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Abstract

Many of the brain regions, neurotransmitter systems, and behavioral changes that occur after 

occasional drug use in healthy subjects and after chronic drug abuse in addicted patients are well 

characterized. An emerging literature suggests that epigenetic processes, those processes that 

regulate the accessibility of DNA to regulatory proteins within the nucleus, are keys to how 

addiction develops and how it may be treated. Investigations of the regulation of chromatin, the 

organizational system of DNA, by histone modification is leading to a new understanding of the 

cellular and behavioral alterations that occur after drug use. We will describe how, when, and 

where histone tails are modified and how some of the most recognized histone regulation patterns 

are involved in the cycle of addiction, including initial and chronic drug intake, withdrawal, 

abstinence, and relapse. Finally, we consider how an approach that targets histone modifications 

may promote successful treatment.

1. Introduction

Adapting to a constantly changing environment requires the ability to acquire new behaviors 

and change old ones in response to environmental contingencies. For this reason, much of 

our behavior is controlled by its consequences, with response probabilities in given 

situations changing as a function of the history of reinforcement in those situations. These 

experiences are learned and remembered through several well-defined neural circuits that are 

involved in acquisition, consolidation, and expression of memories. In addiction, however, 

the reinforcing properties of the abused substance can be so powerful that the plasticity 

mechanisms involved in normal learning and memory are usurped, resulting in repetitive and 

persistent behaviors that are resistant to change, even in the face of strong negative 

consequences. One key to understanding addiction is to understand basic mechanisms of 

learning and memory and how those mechanisms may be altered by abused substances (e.g., 

Hyman et al., 2006). A great deal is now known about the ways in which memories are 

formed, from binding neurotransmitters at the receptor level, to the activation of 

transcriptional machinery needed for the synthesis of new proteins that solidify long-term 

memories.

A growing literature indicates that long-term memories form at a molecular level as a 

consequence of changes in gene expression induced by activity-dependent histone 

modifications (e.g., Levenson et al., 2004; Vecsey et al., 2007). These same mechanisms are 
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involved in acquiring and stabilizing the long-term reinforcing effects of various drugs of 

abuse. In this chapter, we examine the relation between histone modifications and long-term 

memory in behavioral approaches that model different aspects of addiction. We consider 

how these modifications may interact with the behavioral experience (acquisition and 

retrieval of memories for abused substances, as well as extinction of drug-seeking behavior) 

and review some different theoretical perspectives that have been offered for these effects. 

We begin this chapter with a brief overview of epigenetics and the general memory 

processes that may occur in the development and maintenance of addiction. We then 

describe different histone-mediated mechanisms that may control long-term gene expression 

and plasticity and review current literature demonstrating how these mechanisms may be 

involved in different addiction processes. Finally, we end this chapter with a description of 

currently unresolved issues in the field of histone-mediated epigenetics in addiction and we 

suggest several future directions that may help to resolve some of these debates.

2. General overview of histone-mediated epigenetics

The term epigenetics refers to the regulation that occurs ‘epi’, or “over” the genomic DNA. 

Although controversy about the term epigenetics remains (to be discussed later in the 

chapter), most research supports the idea that chemical modifications applied to the DNA or 

near DNA (i.e., to histone proteins) help regulate transcription and are modifiable 

throughout life. Within the nucleus of a cell, DNA is wrapped around multiple nucleosomes. 

Nucleosomes are composed of and linked together by a collection of histone proteins. 

Histones are the small and positively charged building blocks that help package and organize 

DNA into a repeat bead-like structure. To allow for selective and modifiable outcomes 

through epigenetic processes, each histone is classified into one of two super families (i.e., 

histone core or histone linker), five families (H2A, H2b, H3, and H4, H1/H5), and multiple 

subfamilies, each having slightly different functions and cellular distribution patterns 

(Cheung et al., 2000; Strahl & Allis, 2000). Two copies of each histone core (H2A, H2B, 

H3, and H4) are bound together by linker histones (H1 and H5) to create one nucleosome 

(an octomer of core histones) for DNA to be carefully wrapped around, making the basic 

chromatin structure (i.e., nucleosome + DNA). In this chapter, we will consider how these 

histones may be modified during different stages of drug taking – acute exposure, chronic 

drug taking, withdrawal, abstinence, and relapse. Before going into histone alterations in 

greater detail, we will consider addiction at the level of behavior and how different learning 

and memory processes contribute to long-term drug intake.

3. Learning processes involved in the development of addiction

One of the reasons that addiction is thought to involve learning and memory circuits is that 

drug seeking often occurs in the presence of specific cues. These cues can be contextual 

(e.g., drinking a beer in a favorite bar), social (e.g., using cocaine with a specific group of 

friends), and temporal (e.g., having a cigarette first thing in the morning), among others. 

Over time, drug-seeking occurs in different situations, broadening the cues that may be 

associated with drug intake. After even a relatively few number of experiences, those cues 

will evoke powerful drug cravings when they are encountered. These cravings create a 

negative internal state that further motivates drug intake. From a learning and memory 
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perspective, the challenge is understanding how these cues become associated with drugs 

and what can be done to sever or, at the very least, suppress those powerful associations.

Basic research on learning and memory processes in substance abuse has focused on 

mechanisms that underlie two very general learning processes: initial acquisition, in which 

the memory is initially formed and consolidated, and long-term maintenance, in which the 

memory is retrieved and modulated. Research on epigenetic mechanisms in memory aspects 

of addiction has largely focused on simple memory processes -- how cue-drug associations 

are initially encoded, consolidated, and retrieved. This research has revealed the critical 

importance of histone acetylation and gene expression in mediating several aspects of these 

memory processes. We begin our review of histone-mediated epigenetics in addiction with a 

description of some of these memory processes in more detail.

3.1. Initial establishment of drug-associated memories

When patterns of drug use first begin, new associations are encoded between the drug and 

the user’s environment, consolidated into a memory, and later retrieved when cues 

associated with drug seeking are encountered. The very first experience with a drug of abuse 

activates circuits that are involved in reward and in learning and memory. With this first 

exposure, the initial memory begins to form. This memory likely involves distal contexts and 

discrete cues associated with some aspect of the drug of abuse. Theoretical approaches to 

memory have found that upon this initial exposure to the drug, the memory is labile for a 

period of time before it is stabilized through a time-limited consolidation process 

(McGaugh, 2000). In some cases, a single experience with a drug of abuse can lead to a 

lasting memory; in other cases, this memory is established and strengthened more 

incrementally, with repeated exposures to the drug increasing the strength of the memory 

and distributing the representation of that memory across different circuits in the brain. As 

these memories are being established, they can be modified by additional processes that are 

triggered by drugs of abuse, such as sensitization, tolerance, and withdrawal (Gould & 

Leach, 2014; Wise et al., 2011). Together, these processes ultimately result in habitual drug 

seeking that results from an interaction of circuits mediating contextual information (e.g., 

the hippocampus), response initiation and maintenance (e.g., the striatum), and reward value 

(e.g., nucleus accumbens and amygdala).

These initial memory processes contribute to the development of the repeated binge/

intoxication stage of drug addiction, driven by a collection of brain regions in an excitatory 

circuit. The first time drugs of abuse are used (e.g., psychostimulants, alcohol, opioids, 

nicotine, Δ 9 tetrahydro-cannabinol), brain regions in both reward (i.e., ventral tegmental 

area, striatum, nucleus accumbens core, thalamus) and learning (basolateral and central 

nucleus of the amygdala, medial prefrontal cortex, hippocampus) centers share excitatory 

information (reviewed in Koob & Volkow 2010; Marchant et al., 2012). Some of these 

structures serve a primary role in particular stages of addiction (e.g., binge/intoxication, 

withdrawal/negative affect, and preoccupation/anticipation/craving; Koob & Volkow, 2010) 

and memory processes (i.e., encoding, consolidation, and retrieval; e.g., Bernardi et al., 

2009; Lalumiere et al., 2012), yet many of these regions can be recruited throughout each 

process. Importantly, the circuits mediating aspects of reward and aspects of memory 
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overlap, with key processes in the amygdala, ventral tegmental area (VTA), and nucleus 

accumbens (NAc) controlling consolidation of these drug memories.

