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Addiction is a disease inwhich, after a period of recreational use, a subset of individuals develops compulsive
use that does not stop even in light of major negative consequences. Here, we review the evidence for
underlying epigenetic remodeling in brain in two settings. First, excessive dopamine signaling during drug
use may modulate gene expression, altering synaptic function and circuit activity and leading over time to
maladaptive behaviors in vulnerable individuals. Second, on a longer timescale, life experience can shape
the epigenetic landscape in brain and thereby may contribute to an individual’s vulnerability by amplifying
drug-induced changes in gene expression that drive the transition to addiction. We conclude by exploring
how epigenetic mechanisms might serve as therapeutic targets for addiction treatments.
Drug addiction is one of the leading causes of disability in the

world today, with an estimated annual cost to the U.S. of more

than $740 billion annually related to crime, lost work productivity,

and health care (National Institute on Drug Abuse, 2018 [based on

2007–2013 statistics]). Similar European surveys, using some-

what different metrics, estimate the cost at�65 billion Euros (Ole-

sen et al., 2012). While the U.S. is currently facing an epidemic of

opioid addiction, with over 40,000 opioid-related deaths reported

in 2017 alone (Center for Disease Control and Prevention, 2017),

the country has experienced repeated cycles of use of several

abused substances over the past half century, with use of one

drug class increasing just as use of another declines. Indeed,

we are beginning to see another spike in use of psychostimulants

(cocaine, methamphetamine) as today’s policy efforts focusmore

on opioids. Despite the devastating impact of addiction on hu-

manity, available pharmacological and psychosocial treatments

remain inadequately effective for most people.

The past two decades havewitnessed compelling advances in

our understanding of how addictive drugs affect the brain initially

and, with repeated exposure, induce longer-lasting changes that

drive the compulsive seeing and taking of drugs that defines

addiction. The field has established the initial molecular targets

of virtually all drugs of abuse and demonstrated that expression

of those targets converges in defined brain regions, which

comprise the brain’s reward circuitry. This circuitry controls re-

sponses toemotional stimuli (rewardingandaversive),motivation

to prioritize and consume rewards (e.g., food, sex, social interac-

tion), executive restraint over that consumption, and shaping

future behavior through learning- andmemory-related functions.

All drugs of abuse, despite their initial effects on distinct molecu-

lar targets, exert a series of shared functional effects on the

reward circuitry to corrupt these processes, which in the extreme

cause an individual to lose control over drug consumption

(Nestler, 2005).
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An essential question in the field has been through whatmech-

anism does repeated consumption of a drug of abuse cause the

usurpation of brain reward circuits? One major effort in the field

has focused on how repeated drug exposure alters the activity of

individual neurons within these brain regions and the strength of

their synaptic contacts, in essence, reordering the reward cir-

cuitry to drive the abnormal behavior that characterizes an ad-

dicted state. A largely separate major effort has focused on

how repeated drug exposure alters the molecular constituents

of individual brain cells to alter the functioning. A third general

theme is why some individuals are vulnerable to the circuit and

molecular plasticity induced by drug consumption, while other

individuals remain resistant. Ultimately, an understanding of

drug addiction will require a synthesis of all three experimental

perspectives to delineate bidirectionally how cell-autonomous

molecular adaptations in vulnerable individuals drive the altered

functioning of the larger neural circuits within which those cells

operate, and how circuit-level disruptions caused by drugs

contribute to the cells’ molecular adaptations. We argue that

these questions can best be solved through an iterative process,

which requires the study of molecules, cells, and circuits.

The goal of this review is to set the stage for this integrated

experimental effort, which is only beginning to be employed.

We start with a brief overview of the brain’s reward circuitry

focusing on the importance of dopaminergic transmission as a

shared target for all drugs of abuse. We then introduce the

concept of epigenetics, and associated regulation of gene tran-

scription, which we view as a fundamental mechanism by which

repeated drug exposure can change the brain for a lifetime and

render an individual more susceptible to addiction later in life.

This is followed by an overview of the synaptic and circuit

changes induced by addictive drugs driving maladaptive

behavior, as well as of the epigenetic and transcriptional regula-

tion documented to date in addiction models. The review ends
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by outlining how a combined effort is poised to advance our

grasp of addiction and eventually contribute to new treatments.

Dopaminergic Signaling and Addiction
Increased dopaminergic signaling from the midbrain ventral

tegmental area (VTA) to the nucleus accumbens (NAc) in ventral

striatum is hypothesized as the initial common action of all addic-

tive drugs (L€uscher and Ungless, 2006). The effect is a strong

reinforcement, which with chronic access may shape behavior

in all subjects (here termed maladaptive behavior), but leads to

compulsive consumption only in some individuals. The hypothe-

sis is rooted in direct measures of extracellular dopamine (DA)

levels in NAc (Di Chiara and Imperato, 1988) and in the observa-

tion that electrical activationof themedial forebrainbundle (which

includes VTA/NAc axons) (Olds and Milner, 1954) or optoge-

netic excitationof VTAdopamine neurons inmiceand rats (Witten

et al., 2011; Ilango et al., 2014; Pascoli et al., 2015) drives rein-

forcement. In general, rats self-stimulate brain regions that

receive dopamine inputs, presumably through axonal stimulation

(Roberts et al., 1977). Conversely, dopamine receptor antago-

nists prevent reinforcement of psychostimulants in rats (Maldo-

nado et al., 1993; McGregor and Roberts, 1993) and primates

(Bergman et al., 1989). Within the population of VTA dopamine

neurons, those projecting to the medial NAc shell appear to be

the primary target of addictive drugs, demonstrated with micro-

dialysis and fast scan cycle voltametry (Aragona et al., 2008; Di

Chiara and Imperato, 1988; Stuber et al., 2005) or genetically en-

coded fluorescent probes (Wei et al., 2018). This is also the case

for heroin, which causes a rapid dopamine transient in the NAc

medial shell (Corre et al., 2018) driven by disinhibition of VTA

dopamine neurons (Johnson and North, 1992).

