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Abstract

As an individual becomes addicted to a drug of abuse, nerve cells within the brain’s reward 

circuitry adapt at the epigenetic level during the course of repeated drug exposure. These drug-

induced epigenetic adaptations mediate enduring changes in brain function which contribute to 

life-long, drug-related behavioral abnormalities that define addiction. Targeting these epigenetic 

alterations will enhance our understanding of the biological basis of addiction and might even 

yield more effective anti-addiction therapies. However, the complexity of the neuroepigenetic 

landscape makes it difficult to determine which drug-induced epigenetic changes causally 

contribute to the pathogenic mechanisms of drug addiction. In this review, we highlight the 

evidence that epigenetic modifications, specifically histone modifications, within key brain reward 

regions are correlated with addiction. We then discuss the emerging field of locus-specific 

neuroepigenetic editing, which is a promising method for determining the causal epigenetic 

molecular mechanisms that drive an addicted state. Such approaches will substantially increase the 

field’s ability to establish the precise epigenetic mechanisms underlying drug addiction, and could 

lead to novel treatments for addictive disorders.

Epigenetic modifications in addiction

The neuroepigenetic landscape

The term ‘epigenetics’ is commonly used to describe the dynamic molecular modifications 

deposited upon chromatin within a cell’s nucleus, which has the functional consequence of 

regulating DNA-related processes, such as DNA repair, chromatin organization, and RNA 

transcription and splicing, among other functions. Drug addiction researchers have become 

interested in studying epigenetics due to the fact that an individual’s experience, specifically 

volitional, repeated drug consumption, alters the chromatin landscape within the brain in a 

region- and cell type-specific manner1. It is widely hypothesized that, by regulating DNA-

related processes, these drug-induced epigenetic alterations contribute to aberrant cellular 

function that drives drug addiction pathogenesis. There may, therefore, be therapeutic 

potential in targeting key drug-induced epigenetic modifications within the brain as a way of 
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combating an individual’s spiral into an addictive state. However, to achieve this goal, it is 

vital to first untangle the remarkable complexity of addiction-related epigenetics to 

determine which specific, drug-induced epigenetic modifications casually contribute to 

distinct aspects of the pathophysiological maladaptations underlying drug addiction. The 

burgeoning field of locus-specific neuroepigenetic editing is uniquely well suited to pursue 

this goal and is the focus of this review.

To contextualize the complexity of the neuroepigenetic state, it is important to understand 

the diversity of epigenetic modifications. For simplicity, we concentrate here on histone 

post-translational modifications (PTMs), but other epigenetic regulatory events include DNA 

modifications and the actions of non-coding RNAs2. Chromatin is the macromolecular 

complex consisting of DNA wrapped tightly around histone protein octamers to form 

nucleosomes. Chromatin enables the dense packing of nucleosomes to fit within the cell’s 

nucleus, and provides an instructive scaffold that is responsive to external cues. Histones are 

highly basic and enriched for lysine and arginine residues. PTMs of these and other residues 

on histone N-terminal tails, which protrude from the nucleosome core, alter the steric 

properties and charge distribution of chromatin, controlling DNA-related processes. Histone 

subunits can be modified by numerous PTMs including acetylation, methylation, 

phosphorylation, ADP ribosylation, ubiquitylation, and sumoylation, among a growing list 

of newly discovered modifications, which occur on >50 distinct sites2–4. The diversity of 

modifications, and the innumerable sites multiplied across the ~2 meters of linear DNA 

within a given cell, underscore the vast complexity of the epigenetic landscape.

Histone PTMs are reversible: they are dynamically deposited by “writer’ enzymes, 

recognized by “reader” proteins which mediate the cellular response, and removed by 

“eraser” enzymes2. It is the delicate balance between the function of writers and erasers that 

dictates the global epigenetic state and downstream functions within a given brain cell. The 

expression and function of numerous writers, erasers, and readers have been observed to be 

altered both in addicted humans and in animal models of addiction1,5,6. Restoring normal 

function to these proteins through the use of small molecules represents a novel area for 

anti-addiction pharmacotherapies7, yet understanding the proteins to target, and how their 

regulation would affect the broader addictive phenotype, remains inadequately explored.

