protein). CREB is a critical 

neuronal transcription factor that regulates normal physiological function and is especially 

involved in the regulation of the epigenome during alcoholism (Mayr & Montminy, 2001; 

Starkman et al., 2012). CREB binds to the canonical cAMP responsive element (CRE) 

consensus sequence at target gene promoters to activate gene expression (Montminy & 

Bilezikjian, 1987). Phosphorylation at serine 133 serves to activate CREB (pCREB), which 

recruits the HAT, CBP (Chrivia et al., 1993; Parker et al., 1996), which in conjunction with 

another protein, p300, mediates chromatin remodeling (Arany, Newsome, Oldread, 

Livingston, & Eckner, 1995). CBP and p300 have been implicated as targets with 

therapeutic potential in a variety of neurodegenerative disorders (Valor, Viosca, Lopez-

Atalaya, & Barco, 2013). Landmark studies have shown that CBP is important for memory 

consolidation using a rodent model of Rubinstein-Taybi syndrome (RTS) (Korzus, 

Rosenfeld, & Mayford, 2004). Mutations in CBP have been shown to impair long-term 

potentiation and memory and alter acetylation leading to cognitive and memory deficits 

(Barrett et al., 2011; Alarcón et al., 2004).

Generally, as discussed above, transcriptional activators and co-activators recruit HATs such 

as CBP, whereas repressors and co-repressors recruit HDACs. HDACs reverse the activity 

of HATs and cause a decrease in transcription through removal of acetyl groups from 

histones. HDACs are grouped into four classes: class I HDACs (1,2,3 and 8), class II 

HDACs (4,5,6,7 and 9) and class IV HDACs are similar in that they require zinc for activity 

whereas class III HDACs or sirtuins are structurally unique requiring NAD+ for enzymatic 

activity (Blander & Guarente, 2004; Haberland, Montgomery, & Olson, 2009). Regulating 

the amount of histone acetylation by manipulating HDAC activity is an attractive 

therapeutic option for treating brain disorders. HDAC2 appears to be an important molecule 

in maintaining normal neuronal cognitive function and regulating hippocampal memory 

with implications for remote fear memory and treatment of post-traumatic stress disorders 

(Gräff et al., 2012, 2014). Inhibition of HDAC activity may serve as a useful 

pharmacological approach in the treatment of learning and memory disorders (Fischer, 

Sananbenesi, Wang, Dobbin, & Tsai, 2007) as HDAC isoform-specific regulation of 

learning and memory has been demonstrated in both vertebrate and invertebrate models 

(Fitzsimons, Schwartz, Given, & Scott, 2013; Fitzsimons & Scott, 2011; Guan et al., 2009; 

Kim et al., 2012; McQuown et al., 2011; Wang, Zang et al., 2011). The class III HDACs, 

sirtuins, due to their NAD+ dependency, are believed to be critical in the regulation of 

biological and circadian rhythms, cell survival, metabolic activity, aging and 

neurodegeneration (Hirayama et al., 2007; Nakahata et al., 2008; Bishop & Guarente, 2007; 

Cohen et al., 2004; Kim et al., 2007). Dysregulation of the circadian clock has been 

implicated in psychiatric disorders and alcohol phenotypes in both vertebrate and 

invertebrate systems (Mansour et al., 2006; Pohl et al., 2013; Sarkar, 2012). Hence HDAC 

manipulation thereby affecting circadian pathways, could be an important avenue for 

therapeutic intervention. Recently, the sirtuin isoform SIRT1 has been shown to modulate 

CREB function and affect learning and memory pathways via its regulation of 

microRNA-134 (Gao et al., 2010). This serves to illustrate the complexity of HDAC 
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inhibition and warrant a greater understanding of specific HDAC isoform function. In recent 

years, inhibition of HDACs has been a promising new avenue for a variety of human brain 

disorders (Kazantsev & Thompson, 2008). The HDAC inhibitor SAHA (marketed as 

Vorinostat) has been approved for treatment of cancers (Richon, 2006). Let us now briefly 

review the histone acetylation and deacetylation mechanisms that play a role in ethanol-

mediated phenotypes in both central and peripheral tissues. We will then briefly review 

these pathways in the context of other drugs of abuse in order to understand the shared 

epigenetic pathways that lead to addiction.

1B. Alcohol and Histone Acetylation and Deacetylation Mechanisms in the 
Brain—CREB signaling pathways have been implicated in ethanol and other drugs of abuse 

phenotypes in both vertebrate and invertebrate models (Levine et al., 2005; Pandey, Roy, & 

Zhang, 2003; Pandey, 2003, 2004; Wang, Ghezzi, Yin, & Atkinson, 2009). In vertebrate 

models, CREB signaling in the amygdaloid circuitry plays an important role in regulating 

ethanol-related behaviors and in mediating the anxiolytic effects of ethanol (Pandey et al., 

2003; Pandey, Zhang, Roy, & Xu, 2005; Pandey, 2003, 2004). In the central and medial 

nucleus of the amygdala, after acute administration of ethanol we observed increased CREB 

phosphorylation, CBP levels, histone H3 and H4 acetylation, and neuropeptide Y (NPY) 

expression in addition to producing anxiolytic effects. On the other hand, withdrawal from 

chronic ethanol exposure produced opposite effects, resulting in a reduction in CREB 

phosphorylation, CBP and NPY levels corresponding to development of anxiety-like 

behaviors (Pandey, Ugale, et al., 2008; Pandey, Zhang, et al., 2008) (Figure 2). The 

neurotrophin BDNF (brain-derived neurotrophic factor), a critical modulator of synaptic 

plasticity and a downstream target gene of CREB, has also been implicated in the 

comorbidity of alcoholism and anxiety (Pandey, Zhang, Roy, & Misra, 2006; Poo, 2001). 

BDNF activity via CREB phosphorylation regulates activity regulated cytoskeleton-

associated protein (Arc) and dendritic spine density and we showed that this pathway was 

positively regulated during acute ethanol exposure (anxiolysis) and negatively regulated 

during withdrawal from chronic ethanol exposure (anxiety-like behaviors) (Moonat, 

Sakharkar, Zhang, & Pandey, 2011; Pandey, Zhang, et al., 2008). Ethanol exposure has been 

shown to decrease CBP expression and histone acetylation in the developing cerebellum and 

this presumably is responsible for the motor deficits associated with fetal alcohol spectrum 

disorders (Guo et al., 2011). In summary, these findings clearly implicate the functional 

importance of CREB signaling pathways in anxiety and alcohol use disorders.

1C. Role of HDACs in Alcoholism—Understanding the role played by HDACs in 

alcoholism and other drugs of abuse disorders is critical to understanding the etiology of 

addictive behaviors and at the same time providing a therapeutic avenue to treat these 

conditions. In a series of recent studies using preclinical models, Pandey’s laboratory have 

extensively investigated the HDAC-mediated chromatin remodeling pathways in the 

amygdala that play a role in the comorbidity of anxiety and alcohol-use disorders using both 

unselected and selected alcohol-preferring rat models. Inhibition of HDAC using 

Trichostatin A (TSA) was found to alleviate the symptoms of anxiety and reverse deficits in 

histone acetylation, NPY expression, and BDNF-Arc pathway in the amygdala upon 

withdrawal from chronic ethanol in adult male Sprague Dawley rats (Pandey, Ugale, et al., 
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2008; You, Zhang, Sakharkar, Teppen, & Pandey, 2014) (Figure 2). In addition, TSA 

treatment was able to normalize deficits in BDNF-Arc signaling and dendritic spine density 

in the amygdala upon withdrawal from chronic ethanol exposure (You et al., 2014). 