One function of midbrain dopamine neuronsmay be the gener-

ation of a reward prediction error (RPE) signal that can drive asso-

ciative learning (Schultz et al., 1997). The RPE hypothesis

provides a theoretical framework that can link pharmacological

dopamine enhancement to reward learning and ultimately addic-

tion (Keiflin and Janak, 2015). Which population of midbrain

dopamineneuronsarestimulated turnsout tobecritical, ascondi-

tioned responding only occurs with VTA stimulation and not stim-

ulation of the nearby substantia nigra (Saunders et al., 2018). The

latter can drive motor invigoration, but animals fail to learn the

significance of Pavlovian cues. Even within the VTA, dopamine

neuronsdisplay considerable heterogeneity based ondifferences

in their afferent and efferent connections as well as their re-

sponses to rewarding and aversive stimuli (Lammel et al., 2014).

Additional work is needed to define the relative contribution of

these various subpopulations to the addiction process.

Taken together, we consider addiction as a disease that is

linked etiologically to a specific pharmacological substance in

a vulnerable individual and characterized by maladaptive

compulsive consumption of that substance. While dopamine

projections from VTA to NAc trigger the development of this

pathological behavior, additional neuromodulator systems and

circuits also contribute, as will be seen below.

Epigenetic Regulation
The term epigenetics, used most broadly, describes changes in

chromatin structure that are associated with alterations in gene
expression including those induced in the fully differentiated

adult brain in response to a host of environmental stimuli such

as addictive drugs. A drug alters gene expression and epigenetic

mechanisms in two ways: as a direct effect of the drug activating

its specific molecular target and downstream signaling cas-

cades, or indirectly via increases in dopamine signaling and its

downstream cascades. For the maladaptive changes shared

across all classes of abused drugs, the latter seems of particular

interest. Epigenetic mechanisms operate throughout life and

play an important role in mediating the effect of lifetime expo-

sures on the organism. Such mechanisms are likely involved in

events during early development that contribute to variations

across individuals that arise stochastically even in the face of

constant genome sequence and similar environment (Honegger

and de Bivort, 2018). By analogy with cell differentiation, where

certain types of epigenetic modifications once they occur are

permanent, it is possible that certain epigenetic changes result-

ing from behavioral experience or random developmental events

underlie permanent changes in brain function, which could

confer vulnerability to transition from recreational to compulsive

use of drugs of abuse (Figure 1).

The last decade has witnessed important advances in under-

standing how the organization of chromatin controls the expres-

sion of specific genes (Berger, 2007; Maze et al., 2010). Many

types of such epigenetic mechanisms affect the readability of

the DNA double helix, which is wrapped around octamers of his-

tones to form the unit of chromatin called a nucleosome (Box 1;

Figure 2). In many tissues, including the brain, numerous types of

histone modifications (e.g., acetylation, methylation, and phos-

phorylation, among others), along with the ‘‘writers,’’ ‘‘erasers,’’

and ‘‘readers’’ underlie these regulatory mechanisms. Also

important are changes in nucleosome spacing and turnover,

methylation of DNA itself, and several types of non-coding

RNAs (ncRNAs), such as microRNAs (miRNAs) and long non-

coding RNAs. Even the 3D structure of chromatin is subject to

dynamic regulation. Through ‘‘looping,’’ distant regions of the

genome can be brought into close proximity, affecting gene

expression (Dekker and Mirny, 2016; Rowley and Corces,

2016). While many of these modifications are transient, some

are long lived and may contribute to lasting cellular plasticity.

However, no particular mode of epigenetic regulation is inher-

ently stable, which means that the longer-lasting epigenetic

changes can only be ascertained by empirical study. Moreover,

numerous epigenetic mechanisms work in concert to control

gene expression, which requires their exploration in a coordi-

nated manner.

Recent years have brought numerous methodological ad-

vances (see Box 1), which have made the study of these multiple

epigenetic endpoints feasible in both animal and human brain tis-

sueexaminedpostmortem.These approaches have successively

enabled studies of gene expression and epigenetic regulation in

discrete rodent and human brain regions, in populations of spe-

cific neural and non-neural cell types within those targeted brain

regions, and most recently in individual cells in those regions.

Such detailed analyses are essential given that each cell type is

characterized by its unique epigenome consistent with cell-

type-specific patterns of gene expression and regulation, which

areonly beginning to be elaborated in brain (Akbarianet al., 2015).
Neuron 102, April 3, 2019 49