Current research on histone-mediated epigenetics in addiction focuses on the role of histone 

acetylation specifically in memory consolidation. Broadly speaking, this histone 

modification may create a permissive state in chromatin, promoting access by transcription 

factors to the genomic DNA, thereby facilitating gene expression. Histone modifications 

alone do not cause long-term memory – they must be paired with activation of signaling 

cascades that are triggered by exposure to drugs of abuse. Once formed, these memories can 

be modulated in several different ways when additional exposure to the drug occurs in 

specific environments.

3.2. Retrieval of drug-associated memories and extinction of drug-seeking behavior

Once memories between environmental cues and drugs of abuse are established, there are 

several consequences that occur with subsequent exposure to those cues and drugs. First, 

these memories may evoke cravings, causing an increase of drug-seeking behavior and drug 

consumption (e.g., Robinson & Berridge 1993). Repeated cravings and drug administration 

result in tolerance and withdrawal, two processes that are key to maintaining addiction 

(Siegel 1983). Second, the act of retrieval will trigger some of the initial processes – 

encoding and consolidation of the retrieved memory – and will potentially include new 

contextual components that were absent during initial acquisition. This additional 

consolidation may simply recapitulate the initial consolidation process (i.e., the idea of 

reconsolidation; Tronson & Taylor 2013), and, in addition, they almost certainly involve 

consolidation of new memories specific to this new experience (e.g., Badiani & Robinson 

2004). These consolidation and reconsolidation processes are thought to contribute to the 

long-term maintenance of addiction. Third, if the drug that is expected (based on the 

retrieval of a previous memory) is not consumed, extinction may begin to develop. If no 

drug is administered during repeated retrieval episodes, drug-seeking behavior may be 

extinguished due to the “cue-no drug” association developing alongside the original “cue-

drug” association.

The inhibitory learning that occurs during extinction requires similar encoding, 

consolidation, and retrieval processes as during the excitatory learning associated with initial 

acquisition. There are important similarities in the systems and molecular steps that are 

involved in initial memory formation and extinction (e.g., Lattal et al., 2006), but there also 

are critical differences. For example, initial memory formation and extinction may recruit 

specific and distinct subregions of the medial prefrontal cortex, amygdala, and nucleus 

accumbens (e.g., Koob & Volkow 2010; Peters et al., 2009; Stefanik et al., 2013; Tye et al., 

2010). It is thought that these excitatory and inhibitory circuits are usurped during the 

transition from drug use to eventual addiction (e.g., Hyman 2005) and modulate inhibition of 

drug-seeking behavior during extinction or abstinence. Although extinction treatment (a 

model of clinical exposure therapy; Nic Dhonnchadha & Kantak, 2011) diminishes drug-

seeking behavior, relapse often occurs over time (spontaneous recovery; e.g., Brooks 2000), 

with the presentation of drug associated cues (reinstatement; e.g., Shaham et al., 1997), or 

after leaving the extinction context (i.e., renewal; e.g., Crombag & Shaham 2002; Crombag 
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et al., 2008). The mechanisms of extinction and relapse are of particular interest in this 

chapter as they may apply to the treatment and potential prevention of many disorders where 

extinction may be impaired, including post-traumatic stress disorder and addiction (see 

Tipps et al., 2014).

4. Histone-mediated epigenetic mechanisms

We now know a great deal about the learning and memory processes that are involved in the 

establishment and maintenance of addiction. There are several ways in which histone-

mediated changes may impact these learning and memory processes. Much of the work on 

histone modifications in addiction has focused on histone acetylation, but before reviewing 

those findings, it is important to consider other ways in which histones can be modulated by 

different molecular events. The study of histone modifications in addiction is in relative 

infancy compared to the study of these modifications (and epigenetic events in general) in 

other biological processes, such as cancer.

While epigenetic modifications to the genome are known to change molecular, cellular, and 

systemic function, they are being discovered as underlying mechanisms to many complex 

diseases, including developmental, neurodegenerative, and psychiatric (see Portela & 

Esteller 2010; Tsankova et al., 2007). Much of what is known about epigenetic mechanisms 

involved in cell biology comes from studies that have focused on the relation between these 

mechanisms and the causes of and cures for cancer (Sharma et al., 2009). These basic 

studies have led to the examination of epigenetic mechanisms in other processes, such as 

learning, memory, and addiction. The similarities between neural circuits, substrates, and 

many of the epigenetic factors that create long-term memories and those that cause long-

term addiction suggest that common mechanisms are involved (e.g., Malvaez et al., 2009; 

Robison & Nestler 2011). A major focus of current research is investigating how these 

mechanisms may contribute to developing persistent cellular and molecular changes that 

may translate into persistent behavioral changes, including lasting suppression of drug 

seeking.

There are at least five types of chemical modifications (i.e., methylation, phosphorylation, 

acetylation, poly-ADP-ribosylation, and SUMOylation) that take place on the amino acids of 

histone tails. These modifications allow access to certain genomic regions to be increased or 

decreased, which is associated with activation or repression of transcription of specific 

genes. The enzymes that complete these chemical modifications to DNA, transcription 

factors, and histones, are typically recruited during development or after some type of 

stimulation to an organism (e.g., Lv et al., 2013; Vecsey et al., 2007). With activity-

dependent depolarization of neurons, activation of inter and intracellular pathways leads to 

an interaction between these enzymatic coactivators and their substrate (e.g., DNA, 

transcription factors, or histones), largely regulating gene and protein expression, ultimately 

altering system function. The steps in this process are also modified by the physiological 

state of the organism and the type and extent of stimulation applied.

Research pertaining to histone-mediated epigenetic regulation of addiction has focused 

largely on the induction of factors downstream of histone modifications that are associated 
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with increases or decreases of drug-seeking in rodents. Multiple studies have identified a 

major role for immediate early genes (IEGs; such as c-fos, c-jun, and fosB), transcription 

factors and coactivators (such as cAMP response element-binding protein, [CREB] and 

CREB-binding protein [CBP]), and kinases (such as protein kinase A, C, and Ras) in the 

plasticity induced during learning or drug use (Darcy et al., 2014; Levenson et al., 2004; 

Shalin et al., 2006). The involvement of these key regulatory factors and the related gene 

targets relies on complex chemical modifications made to both DNA and histone proteins. In 

the last two decades increasing recognition for the necessity of these modifications has led to 

advancements in the field. While both DNA and histone modifications have been shown to 

interact and rely on each other (Cedar & Bergman, 2009) each substrate (DNA or histone 

protein) modification leads to a unique sequence of events.

Multiple types of chemical modifications can be made to histones, each of which is thought 

to create a novel surface to be recognized by effector proteins and specific downstream 

events. Although there are many types of modifications made to histones, such as 

phosphorylation, SUMOylation, ubiquitination, and poly-ADP-ribosylation, the majority of 

addiction-related research has investigated the effects of altering methylation and acetylation 

levels on histones 3 and 4 (Strahl & Allis, 2000). Broadly, research suggests that drug use 

stimulates many chemical modifications that are needed to activate or repress the 

transcription and translation of DNA into functional proteins.

Some of these marks can even have opposing effects on transcription. For example, 

methylation and phosphorylation are thought to participate in both closing and opening of 

chromatin and potentially mediating the repression and activation of transcription (Cheung 

et al., 2000). Alterations to transcription after histone methylation or phosphorylation is 

based on many variables (e.g., organism’s developmental stage, the onset and duration of 

stimulation, the type of tissue, cell, or histone residue that is being targeted for modification; 

Cheung et al., 2000; Greer & Shi, 2012; Smith & Shilatifard, 2010). In contrast, histone 

acetylation is primarily associated with activate gene transcription with very few exceptions 

(e.g., Braunstein et al., 1996). The combination of these marks are in large part thought to be 

how environmental effects lead to individual variability, and how such great diversity can be 

created through epigenetic regulation. Yet, it is still unknown whether histone-mediated 

epigenetics can be used in the clinic to prevent and treat addiction. Here, we will review the 

research and remaining questions pertaining to histone-mediated epigenetics in addiction.

4.1. Repressive histone modifications

Methylation and phosphorylation—A repressed state is by and large the default 

structure of chromatin, preventing abnormal changes to DNA’s code (e.g., segregation, 

recombination, replication, etc.; Grewal & Jia 2007). The most common way that the tails of 

each histone remain tightly bound within the chromatin structure, repressing future gene 

transcription, is through methylation. Methylation is the act of adding or subtracting a 

methyl group to a substrate, or in the case of histone-mediated epigenetics, to an amino acid. 