Furthermore, HDAC inhibition was able to reverse the development of rapid tolerance to the 

anxiolytic effects of ethanol and increase histone acetylation and NPY levels in the 

amygdala (Sakharkar, Zhang, Tang, Shi, & Pandey, 2012). The popular genetic model of 

alcohol consumption, alcohol-preferring (P) and -nonpreferring (NP) have been used to 

successfully characterize alcohol drinking behaviors and their comorbidity with anxiety-like 

behaviors (Pandey et al., 2005; Prakash, Zhang, & Pandey, 2008; Zhang et al., 2010). It was 

shown that innate deficits in the BDNF-Arc pathway, by regulating dendritic spine density, 

was operative in regulating the anxiety-like and excessive ethanol-drinking behaviors of P 

rats as compared to NP rats (Moonat et al., 2011) (Figure 2). The epigenetic mechanisms of 

these deficits were further investigated, and it was found that innate HDAC2 levels were 

higher in the amygdala of P as compared with NP rats, which corresponded to lower H3K9 

acetylation globally and specifically at the promoters of BDNF and Arc genes corresponding 

to decreased expression of BDNF and Arc. These ultimately resulted in lower dendritic 

spine density in the amygdala. These alterations were ameliorated by infusion of HDAC2 

siRNA into the central nucleus of amygdala (CeA), resulting in anxiolytic effects and 

reducing voluntary ethanol intake (Moonat, Sakharkar, Zhang, Tang, & Pandey, 2013) 

(Figure 2). Similarly, TSA treatment reduced the innately anxiety-like behaviors and ethanol 

intake in P rats, via inhibition of HDAC activity due to a reduction in HDAC2 protein levels 

in the CeA and medial nucleus of amygdala (MeA). TSA treatment also corrected the 

deficits in H3K9 acetylation levels globally and specifically at the NPY gene promoter, 

which correlated with increased NPY expression in the CeA and MeA of P rats (Sakharkar, 

Zhang, et al., 2014). Taken together, these data suggest that epigenetic modifications 

involving HDACs (namely HDAC2) may regulate amygdaloid chromatin assembly, and 

alter the expression of genes implicated in alcohol preference, tolerance and dependence. 

HDAC2 specific inhibition in the amygdala might be a therapeutic option to reduce the 

dysphoric symptoms of alcohol-use that are comorbid with anxiety and characterize the 

negative affective state of alcoholism (Moonat et al., 2013). Similarly, others have also 

shown that ethanol intake reduced histone H4 acetylation in the nucleus accumbens (NAc) 

in two rodent models and that HDAC inhibitor treatment (using both TSA and the FDA-

approved HDAC inhibitor SAHA) reduced excessive ethanol drinking in mice and ethanol-

seeking behaviors in rats (Warnault, Darcq, Levine, Barak, & Ron, 2013). In an ethanol-

induced behavioral sensitization model, ethanol was shown to increase H4 acetylation in the 

NAc, which corresponded to a decrease in HDAC activity in the striatum (Botia, 

Legastelois, Alaux-Cantin, & Naassila, 2012). This was attenuated by treatment with the 

HDAC inhibitor, sodium butyrate, and associated with increased BDNF expression in the 

striatum (Legastelois, Botia, & Naassila, 2013). Opioid signaling pathways in the amygdala 

have also been identified as an epigenetic target of ethanol. Alcohol dependence has been 

shown to be associated with abnormal regulation of the Dynorphin/κ-opioid system with 

increased consumption linked to activation of this system contributing to the negative 

affective state. This may play a role in the motivational aspects of dependence and drug 

seeking and compulsive behaviors (Walker & Koob, 2008). Epigenetic regulation of the 

prodynorphin gene promoter following ethanol administration showed an increase in H3K9 
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acetylation (activating) and a decrease in H3K27 tri-methylation (repressive) marks in the 

amygdala of rats (D’Addario et al., 2013).

In summary histone acetylation and deacetylation mechanisms especially in key neuronal 

circuitry such as the amygdala, are an important regulatory neuro-mechanism that may be 

involved in the development and maintenance of alcoholism. Thus refining and optimizing 

HDAC inhibitor therapy provides an attractive option to treat alcoholism and its underlying 

causes.

1D. Alcohol and Histone Acetylation and Deacetylation Mechanisms in Non-
neuronal Tissues—Histone covalent modifications have been implicated in alcohol 

phenotypes in peripheral tissues as well (Kim & Shukla, 2006). H3K9 acetylation was found 

to be increased in the liver of rats that had intra-gastric administration of ethanol (Kim & 

Shukla, 2006). Ethanol was shown to increase histone H3K9 acetylation in a dose and time-

dependent manner in primary cultures of hepatocytes, without affecting H3K14 acetylation, 

demonstrating the specificity of ethanol in regulating covalent modifications to histone 

proteins. TSA administration was able to mimic ethanol’s effects on hepatocytes (Park, 

Miller, & Shukla, 2003). However, chronic ethanol treatment did not change global H3K9 

acetylation, but did result in an increase in H3K9 acetylation in the promoter and coding 

regions of the alcohol dehydrogenase 1 gene (Park, Lim, & Shukla, 2012).

The above examples from both central and peripheral tissues reveal that histone acetylation 

and deacetylation changes, by bringing about dynamic regulation of gene transcription, 

provide a mechanism by which alcohol may alter the transcriptome, leading to altered 

neuronal plasticity and predisposition to addictive behaviors and the associated morbidity.

1E. Other Drugs of Abuse and Histone Acetylation and Deacetylation 
Mechanisms—Addiction mechanisms are conserved at the neuroanatomic and molecular 

level and so understanding the basis of acetylation and deacetylation mechanisms that 

regulate other drugs of abuse (e.g. cocaine) phenotypes gives us a clue as to which 

neuroanatomic regions and underlying molecular pathways are shared mechanisms among 

these different classes of drugs with addictive potential (Robison & Nestler, 2011). CREB 

and corticotropin releasing factor interactions have been implicated in stress-induced 

cocaine reward potentiation (Kreibich et al., 2009). CBP-mediated acetylation has also been 

shown to regulate cocaine behaviors. For example, mice that are haploinsufficient for CBP 

show decreased sensitivity to cocaine, due to decreased histone acetylation at the fosB 

promoter (Levine et al., 2005). Cocaine was shown to induce c-fos expression and increase 

acetylation at the c-fos promoter, which were reduced in a CBP focal knockout in the NAc 

that also reduced cocaine sensitivity (Malvaez, Mhillaj, Matheos, Palmery, & Wood, 2011). 

Acute cocaine was shown to rapidly induce H4 acetylation, but not H3, at the cFos 

promoter, whereas chronic cocaine administration induced histone H3 acetylation at the 

BDNF promoter (Kumar et al., 2005). HDAC inhibition through pharmacological 

approaches using sodium butyrate and TSA and using genetic approaches (HDAC5 

knockout), was able to potentiate cocaine’s behavioral effects whereas overexpression of 

HDAC4 and HDAC5 were able to decrease the behavioral responses to cocaine (Kumar et 

al., 2005; Renthal et al., 2007). Others have also shown HDAC isoform specific regulation 
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of cocaine behaviors (Host, Dietrich, Carouge, Aunis, & Zwiller, 2011; Malvaez et al., 

2013; Schroeder et al., 2008). In the case of the sirtuin class of HDACs, chronic cocaine 

exposure was shown to induce SIRT1 and SIRT2 and regulate cocaine self-administration 

and reward. This was shown to occur due to increased H3 acetylation and delta-fosB binding 

to the SIRT promoters (Renthal et al., 2009). Regulation of HDAC activity has also been 

implicated in enhancement of morphine-induced locomotor sensitization and conditioned 

place preference (Sanchis-Segura, Lopez-Atalaya, & Barco, 2009) and in nicotine 

preference (Pastor, Host, Zwiller, & Bernabeu, 2011). All these studies emphasize the 

complexity of HDAC inhibition and bring into context the different variables that have to be 

addressed such as the dosage of the drug, brain region studied, class and dosage of HDAC 

inhibitor, timing of administration and innate genetic differences in the employed animal 

models. Examinations of HDAC mediated pathways in ethanol and cocaine studies reveal 

the importance of understanding the regulation and mode of action of HDACs in order to 

advance the field of addiction and develop appropriate therapeutic interventions.