Figure 1. Impact of Epigenetic Remodeling
on Addiction
Life experience, such as early life stress, may
shape the epigenetic landscape during develop-
ment and eventually determine the individual
vulnerability of addiction. In addition, addictive
drugs may modulate gene expression via epige-
netic mechanism. Molecular changes may occur
through signaling of the drug-activated target or
indirectly via increase of dopamine. The latter may
constitute a molecular basis of neural circuit
adaptation, such as drug-evoked synaptic plas-
ticity common to all addictive drugs.
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Synaptic Plasticity Underlying Drug-Induced Addiction-
like Behavior
Consistent with shared increases in dopamine signaling across

classes of drugs of abuse, animals share behavioral responses

to acute and repeated drug exposure. Psychostimulants, opi-

ates, and other abused substances increase locomotor activity

in rodents upon initial exposure and cause a progressive in-

crease in such locomotor activation with repeated drug doses,

a phenomenon termed locomotor sensitization, which can last

for weeks or months (Robinson and Berridge, 2001). Animals

also learn to prefer an environment paired with drug exposure,

referred to as conditioned place preference. Rodents self-

administer drugs of abuse volitionally and over time will work

hard (e.g., avidly press a lever) to obtain additional doses and

are not deterred by a progressive ratio schedule (requirement

to press the lever at accelerating rates) (Everitt and Robbins,

2000) or by receiving an aversive stimulus along with the drug

(Vanderschuren and Everitt, 2005). The drive to self-administer

a drug increases during periods of abstinence within the

first month, called incubation of drug craving (Grimm et al.,

2001), and relapse to self-administration, even after prolonged

abstinence (weeks, months), is stimulated by exposure to the

drug itself, to cues associated with the drug, or by stress

(Bobadilla et al., 2017; Venniro et al., 2016).

A large literature has implicated specific, drug-evoked forms

of synaptic plasticity inmaladaptive behaviors. A comprehensive

review can be found elsewhere (L€uscher, 2016); only a few ex-

amples are provided here. An initial dose of an addictive drug

causes a potentiation of excitatory afferents onto VTA dopamine

neurons (Ungless et al., 2001; Saal et al., 2003). Potentiation of

excitatory glutamatergic afferents from medial prefrontal cortex

(mPFC) and ventral hippocampus onto D1 receptor-expressing

medium spiny neurons (MSNs) of the NAc has been causally

linked to cue-associated drug-seeking behavior (Pascoli et al.,

2014). While the induction of such plasticity typically requires

dopamine, expression mechanisms vary and metabotropic

glutamate receptors may limit the potentiation (McCutcheon

et al., 2011). For excitatory transmission, insertion of AMPA

glutamate receptors—and in some cases insertion of GluA2-

lacking, calcium-permeable AMPA receptors—into the postsyn-

aptic plasma membrane is a common feature (Bellone and

L€uscher, 2006). Conversely, drug-evoked plasticity of GABA

transmission is expressed predominantly by a presynaptic

mechanism, typically involving a change in the release probabil-

ity of GABA (Bocklisch et al., 2013). NAc neurons also express

calcium-permeable AMPA receptors following drug exposure,
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particularly when cocaine is self-administered (Conrad et al.,

2008; Wolf and Tseng, 2012). Cocaine and opiate exposure like-

wise regulates the total number of functional glutamatergic syn-

apses on NAc MSNs, as silent synapses—those displaying

NMDA receptor, but not AMPA receptor, responses—appear

and recede over the course of drug self-administration, with-

drawal, and relapse (Dong, 2016). Many forms of drug-evoked

plasticity or the mechanisms by which the brain eventually re-

stores baseline transmission depend on protein synthesis. For

example, theGluA2-lacking a-amino-3-hydroxy-5-methyl-4-iso-

xazolepropionic acid receptors (AMPARs) inserted after a first

exposure to an addictive drugs are exchanged for with GluA2-

containing receptors, which are synthesized de novo. In the

NAc, the concomitant activation of D1R and N-methyl-D-aspar-

tate receptors (NMDARs) triggers theMAP-kinase-ERK pathway

(Bertran-Gonzalez et al., 2008) with an impact on transcription.

Circuit Remodeling Underlying Habits and Compulsion
TheNAc and several upstream regions that innervate the NAc via

glutamatergic neurons—prefrontal cortex (PFC), ventral hippo-

campus, basolateral amygdala, and thalamus, each of which re-

ceives dopamine projections from the VTA—emerge as the main

loci of dopamine-mediated circuit remodeling. The region that

has received the most attention to date is the medial PFC

(mPFC), with the top-down glutamatergic projections from the

mPFC to the NAc and several other subcortical regions having

been linked to maladaptive behavior and individual vulnerability

in addiction models (Figure 3). Distinct subregions of mPFC

modulate cocaine taking with opposing effects. Stimulation of

the more dorsal prelimbic (PL) subregion promotes drug con-

sumption, while stimulation of the more ventral infralimbic (IL)

subregion restrains relapse after extinction (Peters et al., 2008).

This straightforward go and/or no-go model is rooted in the

idea of segregated projections to NAc core versus shell, respec-

tively. Recent observations, however, paint a more complex pic-

ture: both regions can drive and inhibit drug seeking as a function

of the context and drug history (Moorman et al., 2015). A more

refined model thus takes into account mPFC/NAc projections

of individual neurons, which intermingle in PL and IL to reach

NAc core and shell. Given the myriad of functions attributed to

the mPFC, further refinement of the model seems warranted.