Due to the chemical properties of histones and DNA, epigenetic modification by methylation 

is only possible on lysine and arginine amino acids, and only on amino acids that are bound 

around or within the tail region of histones 3 and 4. There are three possible degrees of 
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methylation (mono, di, and tri-methylation), providing further regulation and ultimately 

determining the outcome on transcription (Santos-Rosa et al., 2002). In addition to the state 

of methylation, the high degree of specificity to function arises from the residue modified 

and from the type of enzyme that catalyzes lysine and arginine methylation or demethylation 

(histone methyltransferases; HMT and demethylases; HDMT). The enzyme complexes 

created largely regulate histone structure and accessibility to promoter or coding regions on 

individual genes within DNA. For example, repressive type di- or trimethylation often 

occurs on histone 3 (H3) at the lysine 9 (K9) or 27 (K27) residue, whereas activation is often 

associated with trimethylation that occurs at H3K4 or H3K36 (Greer & Shi, 2012; 

Kouzarides, 2007; Lee et al., 2010; Muratani & Tansey, 2003; Zhang et al., 2014). Evidence 

like this clearly demonstrates how repressive methylation can be used to repress 

transcription in a complex way. As an example, mono-methylation on histone 4 in the lysine 

20 position (i.e., H4K20me1) has been shown to functionally change chromosome 

condensation and transcription (Wang & Jia, 2009) as well as trimethylation at lysine sites 9 

and 27 of histone 3. To be expected, each of these methylation marks similarly binds 

nucleosomes together into a more stable and condensed structure and primarily represses 

overall gene transcription, but are associated with different downstream events 

accomplishing different results through slightly separate avenues. For example, 

monomethylation of H3K27 and H3K9 may serve to recruit additional silencing machinery 

and be a substrate for trimethylation which further enhances the repression of noncoding 

regions of the genome (Mozzetta et al., 2014; Maze et al., 2011).

In addition to the location and type of methylation mark, the timing of histone marks and the 

host’s current modification state may affect the binding of additional regulatory proteins, 

such as heterochromatin protein 1 (HP1α). HP1α interacts with the methylated tail of lysine 

9 on histone H3 (i.e., H3K9me) and dimerizes with other regulatory proteins. The 

methylation and additional cross-linking between proteins reinforce the stable and 

condensed chromatin structure, called heterochromatin. This tightly bound heterochromatin 

structure increases gene-silencing overall. In addition, HP1α can also be modified, through 

phosphorylation. Once serine residues on HP1α are phosphorylated the structure will greatly 

increase its binding efficiency to H3K9me (Alvaro-Bartolome & Garcia-Sevilla, 2013). In 

this way and many others, methylation and its associated partners (e.g., HP1α) can result in 

transcriptional inhibition and decreased genome activity. Similar to phosphorylation of 

HP1α, histones can also be phosphorylated and increase chromatin condensation, potentially 

decreasing replication and transcription (Castellano-Pozo et al., 2013; Johansen & Johansen, 

2006; Wilkins et al., 2014; Zhang et al., 2004). The details related to repressive effects of 

phosphorylation on histone tails are not yet characterized well in the addiction field.

4.2. Active histone modifications

4.2a. Methylation—In contrast to the common repression of gene transcription by histone 

methylation, a few studies have demonstrated that methylation can in fact activate gene 

transcription. Trimethylation at lysine 4 of H3 (Santos-Rosa et al., 2002) and dimethylation 

at lysine 36 and 79 (Chen et al., 2011; Sims et al., 2008) contribute to transcriptional 

elongation and euchromatin, the accessible chromatin structure created to enhance gene 

activation, transcription, and behavioral changes. Modifications like these three activating 
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methylation marks require different catalyzing enzymes (e.g., methyltransferases Set 7/9, 

Set2, or Dot1, respectively) and binding proteins (Sims et al., 2008). Each enzyme and 

subsequent mark recruits different downstream effectors and leads to different outcomes on 

transcription, further demonstrating how histone-mediated regulation is both specific and 

elaborate. As an example, the methyltransferase and demethylase responsible for di and tri-

methylation of H3K4 (i.e., writer MLL1 and eraser kdm5c) are thought to upregulate 

transcription of the oxytocin receptor and Fos protein in the nucleus accumbens, mediating 

methamphetamine associated memory development and expression (Aguilar-Valles et al., 

2014).

4.2b. Acetylation—Histone acetylation occurs on the nitrogen of lysine amino acids and 

causes the positive charge of histones to detach from negatively charged DNA in the 

chromatin structure (Jenuwein & Allis, 2001; Loidl, 1994). Acetylation levels are largely 

coordinated through histone acetyltransferase (HAT) and deacetylase (HDAC) enzymes. 

Histone deacetylases (HDACs) are the enzymes that remove acetyl groups from amino acid 

tails of histones. HDACs can be classified into four classes differing by the types of tissues 

they reside in, where they are active within the cell, the number and homology of catalytic 

sites and what substrates and binding partners they interact with to determine functional 

outcomes (Dokmanovic et al., 2007). For example, Class I HDACs reside within the nucleus 

of cells, are dispersed ubiquitously throughout the body, have one catalytic site, and have 

activity on DNA binding transcription factors and nuclear receptors, signaling mediators, 

and chromatin remodeling substrates. Each class and individual HDAC is thought to serve 

different functions. By decreasing Class I HDAC function, alterations in cell survival and 

proliferation occur, whereas knock-out analysis of Class II HDACs may localize effects to 

specific tissue types (Dokmanovic et al., 2007). Within each class, individual HDACs 

contribute to a wide range of independent roles, from cardiac function and chondrocyte 

differentiation to changes in global histone acetylation and gene expression (Dokmanovic et 

al., 2007). Additionally, the phosphorylation state of HDACs themselves can determine their 

permissibility to histones as well. For example, HDAC5 is known to be phosphorylated 

through activity-dependent mechanisms and after cocaine administration and then exported 

out of the nucleus, decreasing activity at specific histone sites (Dietrich et al., 2012). 

Correspondingly, the repression of genes, such as NR4A1, a nerve growth factor involved in 

inflammation and cell survival is increased by dephosphorylation of HDAC7. It is still 

unclear how HDAC function is selectively recruited and how sequence specificity of histone 

tails helps determine and coordinate these regulatory factors.

4.2c. Phosphorylation, ubiquitination, SUMOylation and poly-ADP-ribosylation
—These post-translational modifications are well understood in other areas of research, but 

less studied with respect to addiction physiology. Phosphorylation of serine 10 on histone 3 

has been shown to induce acetylation at a nearby lysine site (H3K9) and potentially others 

(e.g., H3K14) and subsequent transcription (Brami-Cherrier et al., 2009; Cheung et al., 

2000; Clayton et al., 2000). It is here that histone phosphoacetylation is thought to occur, 

subserving a “subset of rapid transcriptional responses” for gene induction (Clayton et al., 

2000). These are thought to be mediated by mitogen-activated protein (MAP) kinase and 

often lead to CREB and CBP/p300 activation. Although little research has connected histone 
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phosphorylation or phosphoacetylation to addiction (to be discussed in section 4.2 and 4.3), 

cancer research recently reported evidence that androgen stimulation can result in histone 

phosphorylation on histone 3 threonine 11 (H3T11), recruitment of H3K4me3 and 

H4K16ac, and subsequent activation of androgen receptor target genes and proliferation of 

prostate cancer (Kim et al., 2014). Similar to in these studies, these phosphorylative steps 

may be initiating or potentiating other post-translational cascades that are recognized to 

occur during or after drug use (i.e., acetylation, methylation of histones).

Ubiquitination is a key regulator for several histone modifications. Histone ubiquitination is 

the addition of a covalently bonded ubiquitin protein to the lysine residue on the N-terminal 

tails of histones. The ligation of one or more ubiquitin subunits onto lysine residues and the 

target proteins they reside in will be marked for further protein trafficking or degradation 

(Weake & Workman, 2008; Welchman et al., 2005). The addition of these bulky ubiquitin 

moieties to substrates, such as histones, initiates degradation or activity, communication, or 

location changes. The main catalyst recruited for the ubiquitination system is Rad6, the 

enzyme dedicated to ubiquitin-like conjugation (e.g., the addition of ubiquitin) of substrates 

(Muratani & Tansey, 2003). Ubiquitination often works in a phosphorylation-dependent 

manner to control gene transcription. It may also be a signal for active versus inactive 

chromatin, and recruit methyl and acetyltransferases to assist in silencing or activating gene 

transcription at specific loci, respectively. In addition to catalyzing ubiquitination, the Rad6 

enzyme likely plays a role in recognizing active versus inactive substrate sites on chromatin 

(Muratani & Tansey, 2003).