1F. Alcohol and Histone Methylation Mechanisms—Histone lysine methylation is 

an important modification that is associated with chromatin remodeling and gene regulation 

and has been implicated in drug-induced neuronal plasticity mechanisms, memory formation 

and cognition (Gupta et al., 2010; Maze et al., 2010, 2011; Schaefer et al., 2009; Shinkai & 

Tachibana, 2011). Tri-methylation of H3K4 (H3K4me3) is associated with active chromatin 

and is potentiated by acetylation of H3K9 and 14, providing further evidence of cross-talk 

between histone modifications and transcriptional regulation (Vermeulen et al., 2007). In a 

model of contextual fear conditioning, H3K4me3 was shown to be increased in the 

promoters of BDNF and Zif-268 genes within the CA1 region of the hippocampus. 

Moreover, infusion of an HDAC inhibitor directly into CA1 caused an increase in the 

transcriptionally active H3K4me3 and a simultaneous decrease in the transcriptionally 

repressive H3K9me2 (Gupta et al., 2010). In an invertebrate model of Huntington Disease, 

lower levels of the H3K4 de-methylase SMCX/Jarid1c have been shown to be 

neuroprotective, a mechanism that is also conserved in a mouse model (Vashishtha et al., 

2013). Contrary to H3K4, methylation at H3K9 is a repressive mark and is involved in 

alcohol and drugs of abuse phenotypes. Studies reveal a link between G9a (lysine 

dimethyltransferase), which catalyzes H3K9 methylation, and neurodegeneration in the 

developing brain that has been exposed to postnatal ethanol, which may have implications 

for fetal alcohol spectrum disorders (Subbanna et al., 2013). In a chronic ethanol treatment 

model, both treatment with and withdrawal from ethanol produced an increase in H3K9 

acetylation at the NR2B (NMDA receptor 2B) gene promoter and a corresponding decrease 

in H3K9 methylation (Qiang, Denny, Lieu, Carreon, & Li, 2011). In cultured rat 

hepatocytes, ethanol decreased the levels of H3K9me2 while concomitantly increasing 

H3K4me2, with both ultimately contributing to an open chromatin state. This corresponded 

to increased expression of the alcohol dehydrogenase gene. Furthermore histone H3K9 

acetylation was increased in the promoter and coding regions of the gene (Pal-Bhadra et al., 

2007; Park et al., 2012). Histone methylation is a dynamic reversible process and is under 

the control of two opposing groups of enzymes-the lysine methyltransferases and the lysine 

demethylases (Kouzarides, 2007). Genome-wide association studies have found KDM4C (a 

lysine demethlyase of the jumonji domain 2 (JMJD2) family) loci associated with alcohol 
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withdrawal (Wang, Liu, Zhang, Wu, & Zeng, 2012). Other drugs of abuse, such as cocaine, 

resulted in a reduction of G9a and G9a-like protein (GLP) (lysine dimethyltransferases), 

which corresponded to a decrease in H3K9me2, and an increase in spine density in the NAc 

and cocaine place preference, whereas overexpression was able to reverse these effects 

(Maze et al., 2010). In the case of the repressive mark, H3K9me3, repeated cocaine caused a 

decrease in H3K9me3 binding to non-coding retro-transposon associated inter-genic regions 

(Maze et al., 2011).

1G. Alcohol and Histone Phosphorylation Mechanisms—Phosphorylation of 

histones is associated with transcriptional activation, DNA repair and cell-cycle dynamics 

and is mediated by protein kinases and removed by phosphatases (Banerjee & Chakravarti, 

2011; Bannister & Kouzarides, 2011). Histone H3 phosphorylation has been shown to 

regulate important neuronal pathways. For example, histone H3 phosphorylation at serine 10 

has been implicated in a contextual fear-conditioning model in the hippocampus (Chwang, 

O’Riordan, Levenson, & Sweatt, 2006). The protein kinase ribosomal S6 kinase 2 (RSK2) 

has been shown to phosphorylate histone H3 and CREB and, in the presence of CBP, 

mediate a combined acetylation-phosphorylation event that regulates chromatin remodeling 

(Merienne, Pannetier, Harel-Bellan, & Sassone-Corsi, 2001). The psychostimulant drugs, 

amphetamines and cocaine, as well as morphine have been found to increase 

phosphorylation of serine 10 of histone H3 which further results in sequestration of 

dopamine- and cyclic-AMP regulated phosphoprotein 32 (DARPP-32) in the nucleus which 

inhibits protein phosphatase-1, thereby promoting phosphorylation. Blocking this 

phosphorylation event at serine 10 on H3 was able to diminish the behavioral responses to 

both cocaine and morphine and blocked conditioned place preference for cocaine 

(Stipanovich et al., 2008). In the periphery, ethanol and its breakdown product, 

acetaldehyde, activate various MAP kinase-signaling pathways (Aroor & Shukla, 2004). In 

primary rat hepatocytes, ethanol and acetaldehyde were shown to increase phosphorylation 

of histone H3 at serine 10 and serine 28 mediated by p38 MAPK in the nucleus (Lee & 

Shukla, 2007). In the same model it was also shown that ethanol upregulates the activating 

marks H3K9 acetylation and H3K4 dimethylation and down-regulates H3K9 dimethylation 

(Pal-Bhadra et al., 2007; Park et al., 2003). This illustrates the complex modulation of 

histone H3 at different residues by ethanol in the liver, which may give rise to the various 

pathologic states resulting due to chronic ethanol ingestion contributing to alcoholic liver 

disease.

Overall, covalent modifications of histone side-chain residues which are under the control of 

different enzymatic pathways such as acetylation/deacetylation, methylation/demethylation 

and phosphorylation/dephosphorylation are crucial regulatory mechanisms that change the 

brain transcriptome upon acute or chronic exposure to alcohol. These contribute to the 

pathogenesis of alcoholism and the long-term neuroadaptations resulting from and 

associated with the alcoholic state.

2. Epigenetic Regulation due to DNA Methylation

DNA methylation is a covalent modification to DNA, which occurs on cytosine residues and 

involves the addition of a methyl group to the C5 position (5-mc) and is catalyzed by DNA 
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methyltransferases (DNMTs) (Bestor, 2000; Klose and Bird 2006). It is a stable mark that is 

important for diverse cellular processes such as X-chromosome inactivation, transcriptional 

silencing, allele-specific expression (imprinting) and is fundamentally important for normal 

embryonic development (Cedar & Bergman, 2012). DNA methylation patterns are stably 

propagated and studies employing imprinted loci show that DNA methylation patterns are 

re-established in the developing embryo despite their removal in primordial germ cells 

(Allegrucci, Thurston, Lucas, & Young, 2005; Li, 2002). Methylation of DNA is thought to 

mediate transcriptional repression via two ways; directly hindering binding of DNA-binding 

proteins (Watt & Molloy, 1988) and indirectly through binding of methyl CpG binding 

proteins and recruitment of HDACs, co-repressors and other heterochromatin associated 

proteins (Boyes & Bird, 1991; Klose & Bird, 2006; Nan et al., 1998; Ng et al., 1999). In the 

CNS, DNA methylation is a critical epigenetic regulator for normal brain development, 

differentiation and maintenance of function. Dysfunction of the pathways that regulate DNA 

methylation have been implicated in a variety of brain disorders such as abnormal learning 

and memory (Feng et al., 2010; Miller & Sweatt, 2007), synaptic plasticity (Chen et al., 

2003; Levenson et al., 2006), fragile-x syndrome (Sutcliffe et al., 1992), autism spectrum 

disorder (Zhubi et al., 2014), Rett’s Syndrome, (an X-linked autism spectrum disorder 

caused by mutations in methyl-CpG binding protein 2, MeCP2) (Amir et al., 1999), 

schizophrenia and bipolar disorders (Grayson & Guidotti, 2013).