In this context, the neural correlates of habitual actions are rele-

vant. With repetition, IL activity exceeds PL activity, and IL inac-

tivation restores goal-directed behavior. This model posits that

habitual performance may be driven with a switch from PL to

IL (Chen et al., 2013; Mihindou et al., 2013). While appealing,



Box 1. Overview of Epigenetic Regulation

DNA is condensed into the nucleus of the cell in a highly organized and compact manner referred to as chromatin. The

functional unit of chromatin, the nucleosome, is composed of�147 base pairs wrapped around core histone octamers consisting

of 2 copies of each of the following proteins: histones H2A, H2B, H3, and H4 (Figure 2). Each histone protein can undergo

numerous post-translational modifications (PTMs) in which different functional groups are covalently added to amino acid residues

of their N-terminal tails—e.g., acetylation, methylation, phosphorylation, ubiquitination, SUMOylation, crotonylation, citrullination,

and ADP-ribosylation, among others (Walker and Nestler, 2018). These modifications not only alter the structure of the

nucleosome, but also change the interaction of DNA with the associated histones, thus increasing or decreasing the likelihood

of transcription at a given locus. Histone modifications are diverse, and we are only beginning to understand how the diverse

combinations of histone PTMs influence or indicate specific transcriptional states (Maze et al., 2014). Finally, histonemodifications

are added or removed by a large family of enzymes referred to as ‘‘writers’’ and ‘‘erasers,’’ respectively, making them reversible

and dynamic epigenetic modifications. For example, histone acetylation is catalyzed by histone acetyltransferases, and reversed

by histone deacetylases (HDACs). ‘‘Readers’’ refer to a host of proteins that bind to a specific PTM (or combination thereof) to

effect changes in chromatin structure (e.g., nucleosome spacing) and the binding of the transcriptional machinery at a locus to

ultimately control gene transcription.

An important epigenetic regulator in addition to histone modifications is DNA methylation, which occurs with the addition of a

methyl group to cytosine-phospho-guanine (CpG) at the C5 position (5-mC). In development, it plays a pivotal role in tissue-spe-

cific gene expression, cellular differentiation, X chromosome inactivation, imprinting of parental alleles, and repetitive element

silencing. DNA methylation at gene promoters is generally associated with repression, while methylation in gene bodies has

been associated with active transcription (Cholewa-Waclaw et al., 2016; Kinde et al., 2015). A related cytosine modification, 5-hy-

droxy-mC (5-hmC), is concentrated in gene bodies and is enriched in brain and associated with active gene transcription. Recent

genome-wide characterization of DNA methylation has revealed non-cytosine methylation, which also appears to regulate gene

transcription. While DNA methylation has traditionally been characterized as a stable epigenetic mark, recent evidence shows

that it is much more transient than previously thought. It is clear that DNA methylation and histone modifications participate in

an ‘‘epigenetic conversation’’ to regulate transcription. For example, DNA methylation can recruit methylation-binding proteins,

which in turn recruit HDACs, leading to a repressed chromatin state.

A suite of genome-wide sequencing tools has made it increasingly feasible to characterize this wide range of epigenetic modifi-

cations in discrete brain regions, populations of the same cell type within a region, and even all cells in a region at the single-

cell level. RNA sequencing (RNA-seq) captures all RNAs expressed including diverse types of non-coding RNAs. Chromatin immu-

noprecipitation sequencing (ChIP-seq) enables genome-wide delineation of histone modifications and the binding of transcription

factors, histone writers, erasers, and readers, chromatin regulatory proteins, etc. across the genome. An assay for transposase-

accessible chromatin sequencing (ATAC-seq) maps nucleosomes in a genome-widemanner to identify regions that are accessible

for transcription. Bisulfite sequencing provides a genome-wide measure of DNA methylation. Finally, Hi-C is a sequencing

approach that provides a genome-wide map of the 3D structure of chromatin, which places widely separated genomic regions

into close proximity. Most of these approaches are nowbeing applied to the level of single cells (Luo et al., 2018). These and related

methods are transforming the field’s ability to define epigenetic regulation in the brain.
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this hypothesis is also likely oversimplified and its relationship to

compulsive action remains elusive. Other regions of the PFC

have been implicated as well, in particular, the dysfunction of

the orbitofrontal cortex (OFC), which may contribute to compul-

sive drug intake (Lucantonio et al., 2014; Pascoli et al., 2015).

If mPFC and OFC play a role in appropriately updating the af-

fective value of stimuli and action outcome during goal-directed

behavior, they may dysfunction in pathological states where

compulsion is a key symptom. Analogies between obsessive-

compulsive disorder (OCD) and addiction come to mind. OCD

is characterized by upsetting, persistent thoughts, and repetitive

behavioral responses to these thoughts (Alonso et al., 2015),

while addiction is defined by compulsive drug taking despite

negative consequences (Wise and Koob, 2014). A leading theory

posits that compulsivity emerges from abnormal transition be-

tween habitual and goal-directed behaviors (Gillan et al., 2016;

Voon et al., 2015), which is why the OFC has been implicated

in both OCD and addiction in pre-clinical and human studies

(Beucke et al., 2013; Fettes et al., 2017; Lucantonio et al.,
2014). Lack of restraint for punished reward administration

may acutely be coded by mPFC neurons projecting to the NAc

(Kim et al., 2017) but is likely to extend to larger cortical areas

in a chronic situation. Similarly, hypoactivity of the mPFC con-

tributes to compulsive cocaine self-administration (Chen et al.,

2013). Given the role of mPFC in pain perception (Ong et al.,

2018), the decreased ability of electric shock to dampen drug

consumption may also reflect decreased sensitivity to the shock

(Pascoli et al., 2015). Moreover, the cellular andmolecular mech-

anisms underlying mPFC hypoactivity remain poorly under-

stood. The ‘‘progression to addiction’’ begins with the first expo-

sure, and gradually consolidates during repeated, yet still

controlled drug use. As use escalates, drug administration be-

comes compulsive in vulnerable individuals, resulting in loss of

control over drug use (Belin-Rauscent et al., 2016; Everitt and

Robbins, 2016). This progression may depend on habit forma-

tion discussed above, which slowly becomes more and more

pronounced, eventually qualifying as compulsion. Alternatively,

compulsion can be understood as the development of extreme
Neuron 102, April 3, 2019 51