SUMOylation is similar to ubiquitination, as it results in the addition of bulky peptides to 

substrates such as histones. SUMO refers to a small ubiquitin related modifier, one that can 

recruit HDACs and HP1 and lead to potent transcriptional repression (Sims et al., 2008). 

This modification has only been identified on a few histone sites so far, shown to block 

activating events like acetylation or ubiquitination, but also occurs on transcription factors, 

indirectly repressing histone acetylation and gene transcription (Sims et al., 2008; Wilkinson 

& Henley, 2012). In addition, the phosphorylation state of substrates (e.g., various kinases, 

transcription factors and histones) can inhibit or enhance SUMOylation (Wilkinson & 

Henley, 2012). While the temporal and spatial details are limited to date, it is clear that 

complex interactions exist between SUMOylation and other histone marks (e.g., 

phosphorylation, acetylation, ubuiqitination, etc.) to repress transcription.

Histone poly-ADP-ribosylation is the addition of one or more ADP (adenosine diphosphate) 

ribose moieties to acceptor sites such as lysine, arginine, glutamic acid, and aspartic acid of 

histones. Nuclear proteins, such as histones, interact with poly-ADP-ribose polymerase 1 

(PARP-1) to get mono or poly-ADP-ribosylated. The activation of PARP-1 can mediate 

chromatin structure, gene transcription, and environmental stimuli responses of cells, both 

during development and adulthood (Tulin et al., 2003). Accordingly, it is well established 

that PARP-1 is required for long-term memory formation by targeting (e.g., p53, fos) and 

binding to a variety of transcription factors (e.g., NF-kb, AP-2), each involved in plasticity 

or learning and memory processes (Liu et al., 2012; Salles et al., 2014).
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4.3. Combinatorial modifications

As noted briefly above, these modifications may act alone or in concert with other 

modifications to create a complex code that determines individual gene regulation. For 

example, H3K9me3 initiates and maintains repression of transcription by antagonizing 

active modifications (e.g., H3K9ac, H3S10p, H3K4me3; (Chen et al., 2011). In addition, 

extensive coordination occurs between histones and DNA to modify the epigenome, 

facilitating, impairing, or neutralizing transcription. By depleting the enzyme that poly-

ADP-ribosylates proteins (PARP1), H4K20me3 will decrease, and further deplete ubiquitin 

ligase UHRF1 and DNMT1 (DNA methyltransferase 1) expression (De Vos et al., 2014). 

Without the maintenance of this DNA methylation, the nucleosome assumes a euchromatic 

structure and allows abnormal transcription. Another example of DNA and histone-mediated 

interactions was demonstrated in fetal rat cortical neurons (Chen et al., 2003). Stimulation 

and calcium influx of these neurons results in phosphorylation of methyl CpG (cytosine-

phosphate-guanine) binding protein 2 (MeCP2), releasing it from methylated CpG sites of 

DNA and ultimately decreases methylation and increases acetylation at lysine 9. Early 

results from Jones et al (1998) also demonstrated that MeCP2 binds methylated DNA and 

recruits HDACs to further stabilize transcriptional repression of chromatin. Therefore, when 

MeCP2 is bound to DNA, it is responsible for global gene repression, and when released, 

histone acetyltransferases and demethylases help remove methylation, and acetylate nearby 

sites (i.e., H3K9) to increase activity at specific gene promoters and increase protein 

expression (e.g., promoter region of brain-derived neurotrophic factor [BDNF], Chen et al., 

2003). While this is just one example of how DNA and histone–mediated epigenetics can 

regulate chromatin accessibility and relevant learning and memory proteins, many examples 

of this coordination exist (discussed further in Lv et al., 2013).

5. Histone-mediated actions in drug addiction

With the use of animal models and advancing technology, researchers are trying to uncover 

the complex environmental and genetic mechanisms that underlie addiction. Although 

significant differences exist between human and animal conditions of drug-craving, seeking, 

and taking (Stephens et al., 2013), the research field is focused on delineating each aspect of 

addiction, in hopes of piecing together a pathway for improved treatment and prevention. 

Because drugs of abuse often change cellular and systemic activity in animals and humans, 

simple measures of cellular and locomotor sensitization or tolerance are used to measure 

changes in physiology (e.g., receptor function) and overall behavior after acute or chronic 

drug administration. In addition, animal models like conditioned place preference (CPP) and 

operant self-administration are commonly used to investigate the reinforcing effects of drugs 

and infer the strength of drug-cue or drug-response associations. Similar to humans, animals 

will associate the reinforcing effects of drugs with stimuli (i.e., places) and behaviors (i.e., 

voluntary responses that lead to drug delivery) that are paired with a drug experience. 

Subsequently, if re-introduced to drug-paired stimuli or the opportunity to obtain drug 

reinforcement, animals and humans alike will retrieve these memories and demonstrate 

drug-craving, seeking, or taking behavior.
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The various histone-modifications discussed above (i.e., Section 3) contribute to many 

diseases, including drug addiction, and are initiated and terminated for many reasons 

(Bohacek & Mansuy, 2013; Lv et al., 2013; Petronis, 2010). Similar to other diseases, 

histone-mediated changes can influence and be influenced by a patient’s or subject’s genetic 

background, surrounding environment, and stage of development or disease. Within the drug 

abuse field, epigenetic researchers have predominantly discovered changes that occur to 

histone methylation and acetylation status (e.g., Renthal & Nestler 2009).

5.1. Methylation and addiction

One of the more prominent and recent discoveries on mechanisms underlying addiction 

described how the epigenetic response to an initial or habitual dose of drug administration is 

often different (see Figure 1). After just one administration of cocaine (Acute Exposure in 

Figure 1), the methyltransferase responsible for methylating H3K9 sites, G9a, is increased. 

Increased methylation at this site results in greater binding of G9a to the immediate early 

gene fosB, an effect that seems to be counteracted after repeated cocaine use, where G9a 

levels and fosB binding decrease (Maze et al., 2010). As noted previously, methylation often 

leads to a heterochromatin, or an inaccessible structure, increasing the likelihood of 

decreased transcription. While it is known that ΔFosB, a product of the fosB gene, 

accumulates with repeated cocaine exposure and is associated with increased cocaine reward 

(Renthal et al., 2008), removing this G9a hindrance at fosB sites, enables ΔFosB to be 

increased, perpetuating the accumulation of ΔFosB and the addiction cycle (Maze et al., 

2010).

Additional studies have demonstrated that chronic exposure to drugs of abuse, such as 

cocaine and opioids, reduces dimethylation at H3K9 by decreasing G9a and GLP (G9a-Like 

Protein) enzymes in the nucleus accumbens of mice (Aguilar-Valles et al., 2014; Renthal & 

Nestler, 2009; Sun et al., 2012). Similar effects occur in the mouse cortex and in cultures of 

human lymphocytes after repeated nicotine treatment (Chase & Sharma, 2012). In parallel, 

alterations to these enzyme levels lead to positively correlated responses in drug-seeking and 

drug sensitizing behavior (as measured by animal models in conditioned place preference 

and locomotor sensitization paradigms) after acute drug administration. In contrast, G9 

levels decrease as drug-taking increases with chronic treatment (i.e., as administered and 

measured with an animal model of operant drug self-administration, Maze et al., 2010; Sun 

et al., 2012). This suggests that increased levels of dimethylation at H3K9 impair drug 

reward initially but are mitigated by repeated drug use.