2A. Functions of DNMTs and MBDs—The enzymes that catalyze DNA methylation 

are known as DNA methyltransferases (DNMT) (Goll & Bestor, 2005). Three active 

mammalian DNMTs have been identified, DNMT1, 3a and 3b. The first identified and most 

abundant DNMT, DNMT1, otherwise known as a “maintenance methyltransferase,” can 

recognize hemi-methylated DNA and perform methylation of the complementary strand. 

The de novo methyltransferases, DNMT3a and DNMT3b, methylate previously 

unmethylated cytosines, are essential during development and, in the CNS, have been 

implicated in synaptic plasticity and learning and memory mechanisms (Feng et al., 2010; 

Levenson et al., 2006; Miller & Sweatt, 2007; Okano, Bell, Haber, & Li, 1999). Disparately, 

DNMT3l is a protein structurally related to 3a and 3b, but does not have methyltransferase 

activity on its own and regulates catalytic activities of DNMT3a and 3b (Hata, Okano, Lei, 

& Li, 2002). Methyl-CpG binding protein 2 (MeCP2) is a protein that binds methylated CpG 

dinucleotides via interactions through the methyl-CpG-binding domain (MBD) (Lewis et al., 

1992; Meehan, Lewis, McKay, Kleiner, & Bird, 1989). It has been shown to both activate 

and repress transcription (Chahrour et al., 2008; Jones et al., 1998; Mellen, Ayata, Dewell, 

Kriaucionis, & Heintz, 2012; Nan et al., 1998) and four families of MBD containing 

proteins have now been identified including the founding member, MeCP2, and a newly 

identified MBD-dependent member Kaiso, which recognizes DNA via zinc-finger domains 

(Klose & Bird, 2006). The role played by MeCP2 in regulating BDNF function and 

regulating synaptic plasticity has been well characterized (Martinowich et al., 2003; Chen et 

al., 2003; Zhou et al., 2006). We have shown a deficit in the BDNF system in the CeA and 

MeA have been associated with anxiety-like and alcohol-drinking behaviors (Moonat et al., 

2011; 2013; Pandey et al., 2006). Further studies are needed to understand the functional 

role of MeCP2 in the regulation of BDNF expression during the comorbidity of anxiety and 

alcoholism.
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2B. DNA Demethylation Pathways in the Brain—The demethylation of DNA is a 

rapidly emerging field involving a complex interplay of interdependent pathways and 

mechanisms (Gavin, Chase, & Sharma, 2013; Wu & Zhang, 2014). Activity-dependent 

DNA demethylation is a dynamic process crucial to neuronal function. The “ten eleven 

translocation” (TET) enzyme family of proteins converts methylcytosine to 

hydroxymethylcytosine (hmC), an oxidized form of the enzyme that can be further 

demethylated (Tahiliani et al., 2009). A pair of studies in 2009 identified the presence of 5-

hydroxymethylcytosine (5-hmC) in brain cells (Purkinje cell layer of the cerebellum) and in 

mouse embryonic stem cells (Kriaucionis & Heintz, 2009; Tahiliani et al., 2009). Genome-

wide mapping studies have indicated the presence of 5-hmc in numerous tissues and in great 

abundance in the brain. Overall 5-hmc is associated with gene bodies, promoters and 

enhancers most likely implicating its role as a transcriptional activator (Ficz et al., 2011; 

Guo, Su, Zhong, Ming, & Song, 2011; Mellen et al., 2012; Song et al., 2011; Yu et al., 

2012). TET1 has also been implicated as a key molecule in synaptic plasticity and memory 

mechanisms through regulation of Arc thereby modulating extinction of fear memories 

(Kaas et al., 2013; Rudenko et al., 2013). Studies have also implicated the Growth arrest and 

DNA damage (Gadd45) family of proteins to be important for DNA demethylation and 

suggested a role for this pathway in hippocampal synaptic plasticity associated learning and 

memory (Barreto et al., 2007; Ma et al., 2009; Sultan, Wang, Tront, Liebermann, & Sweatt, 

2012). These studies have brought DNA demethylation into the limelight and more 

importantly suggest that even a ‘stable’ mark such as cytosine methylation is subject to 

dynamic regulation. Let us now look at the effects of ethanol on DNA methylation and de-

methylation networks and the phenotypic outcomes.

2C. Alcohol and DNA Methylation and Demethylation Mechanisms—DNA 

methylation/demethylation mechanisms have been implicated in a variety of alcohol 

phenotypes in both central and peripheral tissues. For example, chronic ethanol treatment of 

mouse embryonic cortical neurons revealed DNA demethylation at the NMDA receptor 

(NR2B) gene promoter, which correlated with an upregulation of NR2B expression. 

However, acute ethanol treatment did not alter the methylation of NR2B gene promoter or 

NR2B expression in adult mouse cortex or in mouse fetal cortical neurons (Ravindran & 

Ticku, 2004, 2005). The DNMT inhibitor 5-aza mimicked these chronic ethanol effects 

independently and also in combination with ethanol (Ravindran & Ticku, 2004, 2009). 

Using a chronic intermittent ethanol (CIE) exposure model, a decrease in site-specific 

(proximal to transcription factor binding AP-1 and CRE sites) DNA methylation was 

observed, which persisted following ethanol withdrawal. Moreover, these changes were 

associated with CIE-induced NR2B expression (Qiang et al., 2010; Qiang, Denny, & Ticku, 

2007). Human post-mortem studies have revealed three single-nucleotide polymorphisms in 

the prodynorphin gene that are associated with alcohol dependence which overlap with CpG 

sites and are differentially methylated (Taqi et al., 2011). Prefrontal cortical tissue from 

post-mortem psychiatric patients display increased levels of DNMT1 and TET1. 

Furthermore, psychiatric patients with a history of alcohol-abuse showed an even greater 

induction of TET1, yet normalized DNMT1 levels. These findings suggest that comorbidity 

of psychosis with alcoholism is a complex phenomenon and consideration needs to be taken 

in the treatment of individuals with comorbid disorders (Guidotti et al., 2013).
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Prenatal alcohol exposure predisposes the offspring to neurofacial deficits and growth 

retardation resulting in a spectrum of mild to severe deficits, which comprise the Fetal 

Alcohol Spectrum Disorders (FASD) (Idrus & Thomas, 2011). Dysregulation of methylation 

pathways is an important causative factor for FASD development. In a mouse model of 

FASD, alcohol exposure during early neurulation caused global methylation pattern 

differences (Liu et al., 2009). Alcohol has been shown to inhibit DNA methylation and 

affect programming of neural stem cells thereby affecting their differentiation and causing 

disruptions in early embryonic development (Zhou et al., 2011). Prenatal alcohol exposure 

was shown to increase DNMT1 and MeCP2 expression and reduce hypothalamic pro-

opiomelanocortin (POMC) gene expression (Bekdash, Zhang, & Sarkar, 2013).