Figure 2. Integrated Scheme of Epigenetic and Synaptic Mechanisms of Addiction
DNA is organized by wrapping around histone octomers to form nucleosomes, which are then further organized and condensed to form chromosomes (left). Only
by temporarily unraveling compacted chromatin can the DNA of a specific gene bemade accessible to the transcriptional machinery. Addictive drugs act through
synaptic targets such as reuptake mechanisms, ion channels, and neurotransmitter (NT) receptors to alter intracellular signaling cascades (right). This can occur
either directly or indirectly via increased dopaminergic transmission which, through its respective G-protein coupled receptors (GPCRs), affects downstream
signaling cascades. This leads to the activation or inhibition of transcription factors (TFs) and of many other nuclear targets. These processes ultimately result in
the induction or repression of particular genes, including those for non-coding RNAs such as microRNAs; altered expression of some of these genes can in turn
further regulate gene transcription. It is proposed that some of these drug-induced changes at the chromatin level are extremely stable and thereby underlie the
long-lasting behaviors that define addiction.
CREB, cyclic AMP-responsive element binding protein; DNMTs, DNA methyltransferases; HATs, histone acetyltransferases; HDACs, histone deacetylases;
HDMs, histone demethylases; HMTs, histone methyltransferases; MEF2, myocyte-specific enhancer factor 2; NF-kB, nuclear factor-kB; pol II, RNA polymerase
II. Modified from Robison and Nestler (2011).
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goal-directed actions with a narrow focus (Vandaele and Janak,

2017). In an addiction model based on optogenetic self-stimula-

tion of VTA dopamine neurons, compulsion was associated

with a selective strengthening of the mPFC/dorsal striatum

projection (Pascoli et al., 2018). The synaptic potentiation was

observed in afferents of both D1 and D2MSN projection neurons

and mediated by a postsynaptic expression mechanism. Bidi-

rectional in vivo manipulations of this projection exert direct ef-

fects on the compulsion: a long term depression (LTD) protocol

renders compulsive mice more sensitive to the punishment,

while artificial potentiation favored self-stimulation despite pun-

ishment. The induction mechanisms of these synaptic changes

remain largely unknown, calling for molecular studies of the

mPFC and OFC, as well as of the other major glutamatergic

afferent regions to the NAc including ventral hippocampus,

amygdala, and thalamus, among others, in the context of addic-

tion and other psychiatric disorders. An appealing hypothesis is

that with chronic drug exposure more and more dorsal loops

may be recruited. In fact, anatomical constraints (Haber et al.,

2000), lesion experiments (Belin and Everitt, 2008), and fast cycle

voltammetry measurements of dopamine (Willuhn et al., 2012) at
52 Neuron 102, April 3, 2019
different stages of the disease progression support such a

model. Taken together, emerging circuit models will guide the

search for the underlying molecular mechanisms involved.

Genetics of Individual Vulnerability
Clinical studies have estimated that only 10%–20% of people

who recreationally use psychostimulants or opiates will eventu-

ally become addicts, with other drugs showing lower transition

rates (Egervari et al., 2017; Vsevolozhskaya and Anthony,

2016, 2017). These numbers are generally reproduced in rats

(Deroche-Gamonet et al., 2004) and mice (Pascoli et al., 2015).

Both genetic and environmental factors contribute to making

an individual vulnerable to this progression to addiction while

others remain unscathed.

Evidence for heritability of addiction is based on observations

in twins (Bevilacqua and Goldman, 2009). The monozygotic to

dizygotic twin concordance ratios for drug addictions are

approximately 2:1 (Goldman et al., 2005). Moreover, when quan-

tified using h2, heritabilities average �50% for all classes of

abused substances studied to date, which is surprising for a dis-

ease where choice and psychosocial factors are so strongly



Figure 3. Brain Circuits Implicated in Maladaptive Behavior that May Undergo Epigenetic Remodeling
The core projections targeted by addictive drugs include the glutamatergic cortical top down control of the midbrain to striatal loops. Two main streams can be
distinguished: the direct pathway exclusively made of D1R-expressing medium spiny neurons and the indirect pathway that contains both D1 and D2R-MSNs
and reaches the midbrain via a relay in the pallidum. With increasing duration of drug exposure and transition toward compulsive abuse, more and more dorsal
loops may be recruited.
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involved. Since differences in h2 between drugs may reflect the

pharmacological efficacy of activating themesolimbic dopamine

system, it has been argued that this variation resides in the

intrinsic addictiveness of a drug, which may be reflected in the

strength of common drug-induced circuit adaptations (Goldman

et al., 2005).

The underlying genetic mechanisms of addiction are highly

complex. It is likely that sequence variations at many hundreds

of genetic loci comprise the 50% heritability of addictions, with

each individual locus contributing a minute fraction to individual

differences in addiction vulnerability. Only a small subset of

contributing genetic variations has been established to date.

Several environmental factors have been associated with addic-

tion vulnerability in humans, including early life trauma, disrupted

family structure, and peer pressure, among many others, with

certain forms of stress likewise increasing addiction vulnerability

in laboratory rodents. For example, prepubertal deprivation of in-

teractions with conspecifics may increase the risk for the transi-

tion to addiction (Baarendse et al., 2014). The rats were socially

isolated between postnatal days 21 and 42, a time period roughly

comparable to childhood and early adolescence in humans

(McCutcheon et al., 2009; Wong et al., 2013), and their

motivation for cocaine under a progressive ratio schedule was

enhanced.