Drug experience alters the neuroepigenetic landscape

Drug addiction is characterized by the compulsive seeking and taking of drug despite 

adverse consequences8. Vulnerability to addiction emerges through approximately equal 

parts of genetic predisposition and environmental risk, strongly suggesting an important role 

for epigenetic mechanisms. All abused drugs target the mesolimbic dopamine circuitry9, 

which serves the evolutionary purpose of reinforcing activities important for an individual’s 

survival and reproduction, such as seeking palatable food and sex10. The mesolimbic 

circuitry is composed of dopaminergic neurons in the midbrain ventral tegmental area (VTA) 

and their innervation of medium spiny neurons (MSNs), the predominant cell type within the 

nucleus accumbens (NAc)11. All natural rewards and abused drugs share the property of 

acutely increasing dopaminergic neurotransmission in NAc12. Chronic drug use induces 

long-lasting structural, electrophysiological, and transcriptional changes in this region, 
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which are considered the sustained biological substrates of addiction (Figure 1). For this 

reason, researchers are examining epigenetic maladaptations within NAc cell types as 

driving addiction pathogenesis13.

The functional consequence of histone PTMs within NAc is well illustrated by histone 

acetylation. This PTM occurs on all core histone subunits, is catalyzed by histone 

acetyltransferases (HATs), and is reversed by histone deacetylases (HDACs). Histone 

acetylation is typically associated with an ‘opening’ of higher order chromatin structure14—

that is, increased spacing between nucleosomes—which facilitates transcription activation 

by making the surrounding DNA more accessible to transcription factors and the 

transcriptional machinery. In support of the importance of histone acetylation in drug 

addiction, acute or chronic exposure to psychostimulants, opiates, alcohol, or nicotine all 

serve to increase total cellular levels of acetylation of histones H3 and H4 in NAc15–20. This 

increase in total acetylation levels is the net result of drug-induced alterations to the balance 

of HAT and HDAC function. cAMP response elementbinding protein (CREB)-binding 

protein (CBP), a HAT critical to learning and memory21, is required for cocaine-induced 

increases in histone acetylation in the NAc22. Conversely, chronic cocaine23 or alcohol24 use 

reduces HDAC enzymatic activity and disrupts sub-cellular HDAC localization25. Further, 

while chronic cocaine exposure promotes an increase in NAc expression of sirtuins26, class 

III HDACs, the genomic accessibility, particularly within gene promoters, is reduced27. This 

limits the capacity of this enzyme to reduce histone acetylation, specifically at key gene 

sites.

Indeed, the deposition of histone acetylation that occurs in NAc in addiction models is 

highly locus specific. For instance, in response to acute psychostimulant exposure, H4 

acetylation occurs within the promoters of immediate early genes like c-Fos and Fosb, which 

associates with their rapid expression in response to drug consumption15,28. For Fosb, this 

increase in histone acetylation requires CBP29, indicating gene-specific actions of these 

chromatin modifiers upon drug-experience.

The biological relevance of chromatin modifiers to drug-related behavior is further 

strengthened by NAc-targeted viral or genetic manipulations. Viral over-expression of the 

transcription factor CREB reduces the rewarding properties of cocaine30 and morphine31, 

indicating that CREB activation may be a general mechanism for reward tolerance. 

Conversely, viral over-expression of ΔFosB promotes the rewarding properties of cocaine32 

and morphine33, revealing how transcriptional regulators can oppositely impact drug-related 

behaviors. Further, genetic deletion of the HAT CBP impairs cocaine sensitivity and 

cocaine-related memory22, and a sizeable body of work demonstrates that direct 

manipulations to HDACs alter behaviors related to multiple classes of abused 

substances23,28,34,35. Manipulation of enzymes that control histone or DNA methylation also 

control behavioral responses to drugs of abuse36,37. As well, viral delivery of accessory 

subunits to chromatin remodeling proteins alters drug-related behaviors38. Taken together, 

these direct manipulations to chromatin modifiers indicate that the actions of these factors 

contribute to addiction pathogenesis. However, it remains unclear whether these and many 

other chromatin modifications are required, causal events in driving key transcriptional 

adaptations, or if they are simply correlated with such regulation. This has remained a 
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challenging question, since all pharmacological, viral, and genetic tools manipulate histone 

PTMs genome-wide. The advent of locus-specific neuroepigenetic editing within specific 

brain cell types has enabled researchers to make crucial advances in establishing the casual 

consequences of gene-specific PTMs within the context of drug addiction.