Ethanol induced hyperhomocysteinemia and its NMDA-agonistic byproducts have been 

suggested as a possible predictor of ethanol withdrawal seizures (Bleich et al., 2004). 

Elevated homocysteine levels in the blood of alcoholic patients have been associated with 

hypermethylation at the promoter of the homocysteine-induced endoplasmic reticulum 

protein gene, corresponding to lower mRNA expression in the blood cells (Bleich et al., 

2006). Elevated homocysteine levels have also been implicated in hypermethylation of the 

alpha-synuclein gene promoter, which may be responsible for altered mRNA and protein 

expression and was linked to alcohol craving (Bönsch et al., 2004; 2005; Bönsch, 

Greifenberg, et al., 2005). Chronic alcohol consumption could be associated with altered 

methylation patterns of various genes acting via s-adenosylmethionine (SAM) metabolism 

and altering homocysteine levels. Approaches that can detect altered transcripts and 

corresponding changes in methylation levels peripheral blood samples such as lymphocytes 

and mononuclear cells can be used as potential tool for the development of biomarkers 

(Biermann et al., 2009; Hillemacher et al., 2009; Zhang et al., 2013; Zhao et al., 2013).

2D. Alcohol and DNA Methylation Mechanisms in Non-neuronal Tissues—The 

liver is an important target for ethanol induced DNA methylation changes that affect normal 

physiological function. Chronic ethanol consumption leads to abnormal regulation of the 

methylation pathway by inhibiting methionine adenosyl transferase the enzyme that converts 

methionine to SAM. This enzymatic inhibition leads to global DNA hypomethylation 

(French, 2013; Varela-Rey, Woodhoo, Martinez-Chantar, Mato, & Lu, 2013). Methylation 

patterns can also be affected by altered DNMT activity. For example, alcoholic patients have 

lower expression levels of DNMT3b (Bonsch et al., 2006) and acetaldehyde, the breakdown 

product of alcohol, which has been shown to inhibit DNMT activity (Garro, McBeth, Lima, 

& Lieber, 1991). Ethanol-induced hepatic steatosis (fatty liver) was reduced in DNMT1 

hypomorphic mice suggesting a role for DNMTs in the progression of hepatic liver disease 

(Kutay et al., 2012). The effects of alcohol on methylation patterns have been implicated in 

advanced disease states such as alcoholic liver disease and cancer and further research may 

therefore provide promising therapeutic targets for pharmacological intervention (Varela-

Rey et al., 2013).

2E. Other Drugs of Abuse and DNA Methylation Mechanisms—Drugs of abuse 

such as cocaine also regulate DNA methylation pathways. Cocaine exposure causes a 

complex expression pattern of DNMT3a expression. There was a biphasic response in that 

Krishnan et al. Page 12

Int Rev Neurobiol. Author manuscript; available in PMC 2015 February 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



early induction of DNMT3a in the nucleus accumbens (NAc), was followed by down-

regulation upon both acute and chronic cocaine exposure. During chronic cocaine exposure, 

a persistent and stable enhancement was observed in the NAc suggesting a role for DNMTs 

in the homeostatic feedback regulation of cocaine-mediated effects (LaPlant et al., 2010). 

Striatal MeCP2 was induced by cocaine self-administration and shown to positively regulate 

BDNF expression by a homeostatic regulation via microRNA-212 (Im, Hollander, Bali, & 

Kenny, 2010). MeCP2 signaling in the NAc is also involved in the behavioral responses to 

psychostimulants such as amphetamines (Deng et al., 2010). The induction of DNMT3a and 

3b in the NAc by acute cocaine exposure was shown to increase binding of MeCP2 at the 

protein phosphatase-1 catalytic subunit promoter implicating DNMT involvement in the 

behavioral sensitization to cocaine. Consequently, use of the DNMT inhibitor zebularine 

was able to delay the onset of cocaine behavioral sensitization (Anier, Malinovskaja, 

Aonurm-Helm, Zharkovsky, & Kalda, 2010). Furthermore, infusion of the DNMT inhibitor 

5-aza-2-deoxycytidine (5-aza) into the hippocampus or prefrontal cortex was able to 

attenuate either the acquisition (hippocampus) or expression (prefrontal cortex) of cocaine-

induced conditioned place preference behaviors (cocaine reward) in C57BL/6 mice (Han et 

al., 2010). These examples illustrate the fact that alterations of DNA methylation/

demethylation pathways play a role in the phenotypes of drugs of abuse such as cocaine, 

implicating these pathways in drug addiction mechanisms. The use of DNMT inhibitors 

enables us to control these pathways pharmacologically and epigenetically modulate target 

gene expression that control drug phenotypes (Warnault, Darcq, Levine, Barak, & Ron, 

2013).

2F. DNMT inhibitors as a Therapy for Drug Addiction—Drugs used in manipulating 

DNMT activity and affect DNA methylation patterns have shown promise in both in-vitro 

and in-vivo models to dissect neuronal function. Two DNMT inhibitors, zebularine and 5-

aza were used to modulate LTP induction, synaptic plasticity and learning and memory 

behaviors in the hippocampus (Levenson et al., 2006; Lubin, Roth, & Sweatt, 2008). 

Zebularine and 5-aza have been used to study cocaine-regulated phenotypes and have been 

used to delay the onset of cocaine sensitization and attenuate cocaine reward respectively 

(Anier et al., 2010; Han et al., 2010). In an excessive alcohol-drinking paradigm, 5-aza was 

able to reduce excess ethanol intake in mice (Warnault et al., 2013). Newer direct DNMT 

catalytic activity inhibitors, such as the pan-DNMT inhibitor RG108 have been developed 

and have been successfully used in regulating remote memories (Miller et al., 2010).

Alternate approaches use HDAC inhibition to regulate DNA methylation. It is well 

established that DNA methylation and histone modifications are interdependent and lead to 

coordinated patterns of regulation that modulate various phenotypes such as learning and 

memory, synaptic plasticity, somatic cell reprogramming and cancer biology (Cedar & 

Bergman, 2009; Miller, Campbell, & Sweatt, 2008). Marking sites with active methylated 

H3K4 appears to be one of the ways for CpG island-rich promoters in somatic cells to 

prevent DNA methylation and thus protected from de novo methylation (Weber et al., 

2007). These findings are consistent with other studies where increased DNA methylation 

has been shown to be associated with the absence of H3K4 methylation and the presence of 

H3K9 methylation (Meissner et al., 2008). In alcoholic post-mortem brain, loci of 
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hypomethylation have been well correlated with increased histone H3K4 trimethylation 

(Ponomarev, Wang, Zhang, Harris, & Mayfield, 2012). The histone methyltransferase G9a 

has been shown to exhibit dual functionality through SET domain- mediated H3K9 tri-

methylation mediated heterochromatin formation as well as ANK domain- recruitment of 

DNMT3a and 3b to initiate de novo methylation.

Taken together these processes favor a repressive chromatin formation and inactivate early 

embryonic genes (Epsztejn-Litman et al., 2008). These studies suggest that instead of 

genomic context, such as presence of a CpG island, a better predictor of DNA methylation 

could be histone marks or the epigenomic status of the given loci. In the case of HDAC 

inhibitors, they are capable of inducing demethylation in the brain (Weaver et al., 2004). 