However, strong individual differences in vulnerability to

addictive drugs are still observed in genetically homogeneous

populations of animals (inbred rat and mouse lines) while main-

taining constant environment to the extent possible (Pascoli

et al., 2015). The biological basis of this non-genetic, non-envi-
ronmental cause of individual variability is unknown but could

involve stochastic events during development.

Individuality in Genetically Identical Conspecifics
‘‘Stochastic individuality’’ (Honegger and de Bivort, 2018) is

defined by behavioral variance despite identical genotypes

exposed to identical environments. Examples range from startle

response in clonal daughters frompea aphids (clover lice) to vari-

ance in identical twins, who grow up in the same household.

Given that a multitude of factors shape behavior through com-

plex interactions, even small environmental perturbations may

promote random variation. In the case of addiction, positive

feedback mechanisms may amplify the stochastic individuality

such that a behavioral ‘‘bistability’’ would emerge (i.e., addicted

versus recreational use). To parse the contribution of the

different components, it may thus help to control for one and

test the others. In this context, congenic mice on a C57BL/6

background have often been used in experimental models,

thereby minimizing the contribution of genetic factors for behav-

ioral traits. These mice are quasi clonal, confirmed by

sequencing of the C57BL/6J strain at 6.53 coverage (Keane

et al., 2011; Waterston et al., 2002), which revealed little (< 1%)

intra-strain genetic variation. By contrast, significant inter-strain

variability between widely used strains of laboratory mice is

well known, for example, reflecting contributions of the two

subspecies Mus musculus domesticus and Mus musculus mus-

culus (Wade and Daly, 2005). Not surprisingly, several studies

report behavioral differences between C57BL/6 sub-strains,

including addiction-relevant traits: e.g., C57BL/6J display a
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stronger preference for alcohol than C57BL/6N (Blum et al.,

1982; Hwa et al., 2011). However, there is no evidence for poly-

morphic variance within the C57BL/6J strain underlying drug-

adaptive behavior. Regardless, substantial behavioral individu-

ality emerges even among identical C57BL/6N or C57BL/6J

mice (Freund et al., 2013), which could be explained by one of

the following mechanisms: (1) remaining minimal residual segre-

gation, as perfect inbreeding is impossible, (2) transcriptional

and epigenetic drift caused by small differences in the environ-

ment, and (3) stochastic changes in gene expression and circuit

function over a lifetime. The last two mechanisms may be linked,

as epigenetic remodeling is posited to play an important role in

stochastic developmental events. While this has yet to be

demonstrated empirically, epigenetic regulation represents an

appealing mechanism for controlling individual vulnerability to

addictive drugs.

Epigenetic Regulation in the Addiction Process
An increasing number of studies have investigated epigenetic al-

terations elicited by cocaine or other addictive drugs (Nestler,

2014). They report that drug-induced changes in gene expres-

sion are associated with many types of epigenetic events,

including several forms of histone modifications, DNA methyl-

ation, and miRNAs. Most of this work has focused on NAc and

has examined such epigenetic changes at individual candidate

genes of interest and increasingly genome-wide by use of chro-

matin immunoprecipitation followed by deep sequencing (chro-

matin immunoprecipitation sequencing [ChIP-seq]) and related

methods (see Box 1). For example, cocaine or morphine regula-

tion of histone acetylation and methylation, and of DNA methyl-

ation, have been mapped genome-wide in NAc and correlated

with changes in gene expression in addiction models (e.g.,

Damez-Werno et al., 2016; Feng et al., 2014; Massart et al.,

2015; Maze et al., 2010; Renthal et al., 2009; Sadakierska-Chudy

et al., 2017; Sun et al., 2017). Moreover, manipulation of the

writers and erasers of these individual histone and DNA marks

specifically in NAc of adult animals has been shown to

control drug-elicited behaviors, including self-administration.

For example, large numbers of gene promoters are hyper-meth-

ylated in NAc after extended withdrawal from cocaine but

become hypo-methylated during cue-induced reinstatement of

self-administration (Massart et al., 2015). Injections of a DNA

methyltransferase inhibitor into the NAc abolished reinstate-

ment. Further molecular and pharmacological studies in which

writers and erasers of DNA methylation are suppressed or acti-

vated in NAc specifically, or systemically, support a complex

role of DNA methylation in cocaine-related behaviors (LaPlant

et al., 2010; Sadri-Vakili, 2015; Vaillancourt et al., 2017). Manip-

ulations of histone deacetylases (HDACs) and histone methyl-

transferases likewise change behavioral responses to cocaine,

but the effects appear highly dependent on the timing of manip-

ulations (e.g., Kennedy et al., 2013; Sadri-Vakili, 2015). Similarly,

several miRNAs have been shown to be upregulated after

cocaine or other drug exposure, while others are downregulated

(Doura and Unterwald, 2016). Modulation of expression of these

miRNAs in the striatum has been shown to alter a variety of drug-

related behaviors (Chandrasekar and Dreyer, 2011; Hollander

et al., 2010; Quinn et al., 2015). Regulation of nucleosome
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spacing and 3D chromatin structure in NAc has also been impli-

cated in the actions of drugs of abuse (Engmann et al., 2017; Sun

et al., 2017). A major weakness of the extant literature is that

most studies to date have examined whole extracts of NAc; it

is essential moving forward to capture drug-induced changes

in this range of epigenetic endpoints at the level of individual neu-

rons and other cell types that comprise this brain region. Prelim-

inary reports of this cell-type-specific approach are beginning to

appear (Mews et al., 2018; Zhang et al., 2018). Likewise, parallel

studies are needed of individual cell types within other critical

brain reward regions.