Trimethylation of H3K9 has also been shown to play an important role in the addiction 

process. While H3K9me1 and me2 are known to reside in euchromatin, me3 occurs in non-

genomic, or heterochromatin regions of the DNA (Greer & Shi, 2012). Repeated cocaine 

treatment increases the expression of this specific type of methylation as well, resulting in 

enhanced expression of transposons and typically silenced (heterochromatic) regions of the 

DNA by decreasing repressive methylation within the nucleus accumbens of mice (Maze et 

al., 2011). This work and others noted above suggests that repeated treatment with drugs of 

abuse causes the de-repression of previously silenced DNA regions by inhibiting 

methylation at key non-genomic and genomic sites. This is likely a key factor contributing to 
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the altered gene expression and impaired physiologic function after long-term use of drugs 

and with addiction. Importantly, these alterations are thought to release the brakes placed on 

transcription and lead to a more permissive epigenetic environment (McQuown & Wood, 

2011).

Covington et al (2011) further investigated if dimethylation on H3K9 could be related to the 

depressive-like phenotype expressed after chronic cocaine administration and social defeat 

stress (a paradigm inducing anxious, stressful and depressive characteristics in animals; Toth 

& Neumann 2013). As expected, their results suggested that chronic cocaine administration 

led to increased vulnerability to the detrimental effects of social stressors and that this was 

due to removal of G9a, GLP, and subsequent demethylation at H3K9me2 and enhanced Ras-

CREB signaling. This is likely a key mechanism for chromatin to be opened and the 

expression of downstream proteins associated with addictive behavior to increase (e.g., Ras 

G-proteins, ΔFosB transcription factors). In contrast, increased BDNF in rats leads to greater 

drug reinforcement (Bahi et al., 2008) and is decreased with chronic cocaine use in humans 

(Corominas-Roso et al., 2013). BDNF’s down regulation in reward-related regions of the 

brain (e.g., VTA, NAc) after chronic cocaine use, and its replenishment during abstinence 

(Corominas-Roso et al., 2013) is likely a compensatory mechanisms of cocaine’s effects. 

Interestingly, if the regulation of this factor contributes to the rewarding properties of 

cocaine and is increased during abstinence, this may account for slower rates of CPP 

extinction reported in rats (Bahi et al., 2008) and the positive correlations between BDNF, 

abstinence, anxiety, and depression during early abstinence (Corominas-Roso et al., 2013). 

These types of changes in gene regulation are often enabled by the combination of decreased 

methylation status and subsequent increased histone acetylation (Fuchikami et al., 2010). 

Coordinated mechanisms between histone methylation and acetylation will likely be targeted 

for treatments of addiction and other disorders in the future (Kennedy et al., 2013; Sen, 

2014).

5.2. Acetylation and addiction

As more diseases are being attributed to novel histone-mediated mechanisms (e.g., 

palmitoylation, isomerization, deimination; Chavda et al., 2014; Khanal et al., 2013; 

Kouzarides 2007; Dieker & Muller 2010), alterations involving histone acetylation have 

been leading the charge in addiction research. Major advances in understand how occasional 

drugs use can manifest into chronic problems have largely been due to the use of 

pharmacological agents that target HDACs. Initial investigations with HDAC inhibitors 

focused on anticancer activity (Wagner et al., 2010; Yoshida et al., 1990; Zhang & Zhong, 

2014), but more recent work has examined the potential of HDAC inhibitors in treating a 

variety of psychiatric disorders (i.e., addiction, PTSD, depression; reviewed in Renthal & 

Nestler 2009). One of many examples of this is with Trichostatin A (TSA), a general HDAC 

inhibitor with antitumor activity (Drummond et al., 2005), that has been shown to decrease 

the motivation for and intake of addictive drugs (Romieu et al., 2008). Such a finding has 

been observed with other HDAC inhibitors and variations to the time and route of drug 

administration (Arora et al., 2013; Kim et al., 2014; Raybuck et al., 2013).
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In an operant measure of drug-seeking behavior, Romieu et al (2008) demonstrated that rats 

that voluntarily self-administered high levels of cocaine would decrease responding when 

administered this nonspecific HDAC inhibitor, TSA. In addition, repeated administration of 

TSA was shown to stably and selectively decrease cocaine administration and not sucrose 

intake while reducing cocaine induced locomotor sensitization. This was mediated through 

decreases in HDAC deacetylation activity in the prefrontal cortex and nucleus accumbens, 

either with or without cocaine administration. These results and others (Malvaez et al., 2010, 

2013) lend to the potential use of HDAC inhibitors in relapsing addicts (Romieu et al., 

2008). Although the circuits mediating these effects remain to be fully described, a focus is 

on the nucleus accumbens, where drugs of abuse increase acetylation, locomotion, 

reinforcement, and reward (Kumar et al., 2005; Renthal et al., 2009; Schroeder et al., 2008; 

Sun et al., 2008; Wang et al., 2007).

Work from these groups and others have also demonstrated that chronic drug use (e.g., with 

cocaine or alcohol abuse) will initiate decreases in HDAC activity in reward and learning-

related brain regions (e.g., nucleus accumbens, prefrontal cortex, hippocampus; Romieu et 

al., 2008; Zou & Crews 2014), creating a more permissive genome for drug regulation to be 

imparted. Renthal et al. (2007) discovered a potential mediator for the transition from 

dysfunction or drug abuse to disease and drug addiction with HDAC5. HDAC5 is a class II 

HDAC that is phosphorylated minutes after activity-dependent stimulation (e.g., initial drug 

use, stress, etc.) and is exported from the nucleus, allowing gene transcription and behavioral 

adaption to take place. Without additional insult, HDAC5 will be replaced to the nucleus 

within 24 hours, capping gene transcription. Chronic stimulation, such as chronic cocaine-

administration or chronic social-defeat stress, results in long-term HDAC5 inhibition, 

increases in cocaine-, or stress-associated gene transcription (i.e., Ras, ΔFosB), and 

dysregulated sensitivity to subsequent challenges. These data demonstrate the importance of 

balancing acetylation to maintain flexible behavior.

As occasional drug use turns chronic, many cellular and behavioral changes occur (Long-

term Exposure in Figure 1). In light of the role that HDAC5 plays in chronic but not acute 

drug treatment or stress, the transcription factor ΔFosB is also thought to mark the transition 

from abuse to addiction (Renthal et al., 2008). With chronic amphetamine treatment, ΔFosb 

is increased, leading to recruitment of HDAC1 and attenuation of the immediate early gene, 

c-fos (Renthal et al., 2008). In concert, dimethylation of histone 3 at lysine 9 is increased 

(recall that this type and location of methylation is repressive in nature). These data further 

demonstrate that chronic drugs (i.e., amphetamine) not only swap methylation for 

acetylation at the cfos promoter within the striatum (a region highly important to addictive 

behavior) but also lead to decreased expression of a methyltransferase (KMT1A) necessary 

to remedy this imbalance. As ΔFosB increases with repeated drug use, G9a (another 

methyltransferase) is built to decrease the levels of this addiction marker by binding to the 

fosB promoter and suppressing its expression (Maze et al., 2010). As one can see though, 

the coordinated tools put in place to rectify such epigenetic imbalances are in competition 

with drug effects that are inherently self-perpetuating.

While drug use impairs HDAC activity and positive feedback of ΔFosB (by ΔFosB) is 

initiated during chronic drug use (reviewed in Maze & Nestler 2011), additional changes 
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compound these imbalances. For example, an acute administration of alcohol or cocaine will 

briefly increase H4 acetylation and H3 phosphoacetylation (previously associated with 

active immediate early genes, c-fos and c-jun, Clayton et al., 2000). Kumar et al. (2005) 

demonstrated mechanistic differences between acute and chronic covalent chemical changes 

in the brain. They determined that histone acetylation and phosphoacetylation influenced 

gene regulation in the striatum, an addiction mediating region of the brain, and behavior in 

mice and rats after acute and chronic cocaine administration (by investigator initiated 

intraperitoneal injections and subject initiated self-administration infusions). Cocaine 

induced acetylation (on H4) and phosphoacetylation (on H3) at specific gene promoters, 

with acute affects at the c-fos and fosB sites on H4 and chronic effects at the fosB, cyclin-

dependant kinase 5 (cdk5), and BDNF sites on H3. This creates an overall pattern of 

hypoacetylation and desensitization on H4 at the c-fos promoter but an exaggerated state of 

acetylation on H3 at ΔFosB promoters (only partially desensitizing ΔFosB, Kumar et al., 

2005; Renthal et al., 2008). Similar patterns of gene regulation have been demonstrated with 

c-fos and BDNF in the hippocampus (rather than c-fos and fosB in the striatum) after acute 

and chronic electroconvulsive seizure induction (a procedure shown to decrease long-term 

plasticity in the hippocampus of rodents and be an effective treatment for depression in 

humans; Tsankova et al., 2004).