The HDAC inhibitor, Valproate has been used in neuropsychiatric disorders and recent 

findings show that it induces DNA demethylation in adult mouse brain (Dong, Chen, Gavin, 

Grayson, & Guidotti, 2010). Similarly, TSA and valproic acid have been shown to increase 

histone acetylation and decrease methylation. Interestingly in the same study 5-aza, only 

decreased methylation without affecting acetylation of H3 and H4 (Mitchell, Chen, 

Kundakovic, Costa, & Grayson, 2005). It is interesting to note that the class III histone 

deacetylase, SIRT1 has been shown to directly deacetylate DNMT1 at specific lysine 

residues and modulate its activity (Peng et al., 2011).

Manipulating DNMT function in the brain using these approaches enables us to understand 

the the functioning of these pathways at the molecular level following alcohol exposure. 

However, DNA methylation/demethylation is a crucial process involved in normal 

development and physiological function, with dysregulation of these pathways causing a 

myriad of pathologies. Therefore DNMT inhibition has to be specific and carefully 

controlled since non-methylation specific effects in pathways other than those intended, can 

influence several concurrent phenotypes. Moreover as mentioned above HDAC inhibition 

can also have cross-talk with DNMT function. Caveats such as these stress the need for a 

refinement of our scientific tools in order to increase understanding of the epigenetic basis 

and treat a complex disorder such as addiction.

3. Epigenetics of Adolescent Drinking and Implications for Alcohol Phenotypes in Later 
Life

The neurodevelopmental implications of alcohol drinking during the adolescent period are 

becoming a cause for great concern warranting a greater understanding of these brain 

adaptations and how they affect the progression of alcoholism later in life (Guerri & 

Pascual, 2010; Spear, 2011). Epigenetic regulation of critical neural pathways has been 

recognized as a major effector in mediating these changes in neuroplasticity. Intermittent 

ethanol treatment of adolescent Wistar rats has been shown to increase histone H3K9 and 

H4K12 acetylation in the frontal cortex and NAc with a concomitant decrease in the 

striatum. However, these alterations in histone acetylation due to intermittent ethanol 

exposure were not preserved in adult rats further highlighting the vulnerability of the 

adolescent brain to binge-like alcohol drinking, the most common pattern of drinking among 

adolescents (Pascual, Boix, Felipo, & Guerri, 2009). In a subsequent study, Pascual et al 

demonstrated that the effects of ethanol on histone acetylation in the prefrontal cortex at 
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specific gene promoters (cFos, Cdk5, FOSB and BDNF) and their potentiation through 

HDAC inhibition are associated with ethanol-induced conditioned place aversion and 

reinstatement (Pascual et al., 2012). Recently, we observed that acute ethanol inhibits 

HDAC and DNMT activities in the amygdala and only DNMT activity in the bed nucleus of 

stria terminalis of adolescent rats and produces anxiolytic-like effects (Sakharkar, Tang, et 

al., 2014). Adolescent rats, unlike adult rats, do not show the development of rapid tolerance 

to ethanol-induced anxiolysis and inhibition of HDAC in the amygdala (Sakharkar et al., 

2012; Sakharkar, Tang, et al., 2014). Because the age of first alcohol exposure is believed to 

be an important predictor of increased risk of alcohol abuse, these studies necessitate further 

investigation to identify possible epigenetic marks or mechanisms involved in psychiatric 

and substance abuse disorders associated with adolescent alcohol exposure (DeWit, Adlaf, 

Offord, & Ogborne, 2000; Hawkins et al., 1997).

4. Epigenetic Regulation of Glial-Neuronal Interactions and Alcohol

Although much research has focused on neuronal populations in alcohol use, glial cells 

comprise a vital component in the proper functioning of the nervous system and regulate 

synaptic plasticity (Dallerac, Chever, & Rouach, 2013; Oliet, Piet, & Poulain, 2001). The 

role of glia in neuroinflammatory processes that regulate neuronal function is well 

recognized in the context of drug phenotypes (Miguel-Hidalgo, 2009). Studies have shown 

that ethanol induces the transcription factor, NF-κB (nuclear factor kappa-light-chain-

enhancer of activated B cells) which induces a host of pro-inflammatory molecules that may 

be epigenetically regulated (Crews, Zou, & Qin, 2011; Ponomarev et al., 2012). Cocaine 

exposure has also been shown to induce NF-κB expression in the NAc where it regulates 

dendritic spines and sensitization (Russo et al., 2009). NF-κB and related transcription 

factors integrate various signals and regulate, via epigenetic and chromatin-remodeling 

pathways, corresponding targets to bring about distinct cellular outcomes (Meffert, Chang, 

Wiltgen, Fanselow, & Baltimore, 2003; Natoli, Saccani, Bosisio, & Marazzi, 2005). 

Neuroinflammation induced following chronic ethanol use and withdrawal was shown to 

occur via Toll-like receptor signaling (TLR4) and activation of the NF-kB pathway and glial 

derived proinflammatory cytokines, which was reduced in TLR4- deficient mice (−/−) 

(Alfonso-Loeches, Pascual-Lucas, Blanco, Sanchez-Vera, & Guerri, 2010). Interestingly, 

HAT activity and acetylation of histones H3 and H4 were reduced in wild-type mice 

undergoing withdrawal after chronic ethanol exposure. However these changes were not 

observed in the TLR4 (−/−) mice (Pascual, Baliño, Alfonso-Loeches, Aragón, & Guerri, 

2011). These findings suggest that TLR4 signaling via alterations of chromatin structure can 

promote the neuroinflammatory changes observed after chronic ethanol exposure (Alfonso-

Loeches et al., 2010; Pandey, 2012; Pascual et al., 2011). It has been recently shown that 

activation of proinflammatory cytokine signaling by ethanol is mediated by inhibition of 

HDAC activity. This provides a novel therapeutic option to manage the neuroinflammatory 

sequelae resulting from ethanol exposure (Zou and Crews, 2014).

Ethanol exposure affects DNA methylation in glia and increases tissue plasminogen 

activator (tPA) expression, which is involved in the inhibition of neuritogenesis and 

regulates neuronal plasticity (Zhang, Kusumo, Sakharkar, Pandey, & Guizzetti, 2014). 

Additionally, amygdaloid tPA has been implicated in regulating stress responses during 
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acute cocaine withdrawal (Zhou, Maiya, Norris, Kreek, & Strickland, 2010). These 

examples illustrate the importance that glial and neuronal compartments be considered as 

not discrete entities, but rather as highly inter-connected structures which collaboratively 

influence neuronal plasticity (Todd, Serrano, Lacaille, & Robitaille, 2006). Dissecting out 

the epigenetic pathways in glia and neurons involved in chronic drug-induced 

neuroinflammation and synaptic plasticity will provide increased treatment opportunities to 

address the neuroinflammatory changes following chronic ethanol exposure (Kovacs, 2012).

5. Genome-Wide Approaches to Understand the Basis of Alcoholism

Post-mortem brain studies have applied next generation sequencing approaches to detect 

changes in histone modifications underlying alcohol and cocaine use. Investigating human 

post-mortem brain from cocaine addicts and alcoholic patients, a parallel RNA-Sequencing 

(RNA-Seq) and ChIP-Sequencing(ChIP-Seq) experiment was performed in which RNA-Seq 

expression data was correlated with the H3K4me3 mark (Zhou, Yuan, Mash, & Goldman, 

2011). The RNA-Seq data revealed 29 genes that regulate important neuronal functions 

showing coordinated regulation between cocaine and alcohol. For the ChIP-Seq data, around 

250 H3K4me3 peaks were shared between the two treatments suggesting a shared epigenetic 

component between these two drugs of abuse (Zhou, Yuan, et al., 2011). A similar approach 

has been used in Drosophila to construct a gene network based on genome-wide histone H4 

acetylation fold changes that occur at genomic loci following exposure to two drugs, benzyl 

alcohol and ethanol, utilizing the fact that these drugs produce mutual cross-tolerance. 