A criticism of the epigenetics field in general is that chromatin

modifications simply reflect changes in gene expression but do

not in and of themselves represent the key drivers of such

changes, which according to this traditional viewpoint rely

mostly on transcription factors. Drug regulation of transcription

factors is no doubt crucial for transcriptional regulation, but

recent evidence directly establishes the causal involvement of

epigenetic mechanisms as well. Using new tools that allow the

direct targeting of a histone-modifying enzyme to a single gene

within NAc neurons, even within a single type of NAc neuron,

has been shown to bidirectionally control expression levels of

the targeted gene, with increased histone acetylation promoting

that gene’s expression and increased repressive histonemethyl-

ation exerting the opposite effect (Hamilton et al., 2018; Heller

et al., 2014; 2016). These studies are important milestones in

the neuroepigenomics field because they demonstrate that

drug-induced epigenetic modifications are not simply passive

bystanders of changes in gene expression but contribute caus-

ally to such transcriptional regulation. More recently, CRISPR

tools have been used to execute several types of such locus-

specific epigenome editing within the brain (Gallegos et al.,

2018; Hamilton et al., 2018; Liu et al., 2018; Lorsch et al.,

2018). This new approach of ‘‘causal epigenomics’’ facilitates

the ability to establish the role of epigenetic modes of regulation

in neural phenomena and even raises the advent of eventually

utilizing such approaches as novel therapeutics for addiction

and other CNS diseases.

Epigenetic Basis of Individual Variability
Only a few studies to date have reported epigenetic screening

of vulnerability endophenotypes. One measured responding

to a natural reward, progressive ratio breakpoint, and cue-

induced reinstatement of drug seeking in rats to determine their

vulnerability to compulsive drug taking. In the ‘‘vulnerable’’ rats,

several miRNAs were found at elevated levels in the striatum

(Quinn et al., 2015). Other studies have used the link between

stress and propensity to addiction to hypothesize about epige-

netic markers that contribute to addiction vulnerability (Cadet,

2016). RNA-seq studies have begun to map genome-wide

cocaine-induced changes in gene expression in NAc and

several other reward-related regions as a consequence of

exposure to stress earlier in life (Walker and Nestler, 2018);

however, further work is needed to investigate the epigenetic

mechanisms that underlie this priming effect of stress. Because

stress increases the likelihood of developing compulsive drug

taking, and because stress and addictive drugs drive some

similar epigenetic changes (Covington et al., 2011), it has
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been proposed that epigenetic modifications induced by stress

might underlie lifelong vulnerability to addiction. However, this

hypothesis has yet to be tested directly.

Another line of research examines the heritability of epigenetic

changes that occur in sperm or egg cells (Morrow and Flagel,

2016; Szutorisz and Hurd, 2016; Vassoler et al., 2013). Animals

that are exposed to any of several drugs of abuse have offspring

with different rates of drug vulnerability compared with control

animals. There is correlative evidence that part of this trans-

generational transmission of changes in drug responses might

be mediated by drug-induced epigenetic modifications in sperm

cells; however, these reports lack causal evidence. Moreover

the mechanism of induction remains elusive. Are epigenetic

changes in sperm or egg cells a direct effect of the drug in the

gonads or the results of altered brain function? And how does

an epigenetic modification in sperm or egg cells program highly

specific changes in a given cell type and circuit in the brain? Until

it is feasible to selectively replicate and block a drug-induced

epigenetic modification (e.g., DNA methylation event, miRNA)

in sperm or egg, and demonstrate consequent effects and un-

derstand underlying mechanisms on brain and behavior through

multiple generations, the question of trans-generational epige-

netic inheritance of addiction vulnerability must be viewed with

caution.

Taken together, there are heuristic reasons to expect that

epigenetic mechanisms mediate the ability of behavioral experi-

ence during a lifetime to program an individual for greater or

lesser vulnerability to compulsive drug use later in life, but limited

experimental evidence. Such studies are now required and

should be integrated with the substantial and still growing litera-

ture of the epigenetic remodeling that underlies drug-induced

maladaptive behavior in adults. This combined effort will define

the ways in which stress and other forms of life experience leave

epigenetic marks—or ‘‘chromatin scars’’—at specific genomic

loci, which may, when paired with pharmacologically evoked,

strong dopamine transients in adolescence or adulthood favor

the transition to addiction.

Bridging Epigenetic Regulation with Synaptic and
Circuit Plasticity
The well-described changes in synaptic plasticity that are

induced in mesocorticolimbic circuits by repeated exposure to

addictive drugs may mediate a state of addiction rooted in

cell-autonomous changes in gene expression and epigenetic

modifications in constituent cell types of these circuits. However,

while diverse types of epigenetic changes and associated

altered expression of specific target genes have been strongly

implicated in behavioral aspects of addiction as discussed

earlier, there remains a paucity of studies that have sought to

directly link epigenetic and transcriptional regulation in a given

cell type to addiction-associated synaptic and circuit plasticity.

We propose that bridging these levels of analysis is a funda-

mental need in addiction research.

Studies of two transcription factors implicated in addiction

through epigenetic mechanism illustrate this research direction.