Determining causality with locus-specific neuroepigenetic editing

The introduction of easy-to-use, artificial fusion proteins has launched the new field of in 
vivo neuroepigenetic editing in brain, making it possible for the first time to explore the 

causal epigenetic mechanisms driving drug addiction. The long-term goal of this research is 

to distill which drug-induced epigenetic marks contribute most prominently to the 

deleterious pathogenic mechanisms of addiction, and to use this knowledge to guide the 

design of novel therapies to correct these maladaptations with minimal off-target effects. In 

theory, this approach could yield superior addiction treatments with the capacity to halt or 

even reverse the pathogenesis of an addicted state.

Neuroepigenetic editing refers to the targeted rewriting of the epigenome at a single genomic 

locus within a given neuronal or other cell type in a given brain region. The ability to 

accomplish this novel approach is built upon the fields of gene editing and epigenome 

engineering, which have enjoyed a renaissance within the past eight years, but have been 

applied almost exclusively in vitro39–43. The much more recent ability to adapt these 

technologies in awake, behaving animals has allowed for key advances in studying the 

causal epigenetic mechanisms underlying neuropsychiatric syndromes44–46.

DNA-binding domains

Neuroepigenetic editing is accomplished through the expression of bi-functional constructs 

consisting of a programmable, DNA-binding domain that binds a desired genomic locus 

with high affinity and specificity, and an effector moiety, which mediates an epigenetic 

modification confined exclusively to the chromatin landscape proximal to DNA-binding 

(Figure 2). The first used DNA-binding domains were zinc finger proteins (ZFPs)47,48, 

derived from eukaryotic transcription factors, or transcription activation-like effectors 

(TALEs)49,50, derived from plant pathogenic prokaryotes. Fusing either of these DNA-

binding domains to effector moieties allowed researchers to demonstrate the feasibility and 

utility of epigenetic editing for a variety of neuroscience research-related approaches51–56. 

However, as ZFPs and TALEs utilize protein-DNA interactions to mediate DNA-targeting, 

the synthesis and validation of these tools are time-consuming, expensive, and technically 

challenging, which has limited their application.

The more recent development of CRISPR/dCas9-based eukaryotic genome targeting has 

radically simplified the design and synthesis of DNA-targeting domains57. In contrast to 

ZFP- and TALE-based platforms, CRISPR/dCas9 DNA-targeting is mediated by 

programming a 20 bp sequence within a single guide RNA (sgRNA) (see Figure 2). The 

sgRNA complexes with nuclease-deficient dCas9 and targets the complex to the genomic 

region where the guide sequence binds its complementary DNA sequence58. Tethering an 

effector moiety to the sgRNA or, more commonly, to dCas9 allows for DNA-targeted 

localization of a desired effector. The ease and cost-effectiveness of design and synthesis of 
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the CRISPR/dCas9 platform has helped usher in a new era of epigenome engineering 

research.

Effector moieties

Shortly after applying programmable DNA-binding domains for genome editing, researchers 

began fusing to transcriptional activator domains as a means of inducing expression of 

targeted endogenous genes. One of the first, and most effective, effector moieties was VP64, 

derived from herpes simplex virus (HSV), which directly recruits RNA polymerase II for 

gene-targeted transcriptional activation59. VP64 does not directly mediate epigenetic 

reprogramming, although permissive chromatin remodeling is associated with its 

function60,61; rather, VP64 is a scaffold for recruiting gene-activating transcriptional 

machinery62. By targeting VP64 to the promoter region of a single gene with ZFP-63, 

TALE-60,64, or CRISPR/dCas9-60,65 DNA-binding domains, laboratories have consistently 

reported the ability to induce transcription of targeted genes in vitro and even in vivo61,66.

Many laboratories have pursued improvements to the magnitude of gene activation, which is 

accomplished by concentrating effector moieties at a single genomic region to induce a 

proportional increase in gene activation. One approach was termed SunTag, a peptide 

scaffold containing repeating binding sites for effector domains like VP6467. Another 

strategy was termed CRISPR-SAM, wherein the sgRNA is re-engineered at protruding RNA 

loops with RNA aptamers to serve as a scaffold for recruitment of activation domains42. A 

third strategy to concentrate effector domains is to target multiple DNA-binding sites within 

a given promoter region simultaneously57. These approaches are useful for in vitro assays 

where large magnitude effects are often desired, yet can be prohibitively complex when 

attempting to deliver the multiple components to targeted cells within the brain.