Among the 144 shared candidates discovered, the top gene clusters based on gene ontology 

belonged to the categories of transcriptional regulation, ion channels and synaptic plasticity 

genes (Ghezzi et al., 2013). Next-generation sequencing approaches have been used to 

determine global methylation levels in human post-mortem brains of alcoholics. Alcoholic 

brain tissue display an overall decrease in methylation, especially at long-terminal repeat 

containing endogenous retroviruses which corresponded to their activation as well as 

upregulation of GC rich genes and associated histone H3K4 tri-methylation (Ponomarev et 

al., 2012). These epigenetic alterations may contribute to the widespread changes in gene 

expression and in the global transcriptome following chronic ethanol exposure. These 

methodologies offer a novel way to identify and characterize epigenetic networks that are 

unique to a single drug and also that are shared following exposure to different drugs sharing 

similar phenotypes and/or affecting the same neuroanatomical circuits.

The future of next-generation sequencing approaches to unravel the epigenetic pathways that 

regulate drug phenotypes lies in combining approaches so meaningful networks and 

pathways emerge. A concerted effort such as the ENCODE (Encyclopedia of DNA 

Elements) project, but specifically for drug addiction is required for the field to advance 

(Ecker et al., 2012). This way candidate pathways and hypotheses can be tested based on 

unbiased approaches.

6. Using Invertebrate Models to Study the Basis of Ethanol Phenotypes

The invertebrate model, Drosophila melanogaster, has been used to identify genetic 

networks involved in ethanol behaviors whose components have also been identified in pre-

clinical animal models to regulate ethanol behaviors (Atkinson 2009). Drosophila 

Krishnan et al. Page 16

Int Rev Neurobiol. Author manuscript; available in PMC 2015 February 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



neuropeptide F (NPF), which is the homolog of mammalian NPY, mediates sensitivity to 

ethanol sedation and NPY signaling in rat amygdala has been shown to regulate anxiety and 

alcohol tolerance (Pandey, Ugale, et al., 2008; Pandey, Zhang, et al., 2008; Sakharkar et al., 

2012; Wen, Parrish, Xu, Wu, & Shen, 2005; Zhang et al., 2010). The Drosophila BK-type 

Ca2+-activated potassium channel is involved in rapid tolerance to ethanol and has also been 

shown in the invertebrate model, C. elegans and in higher vertebrates to mediate ethanol 

sensitivity and tolerance (Cowmeadow, Krishnan, & Atkinson, 2005; Cowmeadow et al., 

2006; Davies et al., 2003; Liu, Asuncion-Chin, Liu, & Dopico, 2006; Pietrzykowski et al., 

2008). Epigenetic regulation of the BK channel gene promoter is complex and exhibits a 

spatio-temporal pattern of histone H4 acetylation following benzyl alcohol sedation in adult 

Drosophila brain. Acetylation increases become manifest at four hours after sedation and 

remain elevated 24 hours after sedation, however at different regions of the gene promoter. 

This presumably arises due to decreased acetylation at one region in the promoter being 

compensated by an increase in another region, which in turn may arise due to transcription 

factor activity or other cis- and/or trans- acting mechanisms (Wang, Krishnan, Ghezzi, Yin, 

& Atkinson, 2007). These data demonstrate the importance of genomic location in 

measuring histone modification changes as well as choosing the appropriate time-points. 

CREB signaling pathways in higher vertebrates regulate chromatin remodeling and mediate 

anxiety and ethanol-drinking behaviors (Moonat, Starkman, Sakharkar, & Pandey, 2010; 

Pandey, Ugale, et al., 2008) and have also been shown to affect ethanol tolerance in 

Drosophila (Wang, Ghezzi, et al., 2009). Drosophila CREB activates expression of the BK-

type Ca2+ activated K channel gene (dslo) by binding to the promoter in response to benzyl 

alcohol sedation leading to a behavioral tolerance to the drug on a subsequent exposure 

(Wang, Ghezzi, et al., 2009). Furthermore, a mutation in the Drosophila homolog of CBP, 

nejire (nej), regulates tolerance to benzyl alcohol and ethanol (Ghezzi et al., 2013). 

Invertebrate models, such as Drosophila, have been invaluable in identifying genetic 

networks and pathways that regulate disease phenotypes that are conserved between 

invertebrate and mammalian models due to their forward and reverse genetic approaches 

(Atkinson, 2009). The identification of conserved epigenetic regulatory networks regulating 

behaviors related to ethanol exposure in both vertebrates and invertebrates, such as CREB 

signaling, serve to illustrate the significance of invertebrate genetic models to further our 

understanding of epigenetic mechanisms of alcoholism.

7. Inheritance of a Drug Phenotype

Can acquired traits be drafted into an “Epigenome” and passed down to future generations? 

Experience-driven epigenetic changes alter the genome conveying a modified chromatin 

state that stably persists throughout subsequent mitotic divisions possibly inherited by 

progeny through the germline. However, the mechanisms of how this happens are unclear. 

The adverse effects of prenatal ethanol have been shown to be transmitted across 

generations via DNA methyl marks on the hypothalamic proopiomelanocortin gene through 

male germline (Govorko, Bekdash, Zhang, & Sarkar, 2012). Additionally, a recent study 

revealed that fear memories can be passed on across generations via hypomethylation of 

odorant receptors (Dias & Ressler, 2014). These transgenerational effects have been 

demonstrated in cocaine addiction also, where cocaine has been shown to promote 

acetylation of the BDNF gene promoter in male spermatozoa of sires that self-administered 
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cocaine. This resulted in male offspring that showed resistance to cocaine reinforcement and 

exhibited increased acetylation of histone H3 and BDNF mRNA and protein expression in 

the medial prefrontal cortex (Vassoler, White, Schmidt, Sadri-Vakili, & Pierce, 2013). 

Overall, these examples provide evidence that an epigenetic state, which maintains a 

changed behavior of a system in a stable manner, can be heritable and co-exist with our 

genome for subsequent generations.

Conclusions

Epigenetic states are initiated by environmental cues, developmental stimuli, cellular events 

and their sequelae and mediated by various cellular mechanisms including histone 

modifications, DNA methylation signals, non-coding RNAs and transcription factor 

networks (Bonasio and Reinberg, 2010). These mechanisms ultimately shape the chromatin 

architecture and fine-tune the transcriptome so that it can respond even in the absence of the 

initiating cue. This results in an “epigenome” that co-exists with the genome and is stably 

maintained in mitotic and post-mitotic cells, such as neurons, in a self-sustaining fashion 

(Dulac, 2010). A process that is critical for normal cellular physiology and function. 

Environmental factors, such as ethanol, usually dysregulate neuronal functions via 

epigenetic modifiers (Moonat et al., 2013) and lead to positive and negative affective states 

of addiction (Pandey 2004; Koob & Volkow, 2010; Arora et al., 2013). Epigenetic targets 

therefore hold the promise for improved disease management, especially for a disease such 

as alcoholism whose endophenotypes are under complex epigenetic regulation. A deeper 

knowledge of the epigenomics of alcoholism will enable us to identify the checkpoints and 

the processes that take us down the vicious path of addiction and the interventions necessary 

to reverse that trajectory (Figure 3).