Several drugs of abuse have been shown to activate CREB

(cAMP response element binding protein) and DFosB (a trun-

cated product of the FosB gene) in NAc (Robison and Nestler,
2011). CREB activation occurs in both the D1 and D2 subtypes

of NAc MSNs defined by the dopamine receptor they predom-

inantly express, whereas DFosB activation occurs selectively

within D1-type MSNs in response to all drugs of abuse except

for opiates, which interestingly induce the protein in both cell

types (Lobo et al., 2013). CREB activation in NAc MSNs serves

a negative feedback, homeostatic role, as it opposes the

behavioral effects of cocaine and opiates (Robison and Nestler,

2011). This action increases the intrinsic excitability of these

neurons (Dong et al., 2006). CREB activation also contributes

to drug-induced synaptic plasticity in NAc by mediating

cocaine induction of the GluN2B subunit of NMDA glutamate

receptors and associated changes in dendritic morphology

(Bellone and L€uscher, 2012; Dong and Nestler, 2014). These

actions appear to be the same in D1- and D2-type NAc

MSNs. DFosB, in contrast, exerts opposing effects on these

two MSN subtypes in NAc, with increased AMPA receptor

function induced in D1-type MSNs and decreased AMPA re-

ceptor function induced in D2-type MSNs (Grueter et al.,

2013). Likewise, DFosB increases the formation of silent synap-

ses on D1 MSNs, consistent with a DFosB-induced increase in

thin dendritic spines on this cell type but reduces silent synap-

ses on D2 MSNs. Genome-wide studies have examined the

range of target genes controlled by CREB and DFosB in NAc

(Renthal et al., 2009) and, not surprisingly, genes involved in

cell excitability and synaptic function are prominent among

their targets. However, these analyses have not yet been per-

formed on a cell-type-specific basis, which is a high priority

particularly for DFosB given different actions in the two NAc

cell types. CREB and DFosB action have also been related to

several modes of epigenetic modifications, including histone

acetylation and methylation on a genome-wide and candidate

gene basis (Renthal et al., 2009), but this too must now be

repeated in a cell-type-specific manner. Ultimately, it may

also prove useful to carry out transcriptomic and epigenomic

mapping at the level of single cells, given the considerable het-

erogeneity that has been observed to date even among the

same cell type (Gokce et al., 2016). However, technical ad-

vances in these methods will be needed to dramatically in-

crease the coverage of the genome that they provide.

Of course, CREB and DFosB are just two of numerous tran-

scription factors implicated in drug action. Recent transcrip-

tome-wide mapping of gene expression changes induced in

NAc and several other mesocorticolimbic brain regions by

cocaine self-administration has revealed prominent lasting ef-

fects of drug exposure—genes whose expression is primed or

desensitized in concert with incubation of drug craving and

relapse behavior, with several transcription factors in addition

to CREB and DFosB deduced to play an important role

(Walker et al., 2018). Future work is needed to causally impli-

cate these other factors in drug action as well as define the

cell specificity of their actions and the accompanying epige-

netic modifications that occur to drive long-lasting changes

in gene expression.

This literature provides an ideal foundation upon which to

now delineate the precise steps through which individual or

combinations of transcription factors in a given cell type—and

the associated epigenetic modifications at specific genomic
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loci—mediate cell and circuit plasticity associated with addic-

tion. For example, tools exist to control levels of endogenous

CREB or DFosB in specific cell types, even within specific sub-

sets of those cells that form microcircuits with other brain re-

gions, as noted above. Tools also exist to target CREB or DFosB

to a single gene of interest in a neuronal cell type in vivo (Lorsch

et al., 2018). These various tools can now be used to construct a

stepwise understanding of how a drug of abuse, like cocaine or

heroin, modifies a single transcription factor and associated

epigenetic parameters to alter expression of selected genes,

and how that relates to altered excitability of the cell, the strength

of its synaptic inputs, and together the strength and pattern of its

outputs.

As this type of synthetic analysis moves forward, it will be

possible to then take a developmental perspective and analyze

how events early in life—as well as stochastic changes during

development—prime changes in gene expression via epigenetic

mechanisms for a lifetime and how that renders cells and circuits

more vulnerable to addiction. Recent work for example has

shown that early life stress causes lifelong changes in steady-

state expression levels of numerous genes in mesocorticolimbic

brain regions as well as primes or desensitizes many other genes

for altered expression in response to subsequent stress in adult-

hood (Peña et al., 2017). These types of analyses are now under-

way in addiction models and will provide novel insight into how

life experience controls addiction vulnerability.

Outlook for Therapeutic Advances
Virtually all available treatments for drug addiction act on the

initial protein targets for drugs of abuse, such as opioid receptors

(methadone, buprenorphine) and nicotinic cholinergic receptors

(varenicline). It has been much harder to target core addiction

mechanisms in the brain. One limitation of drug discovery efforts

to date is that they have concentrated on candidate protein tar-

gets of interest. Our expectation is that the unbiased, genome-

wide efforts described above, made possible by advanced

genomic and epigenetic approaches, will better focus therapeu-

tic discovery on the genes and biochemical pathways, and their

synaptic and circuit consequences, that are most prominently

involved in drug craving and relapse. A related possibility is

whether targeting the lasting epigenetic mechanisms that drive

lifelong changes in addiction vulnerability represent an additional

path for medication development. As noted earlier, there are

encouraging findings based on the use of inhibitors of HDACs,

histone or DNA methyltransferases, or chromatin remodeling

proteins in animal models (e.g., Egervari et al., 2017; LaPlant

et al., 2010; Massart et al., 2015; Walker and Nestler, 2018).

However, a major challenge of this approach is that such mole-

cules, now in development for cancer therapy (e.g., HDAC inhib-

itors, bromodomain inhibitors), target ubiquitously expressed

proteins and likely have too many off-target effects for treatment

of drug addiction. Whether it will be feasible to generate small

molecules that exert more selective effects on the brain is an

empirical question that will be answered with future investiga-

tions. The advent of locus-specific epigenome editing broadens

still further the range of approaches that could potentially target

such mechanisms more selectively, but such studies are in very

early stages of investigation.
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