Similar to previous studies mentioned, alcohol can also modify acetylation patterns with 

temporal and spatial specificity (Sakharkar et al., 2014; Shepard et al., 2008). Acute doses of 

alcohol can alleviate minor levels of stress or anxiety-like behavior (Starkman et al., 2012), 

possibly because of alcohol’s ability to decrease HDAC levels in the amygdala (a brain 

region necessary for affective and emotional associations; Gruber & McDonald, 2012; 

Pandey et al., 2008; Sakharkar et al., 2012). Pandey et al. (2008) demonstrated that 

decreases in HDAC activity (i.e., following acute ethanol) correspond to increases in H3 and 

H4 acetylation and increases in anxiolytic and plasticity-related protein levels (i.e., CBP and 

neuropeptide Y [NPY]). In contrast, increases in HDAC activity and subsequent decreases, 

or rebalancing of H3 acetylation, CBP, and NPY likely mediate alcohol withdrawal and the 

associated anxiety (Pandey et al., 2008). As previous data would predict, inhibition of 

HDAC activity (by TSA) normalizes the sharp decreases in H3ac, H4ac, NPY expression 

and the corresponding anxiogenic effects of withdrawal (Pandey et al., 2008).

Although there are nuances, the majority of research thus far supports the idea that drugs of 

abuse and various stressors generally repress methylation which can be detrimental and lead 

to addiction and depressive-like behaviors, while acetylation tends to be protective and lead 

to adaptive behaviors. Interestingly, these two common mechanisms can lead to an increase 

in transcription, yet the timing and location of these modifications play a critical role in their 

behavioral outcomes.

5.3. Combinatorial modifications and addiction

While histone modifications are merely a part of the physiological changes that occur with 

drug addiction, it is becoming accepted that each histone modification plays a role in the 

development, maintenance or potential treatment of drug addiction. Therefore, 

understanding the upstream and downstream coordination of each modification is becoming 
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increasingly necessary and elaborate. As one might expect, dopamine receptor agonists elicit 

rewarding effects, but the combination of dopamine agonists and HDAC inhibitors seem to 

compound these effects, leading to a synergistic increase in cocaine-induced locomotion or 

sensitization and CPP (Schroeder et al., 2008). Research by Schroeder et al. (2008) 

demonstrated that a class I/II HDAC inhibitor (sodium butyrate, NB) and SKF82958 (D1 

receptor agonist) increased H3 phosphoacetylation (i.e., phosphorylation at serine 10 and 

acetylation at lysine 14) in striatal homogenates and increased deacetylation in the substantia 

nigra/ventral tegmental area at the promoter regions of BDNF and tyrosine hydroxylase (the 

rate-limiting enzyme for synthesis of catecholamines like dopamine and norepinephrine). In 

another study, a dopamine D2 receptor antagonist was found to induce similar changes (Li et 

al., 2004). Importantly, the molecular effects in the Schroeder et al. (2008) study were 

sensitive to acute versus repeated administration of these drugs and CPP effects only 

emerged when the drugs were administered directly after cocaine-induced place preference 

(presumably during consolidation of CPP learning). This highlights two important points, 1) 

the transient molecular effects of epigenetic modifications that are known to change after 

repeated drug use and 2) the experience, or activity-dependent nature of histone-

modifications.

Research by Qiang et al. (2011) demonstrates how methylation (i.e., repressive di- and tri-

states) and acetylation coordinate to compound the effects of histone modifications. Neuron 

cultures of mice had large increases in activating acetylation at H3K9 that coincided with 

large decreases in repressive methylation during a time of withdrawal from ethanol. 

Surprisingly, global and local downregulation of histone demethylases (i.e., G9a) at the 

NMDA receptor gene (NR2B) rather than changes in global or local HATs or HDACs 

seemed to underlie this effect, underscoring the idea that these modifications work in concert 

to regulate or dysregulate the system at specific chromatin sites. Correspondingly, Sheng et 

al. (2011) demonstrated that intracranial administration of an NMDA antagonist (MK-801) 

into the nucleus accumbens (but not the medial prefrontal cortex) decreased H3 

phosphoacetylation and acquisition of heroin place preference, while heroin CPP dose 

dependently increased H3 phosphoacetylation in the nucleus accumbens (but not the medial 

prefrontal cortex). TSA (HDAC inhibitor) infusions prior to each CPP acquisition session 

facilitated heroin’s effects, further increasing H3 phoshoacetylation in the nucleus 

accumbens and CPP. Research like this is clarifying ideas that certain brain and chromatin 

regions, and types of histone modifications are targeted based on drug type and 

administration patterns.

As we better understand how cocaine and alcohol affect methylation and acetylation, 

appreciation grows for modifications involved with other drugs of abuse. For example, hints 

are emerging that poly-ADP-ribosylation and ubiquitination may also contribute to the 

cellular changes that occur with drug abuse. Cigarette smoke extract leads to an overall 

increase in H4 acetylation, due to ubiquitination and subsequent degradation of HDAC2 

(Adenuga et al., 2009). In addition, the dopamine transporter (DAT), implicated in cognition, 

affect, behavioral reinforcement, and motor control, can be tagged by ubiquitination 

(Schmitt & Reith, 2010) and lead to altered endocytosis and degradation levels. Although it 

is known that drugs of abuse alter the function of DATs, the full mechanism and histone 

modifications likely behind these alterations are clearly still being discovered. In addition, it 
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is established that the primary polymerase instigating poly-ADP-ribosylation, PARP, is a 

coactivator of AP-2-mediated transcriptional activation (Kannan et al., 1999), but no direct 

link has been formed between histone ribosylation and transcriptional changes by drugs of 

abuse thus far. However, the overexpression of AP-2 recruits the coactivator PARP and 

recent evident attests to the idea that acute and repeated morphine exposure locally increases 

AP-2 in neurons of mice hippocampi (i.e., specifically at the post-synaptic density). This is 

thought to contribute to the dysregulation of hippocampal plasticity, by specifically targeting 

glutamatergic synapses (those with AMPA and NMDA receptors). Although many factors 

contribute to the synaptic changes noted in this and other studies, PARP and increased 

histone poly-ADP-ribosylation may be another mechanism of drug-induced changes 

usurping learning and memory functions. While many of the links between ubiquitination, 

ribosylation, histones, and addiction have yet to be uncovered, these marks (like others) 

presents plausible mechanisms by which drugs of abuse, epigenetic processes, and long-term 

changes take place.

5.4. Summary of histone-mediated epigenetic regulation in addiction

Fundamental theories about addiction evolved from the epigenetic research summarized here 

and elsewhere (Biliński et al., 2012; Malvaez et al., 2009; Robison & Nestler, 2011; 

Starkman et al., 2012). This system of regulation enables an infinite level of control and 

flexibility on gene regulation. The interaction between specific sequences of DNA, specific 

histone proteins, and other regulatory factors induced by the environment, lead to highly 

controlled genomic outcomes, including increased or decreased transcription of selected 

genes. While initial drug use is now thought to prompt the brief opening and closing of 

chromatin and adaptive behavior, repeated drug use seems to decrease the system’s plasticity 

as cellular tolerance takes over. This broadens the time and resources needed for each 

epigenetic modification and narrows the adaptiveness of the system. Without treatment, 

epigenetic modifications will become perpetually dysregulated and behavioral vulnerability 

will linger.

6. Debates and considerations

Because histone-mediated epigenetics in addiction is such a new field, there are many 

unresolved issues that are currently being debated in the literature. Some of these are general 

debates that are common in all fields in which epigenetic mechanisms are studied. Other 

debates are more specific to the addiction and learning and memory fields, where very 

different theoretical approaches have been offered for defining epigenetic mechanisms, the 

nature of cellular memory and how it relates to psychological memory, and the nature of 

psychological processes in general, which are open to many different interpretations. Our 

goal in this section is to present a broad overview of some of these debates. We cannot 

provide resolution for most of these issues, but we can survey the literature and provide 

suggestions about the direction of research in these areas.
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6.1. Are histone marks causal or correlational to downstream processes and do histone 
modifications change the structure and function of the genome?