This review briefly summarized different epigenetic pathways that contribute to the 

phenotypes observed after alcohol use leading to continued use and dependence, which 

ultimately predisposes to alcoholism. We also provided examples of the epigenetic basis of 

other brain diseases in order to emphasize the importance of epigenetic regulation in brain 

disorders. Chronic ethanol changes the epigenome, thereby regulating the transcriptome, 

which alters neuroplasticity in specific neuroanatomical substrates, and eventually, leading 

to the phenotypic changes seen in alcoholism. This plasticity leads to the negative dysphoric 

states, such as anxiety, that are usually comorbid with alcoholism and are alleviated by 

consumption of ethanol or HDAC inhibition in the amygdala (Pandey, Ugale, et al., 2008; 

Moonat et al., 2013; Sakharkar, Zhang, et al., 2014). Although the DNA methylation 

pathways and mechanisms that control this transition are unclear, data is emerging that 

histone acetylation/de-acetylation pathway proteins that are responsible for covalent 

modifications to histones, play an important part in the central nucleus of amygdala in the 

co-morbidity of anxiety and alcohol use disorders. We have shown that the anxiolysis 

produced by acute ethanol exposure is associated with chromatin de-condensation and 

repeated ethanol exposure gradually leads to a persistent drinking phenotype and upon 

withdrawal, causes chromatin condensation and the phenotypes of increased anxiety, which 

in-turn promote increased consumption. This phenomenon is dependent on HDAC activity 

and, as long as ethanol is present in the bloodstream, HDAC activity is inhibited. However 

upon withdrawal, a rebound increase in HDAC activity and chromatin condensation occurs 
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(Figure 3). Administration of HDAC inhibitors at the appropriate time point alleviates the 

negative dysphoric effects seen upon withdrawal which could prove to be an effective way 

to reverse the process of alcoholism (Pandey, Ugale, et al., 2008; Moonat et al., 2013; 

Sakharkar, Zhang, et al., 2014; You et al., 2014). In a similar fashion, positive euphoric 

effects of alcohol can be modulated by epigenetic changes in the reward circuitry and 

HDAC inhibitors can reverse HDAC-induced adaptational mechanisms during alcohol 

withdrawal (Arora et al., 2013). Thus by affecting both the positive and negative states that 

arise due to alcohol exposure and withdrawal, HDAC inhibition holds great promise as an 

effective therapeutic option to treat alcoholism and also to further understand the epigenetic 

alterations that underlie the pathogenesis of alcoholism.
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Figure 1. 
Schematic representation of the epigenetic mechanisms of acetylation and methylation of 

lysine (K) residues at histone H3 and H4 tails that mediate the switching between ‘open’ 

(relaxed) and ‘closed’ (condensed) chromatin structures. Acetylation of histone H3 at K9, 

K14, K18 and K56 and of H4 at K5, K8, K12 and K16 are believed to relax the chromatin 

structure making it more accessible to transcription factors and chromatin remodelers, 

thereby promoting transcription, whereas methylation at these lysine residues condenses the 

chromatin followed by reduced gene transcription. Histone deacetylases (HDACs) remove 

acetyl groups and histone methyltransferases (HMTs) attach methyl groups at lysine 

residues. HDACs are classified into four different classes (class I–IV), of which the class III, 

sirtuins, are NAD+ dependent and comprise of seven different isoforms (SIRT 1–7). HDACs 

classes I (HDAC 1, 2, 3, and 8), II (HDAC 4–7, 9, and 10) and IV (HDAC11) are Zn+ 

dependent enzymes. Histone methyltransferases such as G9a, GLP and SETDB1 can 

catalyze the methylation of H3-K9 contributing to the restrictive state of the chromatin. 

Histone demethylases (HDMs) (e.g. KDM family) remove the methyl groups from lysine 

residues associated with repressive marks (e.g. H3K9) in the tails of histones facilitating the 

relaxation of chromatin. Histone acetyltransferases (HATs) such as GNAT and MYST 

families of enzymes and CREB-binding protein (CBP)-p300 complex transfer acetyl groups 

leading to relaxed chromatin (Allis et al., 2007; Kouzarides, 2007).

Krishnan et al. Page 32

Int Rev Neurobiol. Author manuscript; available in PMC 2015 February 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. 
Schematic representation of the histone acetylation mechanisms in the amygdala of Sprague-

Dawley (SD) and alcohol preferring (P) and –non-preferring (NP) rats, that are operative in 

the modulation of ethanol drinking and anxiety-like behaviors. Acute ethanol exposure of 

SD rats inhibits the histone deacetylase (HDAC) activity and increases CBP expression, 

which has intrinsic histone acetyltransferase activity, leading to the hyperacetylation of 

histones. This relaxes chromatin and increases expression of activity-regulated cytoskeleton-

associated protein (Arc), brain-derived neurotrophic factor (BDNF) and neuropeptide Y 

(NPY) resulting in acute ethanol’s anxiolytic effects. On the contrary, withdrawal from 

chronic ethanol treatment increases HDAC activity and decreases CBP levels leading to 

hypoacetylation of histones and a condensed state of chromatin that reduces BDNF, Arc and 

NPY, which precipitate anxiety-like behaviors. Treatment with trichostatin A (TSA), a pan-

HDAC inhibitor, in alcohol-withdrawn SD rats was able to inhibit HDAC activity thereby 

increasing histone acetylation and expression of Arc, BDNF and NPY and further attenuated 

the withdrawal-related anxiety-like behaviors. Similarly, innately higher HDAC activity and 

HDAC2 expression in the amygdala of P rats compared to NP rats is associated with 

hypoacetylation of histones and low levels of Arc, BDNF and NPY and high levels of 

anxiety-like and alcohol-drinking behaviors. Inhibition of HDAC activity by treatment with 

TSA or knockdown of HDAC2 mRNA levels by using HDAC2 siRNA was able to correct 

the deficits in innate hypoacetylation and expression of Arc, BDNF and NPY thereby 

attenuating the high anxiety-like behavior and alcohol-preference in P rats (Pandey, Ugale et 

al., 2008; Moonat et al., 2013; You et al., 2014; Sakharkar, Zhang, et al., 2014).
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Figure 3. 
Hypothetical representation of chromatin remodeling driven by histone acetylation 

mechanisms in the amygdala that may be operative in the process of alcohol addiction. The 

first drinking episode (comparable to an acute ethanol treatment in animal models) may 

cause more acetylation of the histone tails due to HDAC inhibition that results in an ‘open’ 

or relaxed chromatin structure leading to euphoric effects e.g. anxiolysis. Repeated exposure 

to alcohol (chronic drinking) may lead to neuroadaptive changes in these epigenetic 

mechanisms translating into the development of chronic tolerance to these euphoric effects 

of ethanol. Consequentially, cessation from drinking may precipitate withdrawal-related 

anxiety due to a rebound phenomenon and underlying epigenetic causes, e.g. 

hypoacetylation due to an increase in HDAC activity further ‘closing’ or condensing the 

chromatin structure, which manifests in the negative affective state or the ‘dark side of 

addiction’ (Koob & Le Moal, 2005). This leads to the development of dysphoric symptoms 

such as anxiety and depression and subjects tend to self-medicate with ethanol to relieve 

these dysphoric symptoms, resulting in alcohol abuse and dependence. As seen from 

preclinical data (Figure 2), this cycle of withdrawal leading to self-medication can be broken 

with HDAC inhibitors, which by promoting histone acetylation can revert a ‘closed’ 

chromatin structure to an ‘open’ configuration and can lead to a normal behavioral state 

(Pandey, Ugale et al., 2008; Arora et al., 2013; Pandey, Ugale, et al., 2008; You et al., 

2014). Innately condensed chromatin due to higher HDAC2 expression and deficits in 

histone acetylation in the amygdala may also be involved in anxiety and alcoholism (Moonat 

et al., 2013; Sakharkar, Zhang, et al., 2014).
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