To achieve bi-directional control of gene expression, repression of an endogenous gene is 

most universally accomplished with Kruppel-associated box (KRAB) effector moieties. 

KRAB, a transcriptional repression domain found in human zinc finger transcription factors, 

recruits heterochromatin-forming complexes, which in turn deposit repressive H3K9me3 

marks and represses transcription68. Like VP64, the KRAB domain does not possess 

enzymatic activity, but instead recruits secondary factors to edit the epigenome. Promoter- or 

enhancer-targeted KRAB has been utilized in cell culture and in brain69,70.

While these methods of bi-directional regulation are more physiologically-relevant than 

conventional transgenic overexpression or knockout approaches, directly regulating genes in 

this manner lacks the construct validity of replicating the actual aberrant molecular 

mechanisms present within the addicted state. Indeed, decades of research have revealed the 

specific transcription factors and epigenetic writers, readers, and erasers implicated in the 

pathogenesis of drug addiction. In the past few years, there has been an explosion in the use 

of effector moieties for neuroepigenetic editing. These include: DNA-modifying enzymes 

like DNMT3a (which methylates CpG)71,72 and TET1 (which catalyzes hydroxymethyl-

CpG)73,74; proteins that control histone PTMs including: NFκB subunit p65 (which recruits 

HATs to acetylate core histones)52–54, histone methyltransferase G9a (which catalyzes 

H3K9me2)52–54, p300 HAT (which acetylates all four core histones)43, SID (which recruits 

HDACs)75,76, LSD1 (which demethylates H3K4 and H3K9)77, PRDM9 (which methylates 
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H3K4 and H3K36)78, and DOT1L (which methylates H3K79)79,80; and even transcription 

factors like CREB—thus mimicking a known mechanism of transcriptional regulation81. 

The modularity of designing neuroepigenetic editing constructs presents the ability to apply 

a wide range of effector domains for epigenome editing purposes that more closely models 

the molecular mechanisms underlying drug addiction.

Utility in studying drug addiction

Neuroepigenetic editing approaches present several advantages over conventional transgene 

overexpression or knockout approaches, including controlling the expression of the targeted 

gene from its endogenous promoter (potentially via physiologically relevant mechanisms 

depending on the effector moiety utilized), as well as controlling the magnitude of gene 

expression levels within physiological ranges. These advantages justify the more widespread 

use of these approaches, particularly in researching neuropsychiatric syndromes like drug 

addiction. However, the major hurdle for applying neuroepigenetic editing to studies of 

addiction is the challenge in delivering these tools to the brain of awake, behaving animals. 

Delivery of such constructs to intact tissues is an active area of investigation for both 

research and therapeutic purposes82. To date, scientists have applied several approaches for 

in vivo brain delivery, most involving injection of viral vectors via stereotaxic surgery 

(Figure 3).

Viruses like adeno-associated virus (AAV) are challenging to use for neuroepigenetic editing 

owing to their limited packaging capacity (~4.5 kb). The most commonly utilized Cas9, 

derived from Streptococcus pyogenes, is ~4.1 kb83. Fusing even the smallest effector moiety 

pushes it above the AAV packaging limit. While other Cas9 species are ~1 kb shorter (e.g., 

Staphylococcus aureus)84, most researchers have elected to utilize viruses with larger 

packaging capacities. The most widely applied viruses are HSVs, which mediate short-lived 

transgene expression (up to 7 days) with a large packaging capacity (~14 kb), or lentivirus, 

which mediates long-term transgene expression of >6 months with a packaging capacity of 

8-10 kb. Figure 3 compares the features of these viral delivery methods. Importantly, 

incorporation of loxP sites within these vectors, combined with the use of Cre-driver lines, 

makes it possible to target neuroepigenetic editing constructs to specific types of neurons or 

other cell types within a brain region of interest54,55.