Histone modifications are a contributing factor in a larger dynamic process that regulates 

accessibility of DNA and transcription (Henikoff & Shilatifard, 2011). By changing the 

charge between nucleosomes and nearby DNA, histone modifications help maintain an 

unraveled or raveled chromatin structure and docking area for regulatory modules. This 

account of histone marks highlights their many correlated and few causative roles in 

transcriptional regulation (Zhang et al., 2014). As partial justification for a correlative role, 

histone modifying enzymes often have effects on other substrates besides histones, leading 

to multiple effects on the genome, rather than direct effects on transcription only. In 

addition, it seems that histone modifications play a larger role in stabilizing nucleosome 

occupancy and position rather than recruiting regulatory factors to DNA. It is unlikely that 

modifications, like methylation or acetylation, recruit, organize, and direct downstream 

binding and function of other molecules, since they have minimal binding affinity to most 

binding modules or regulatory factors.

On the other hand, modifications likely help maintain a particular chromatin state and 

stability, or instability by altering nucleosome dynamics. This presumably helps to ensure 

high or low accessibility of DNA by other factors to influence transcription. Nucleosomes 

are thought to impede the binding of elements to DNA. Therefore, by maintaining the 

occupancy and position of nucleosomes, histone modifications contribute to changes in 

chromatin landscape, being one of many events that alter transcription regulation. This is in 

contrast to the idea, or overgeneralization perhaps, that histone modifications themselves 

increase and decrease DNA accessibility and are directly activating and repressing 

transcription (reviewed in Smith & Shilatifard, 2010). This logic corresponds to the idea that 

histone modifications are not just creating a simple change of charge between DNA and 

histones to maintain the overall structure of nucleosomes, but they actually create binding 

sites for regulatory elements necessary for transcription, with specific location and marks 

combining to recruit specific regulatory proteins and outcomes (Kouzarides, 2007; Liu et al., 

2012; Nakamura et al., 2007).

6.2. What is the relation between memory at the cellular, organismal, and transgenerational 
levels?

One of the reasons that epigenetic approaches to addiction are potentially so promising is 

that successful treatment of addiction requires long-term changes in behavior. Epigenetic 

changes are associated with long-term changes at the cellular and molecular levels, such as 

cell fate and cellular memory. But what is the relation between cellular memory and long-

term memory that is distributed among different neurobiological circuits? What is the 

relation between memory at the neurobiological level and memory at the transgenerational 

level? These are key questions that are not yet resolved.

At the level of the cell, histone-mediated epigenetics may create tags that allow the 

transcriptional machinery to operate on certain DNA sequences. This creates a specific 

cellular memory that may result in increased rates and levels of transcription and translation 

the next time the circuit is activated. This cellular memory need not correspond directly to 
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memory on the level of the whole organism because psychological memories are widely 

distributed and are controlled by many molecular processes. But the cellular memory that is 

created by histone marks in various neurobiological circuits triggers the downstream events 

that are needed to solidify and maintain these organismal level memory circuits.

Can a histone-mediated epigenetic memory be transferred across generations? This is a 

critical question that requires an agreed upon definition of epigenetics. This is often 

disputed, largely on the basis of whether post-translational changes can be lasting and 

inherited from cell to daughter cell or parent to offspring (Brumfiel, 2008). While the term 

genetics implies the necessity of inheritance, less traditional views are incorporating the idea 

that changes to the transcription and translation of the genetic code may be inherited along 

with the DNA code itself. Although some studies have demonstrated that histone-mediated 

alterations in parents can lead to effects in subsequent offspring during development 

(Hammoud et al., 2009; Heard & Martienssen, 2014) few addiction-related studies have 

tested if offspring can inherit increased risk or protection from parental modifications due to 

drug use (Bohacek & Mansuy 2013).

In addition, the definitions of trans- and intergenerational inheritance have been broad. As 

defined by Heard & Martienssen (2014), intergenerational effects are those inherited in utero 

through parental effects or stimulus exposure. This is in contrast to epigenetic effects that are 

inherited generations later, without exposure to the stimuli that epigenetically altered gene 

expression or function initially, generations earlier. Few studies to date have demonstrated 

that drug use alters the information inherited by offspring and subsequent brain function 

(e.g., Vassoler et al., 2011, 2013) and that this may be mediated through histone 

modifications (Vassoler et al., 2013). In this last study, a cocaine-resistant phenotype (i.e., 

slower rate of acquisition and decreased motivation to administer high doses of cocaine as 

measured by a progressive ratio schedule of reinforcement) was inherited by male, but not 

female offspring of parents with extensive and voluntary use of cocaine. The authors showed 

that this effect was reliant on H3-mediated increases in acetylation levels on the BDNF 

promoter, subsequent increases in BDNF mRNA in the medial prefrontal cortex, and BDNF 

protein expression. A review by the same group emphasized the likelihood of epigenetic 

inheritance involved in many diseases, but reiterated that further research on the inheritance 

of post-translational modifications and drug abuse was needed (Vassoler & Sadri-Vakili, 

2014).

Evidence for human trans- and intergeneration epigenetic inheritance is still lagging and a 

key challenge is to demonstrate that experience-dependent changes, such as those outlined in 

this chapter, can be passed through multiple generations. One study by Norrholm et al. 

(2013) demonstrated that PTSD patients with an alleged PTSD risk genotype (i.e., Met/Met 

single nucleotide polymorphism) had greater fear to an experimental safety signal and were 

unable to extinguish this fear after training compared to PTSD patients without the risk 

genotype. This Met/Met versus Val/Met or Val/Val single nucleotide polymorphism at the 

catechol-o-methyltransferase [COMT] gene likely contributes to increased forebrain 

dopamine levels (Bilder et al., 2004; Matsumoto et al., 2003) in carriers. Accordingly, the 

Met/Met genotype was associated with greater DNA methylation at CpG sites that were also 

associated with patients experiencing enhanced fear to safety signals. Another study in 
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rodents demonstrated that fear conditioning in an F0 generation mouse can lead to rapid and 

specific fear learning in F1 and F2 generation mice (Dias & Ressler, 2014). Studies like 

these (e.g., Vassoler et al., 2013; Norrholm et al., 2013) will contribute to understanding how 

epigenetic and DNA based modifications can be inherited and influence health and behavior 

in subsequent generations.

6.3. What theoretical processes are altered by drugs that target histone modifications 
during treatment of addiction?

Much of the work reviewed here on histone-mediated epigenetics and addiction points to 

lasting effects on the levels of the cell and behavior. The most widely demonstrated effects 

on addiction-related memory processes come from studies showing that administration of 

HDAC inhibitors can promote memory and synaptic plasticity. When we think of treatments 

for addiction, however, we are often interested in ways in which memories associated with 

drugs can be weakened by some pharmacological treatment.

As noted in Section 3.2, when memories are retrieved, there are multiple theoretical 

processes that may be triggered. The memory itself may become labile, necessitating a post-

retrieval reconsolidation process that centers on the original drug-associated memory. 

However, if the expected drug is not administered, the behavior may begin to show 

extinction – the absence of expected drug leads to a weakening of behavior through the 

development of an inhibitory memory. A consistent finding from the literature on histone-

mediated epigenetics is that HDAC inhibitors paired with drug-related memory retrieval will 

decrease drug-seeking behavior and weaken subsequent relapse. The issue at a theoretical 

level is, why does this occur? The answer to this question has focused on both extinction and 

reconsolidation, with the distinction between them often boiling down to assumptions that 

are made about these theoretical processes (Lattal & Wood, 2013).

On one level, behavioral evidence in favor of an impaired reconsolidation account often 

comes in the form of persistently weakened behavior. Because extinction is often transient, 

with the response showing spontaneous recovery with time, renewal with context changes, 

or reestablishment with exposure to drug, any persistent effect is interpreted as an effect on 

reconsolidation, rather than extinction. Work with HDAC inhibitors, however, challenges 

this behavioral definition. Because HDAC inhibitors have been shown to promote memory 

in a variety of behavioral approaches, it is not difficult to imagine how long-term 

suppression of drug-seeking behavior could result from an enhanced extinction process. 

Increased histone acetylation and the permissive state of chromatin that it creates should 

strengthen the consequence of extinction, thereby transforming a potentially weak and 

transient behavioral experience into one that is long-lasting. Thus, a long-lasting effect on 

extinction is entirely consistent with an enhanced extinction effect.

On another level, one might examine the molecular processes that are thought to control 

reconsolidation and extinction. The thought here is that because extinction enhancements 

involve new memory formation and reconsolidation impairments involve memory 

elimination, molecular events associated with memory storage and erasure should be 

uniquely associated with extinction and reconsolidation, respectively. This is a reasonable 

way to deal with this issue, but the challenge is that we as a field do not really know which 
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molecular processes are specifically associated with memory storage or erasure. Identical 

molecular evidence has been offered for enhanced extinction and impaired reconsolidation 

(see Stafford & Lattal 2011) suggesting that the field does not yet have a handle on how 

these processes underlie memory.

Perhaps the most promising level of analysis is to examine the circuits that are activated by 

histone-mediated enhancements in extinction. The line of thinking with this approach is that 

if circuits that regulate extinction are hyperactivated by a drug such as an HDAC inhibitor, 

then this could be taken as evidence that extinction has been enhanced. Indeed, research 

from our laboratory has used this approach to identify how extinction circuits are regulated 

by HDAC inhibitors (Stafford et al., 2012). Again, the challenge here is that the circuits that 

mediate initial consolidation, reconsolidation, and extinction are highly overlapping and 

interactive. As more is understood about these circuits (e.g., specific amygdala projections 

that mediate extinction; neural substrates recruited by different contextual and 

developmental influences) this approach will become even more powerful in distinguishing 

between enhanced extinction and impaired reconsolidation processes.

Beyond extinction and reconsolidation, future work on histone-mediated changes in 

addiction-related behaviors will need to identify other psychological processes that are 

altered by these mechanisms. For example, behavioral research has identified several critical 

variables in the establishment and maintenance of drug-seeking behavior. One critical 

variable is the prediction error between the abused substance and the cues in the 

environment, with unexpected outcomes (or absences of outcomes in the case of extinction) 

having a large impact on the effects of the drug itself (Siegel, 1983) and the strength of the 

cue-drug association (Schultz, 2007). A second variable is the context in which drug seeking 

occurs – even after long periods of abstinence, exposure to a drug-associated context is 

enough to trigger relapse of drug seeking. Although there is a great deal known about how 

these and other behavioral variables influence drug-seeking behavior, very little is known 

about how epigenetic events contribute to prediction error and contextual modulation of 

drug-seeking behavior.

7. Considerations for histone-mediated treatment of addiction

Although researchers are starting to understand how histone modifications lead to 

downstream changes in transcription, there are considerable gaps that still need to be 

understood before complete treatment can be accomplished. The exact mechanism of 

modification recruitment, coordination, and differences between diseases is largely 

unknown. These gaps in knowledge limit the potential for therapeutics to target aberrant 

modifications with spatial and temporal specificity. For example, most HDAC and HDMT 

inhibitors affect multiple isoforms and other non-histone proteins with similar activity. This 

would limit the control that clinicians have over side effects.

At a psychological level, a great deal of attention has been directed toward the idea that 

histone deacetylase inhibitors may work in a variety of disorders by improving cognitive 

function. These drugs hold tremendous promise in treatment of any disorder that involves 

some type of impaired cognitive function. Research from the rodent laboratory has 
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demonstrated that these drugs are often ineffective on their own – they need to be paired 

with a behavioral experience, such as extinction. When combined with behavioral 

interventions, these drugs have great potential to promote treatment outcomes (Davis et al., 

2006; Kiefer & Dinter, 2013). However, this promise comes with potential peril, as a 

cognitive enhancing drug could strengthen the impact of an episode of relapse by promoting 

the transcriptional events associated with the relapse episode. There is therefore a need to 

administer these drugs under close clinical supervision, during which the clinician has some 

control over the experiences that the patient has while on the medication.

These basic mechanistic and psychological questions will need to be addressed in future 

work. What is clear from the literature reviewed in this chapter is that histone modifications 

play important roles in the development, maintenance, and treatment for addiction. There are 

many questions that are open and many debates that are unresolved, but there is little doubt 

that a thorough understanding of the mechanisms of histone modification, transcription, and 

translation will lead to important scientific discoveries with a high likelihood for clinical 

translation.
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Figure 1. Epigenetic changes in the cycle of addiction
Some of the potential chromatin dynamics are shown for the cycle of addiction, which 

moves from acute exposure, to chronic drug taking, to withdrawal, to abstinence and 

recovery, and finally back to acute exposure in cases of relapse, which begins the cycle 

again. Three potential states of chromatin (i.e., OPEN, CLOSED, or INTERMEDIATE) and 

their associated nuclear changes are depicted within four small gray boxes (numbered 1–4). 

These chromatin states create a more accessible (Box 2), inaccessible (Box 3), or 

intermediate (Box 1 and 3) structure for DNA to be accessed and transcription to take place. 

The top half of this figure signifies chromatin in a more “adaptive and responsive” state. The 

bottom half signifies chromatin in a more “inflexible and unresponsive” state (splitting states 

2 and 4 into both of these categories evenly). The left half of this figure signifies a more 

“heterochromatin” state, while the right half signifies a more “euchromatin” state (splitting 

states 1 and 3 into both of these categories). Dashed lines (e.g. +chronic, +relapse, 

+treatment) represent the potential for associated changes to be accelerated by rate and/or 

intensity. Box 1 (INTERMEDIATE chromatin before drug intake) represents a basal 

chromatin state with normal transcription (determined primarily by genetic and previous 

environmental interactions). In this state, the chromatin and associated nuclear changes are 

well balanced and highly regulated. Box 1→Box 2 Transition: With acute exposure to stress 

or drugs of abuse, brief and reversible changes (see bi-directional arrows) occur to select 

histone and DNA regions (increased histone acetylatransferases like CREB-binding protein 

[CBP], acetylation, DNA accessibility, learning and memory related gene transcription). Box 
2 (OPEN chromatin) represents the change that occurs with a single or acute insult to the 

system (e.g., acute stress or drug exposure). Chromatin expands, releasing repressive marks 

and tipping the balance of epigenetic regulation towards those associated with gene 

activation. Box 2→Box 3 Transition: With repeated exposure to stress or drugs, a prolonged 

and less reversible change occurs to select histone and DNA regions. Box 3 
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(INTERMEDIATE chromatin after drug intake) represents chromatin with dysregulated 

histone enzymes, marks, transcription factors (TFs) and transcription. In this state, similar 

process occur as in Box 1, yet the location where histone modifications occur, the type of 

modification, and the effect that histone modifications have on cellular and behavioral 

outcomes is altered to positively reinforce this chromatin state. The balance of regulation is 

shunted away from promoter regions that are associated with learning and adaption (cFos, 

BDNF) and shifted toward promoter regions that are associated with this altered chromatin 

state and positively reinforce this altered gene regulation (e.g., Ras and ΔFosB). These 

changes are thought to induce increased cellular tolerance and maladaptive behavior. Box 

3→Box 4 Transition: With acute drug abstinence, brief and reversible changes occur to 

select histone and DNA regions (increased histone deacetylases, methylation, DNA 

inaccessibility, decreased gene transcription) in an attempt to rebalance the previous 

dysregulation. Yet, after chronic or repeated insults to the system recent drug abstinence 

induces withdrawal associated effects (e.g., anxiety and depression) making the organism 

increasingly susceptible to relapse rather than recovery and long-term treatment. Box 4 
(CLOSED chromatin) represents the change that occurs with acute abstinence (without 

relapse) and the associated withdrawal from drugs of abuse. Here chromatin begins the 

process of rebalancing enzyme levels, histone marks, and gene transcription by generally 

increasing the repression of prior imbalances related to addiction. The previous epigenetic 

and behavioral changes placed on the system (e.g., positive feedback of ΔFosB and 

behavioral depression) make this process slow, the system resistant to rebalancing, and 

deprived of necessary proteins to counteract this state. As chromatin becomes more 

condensed, regulation is increased (although exceptions to this mechanism exist, such as 

decreases to repressive methylation with withdrawal, noted in Section 5.3). Transition from 

Box 4→Box 1: With repeated and long-term abstinence from drug use a prolonged and less 

reversible change occurs to select chromatin regions, rebalancing the location, type, and 

effect that histone modifications have on cellular and behavioral outcomes, recovering to a 

more normal and highly regulated level of transcription.
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