There are now several published examples of utilizing locus-specific neuroepigenetic editing 

to demonstrate that a single type of histone PTM (i.e., histone acetylation or methylation) at 

a single gene promoter in a single brain region or even cell type within that region alters 

expression levels of that gene and induces downstream behavioral effects in drug addiction 

and related models52–56. The first demonstration came in 2014 when Heller et al.52 designed 

a suite of ZFPs that bound the promoter region of the FosB gene and were fused to either 

G9a or p65. These constructs were packaged in HSVs and delivered to the NAc of mice via 

stereotaxic surgery. Depending on promoter localization and the effector moiety, these FosB-

ZFFs deposited the specific histone PTM (methylation with G9a, acetylation with p65) 

proximal to their DNA-binding site and consequently bi-directionally regulated NAc levels 

of mRNA and protein expression of FosB, and the splice variant ΔFosB—whose 

accumulation in this brain region promotes behavioral responses to cocaine and other drugs 
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of abuse, as mentioned earlier. The authors demonstrated further that such deposition of 

PTMs and regulation of FosB expression occurred solely at the FosB locus, and that FosB-

G9a decreased, whereas FosB-p65 increased, the locomotor behaviors associated with 

repeated cocaine exposure. This provided an authoritative demonstration that the epigenetic 

state at the FosB locus and subsequent NAc accumulation of ΔFosB is necessary and 

sufficient to modulate cocaine-evoked behaviors. Heller, Hamilton et al. 201653 built on 

these approaches by directing ZFP tools to Cdk5, a locus epigenetically regulated by chronic 

cocaine exposure, and demonstrating that both the rewarding and locomotor properties of 

cocaine were dependent on the epigenetic state of Cdk5. These studies reveal that epigenetic 

regulation at the FosB and Cdk5 loci are not merely correlative, but actually casual 

molecular adaptations that drive the pathogenesis of addictive behaviors, and establish more 

generally that manipulation of a single type of PTM at a single locus in a single brain region 

controls the expression level of the targeted gene and downstream behavioral outcomes. 

While not yet applied to study addiction, CRISPR-based neuroepigenetic editing approaches 

have been used in targeted brain regions and have proved fruitful for exploring other brain 

illnesses73,74,81,85, supporting their utility to study addiction. These findings establish that 

epigenetic modifications at a given locus can in and of themselves mediate transcriptional 

regulation in fully differentiated adult neurons in vivo, and these approaches enable a form 

of in vivo manipulation that was previously unattainable.

Conclusions and future directions

The ability to deposit or remove specific epigenetic marks at restricted gene sites within 

targeted cell types in key brain regions provides researchers with the unparalleled ability to 

experimentally interrogate the causal contribution of these epigenetic molecular mechanisms 

to neuropsychiatric syndromes, like addiction. The modularity and flexibility of 

neuroepigenetic editing approaches make them ideal and adaptable tools to untangle in vivo 
epigenetic complexity. It is theoretically possible, for example, to use CRISPR/dCas9 to 

target multiple genes within the same cells and thereby experimentally manipulate networks 

of drug-regulated genes. By combining these approaches with cutting-edge animal models 

of addiction, like drug self-administration, researchers will be able to isolate the specific 

epigenetic maladaptations that drive the most damaging elements of drug addiction, like 

binging, craving, and relapse. These novel insights will guide the development of targeted, 

and likely more effective, pharmacotherapies in an effort to alleviate the human suffering 

associated with drug addiction.
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Highlights:

• Chronic drug use alters the epigenetic state of neurons and other cell types 

within brain reward regions.

• Epigenetic adaptations are correlated with addiction, but their causal 

contributions are incompletely characterized.

• Neuroepigenetic editing enables locus-targeted epigenetic manipulations in 

specific brain cells.

• Such locus-directed epigenome editing reveals specific causal contributions to 

addiction pathogenesis.
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Figure 1. Chronic drug use alters the epigenome in reward processing neurons.
Top: In drug naïve conditions, medium spiny neurons (MSNs) within the nucleus 

accumbens (NAc) receive dopaminergic inputs from the ventral tegmental area (VTA) and 

glutamatergic inputs from several cortical and thalamic brain regions. These MSNs receive 

and integrate reward-related signals, and the homeostasis in nuclear epigenome writer and 

eraser enzymes within these MSNs enable normal reward-processing required for 

organismal survival. The NAc contains two types of MSNs, D1- and D2-type, named for the 

dopamine receptor they predominantly express. Only a D1-type MSN is shown. Bottom: 
Chronic drug use perturbs the balance in writer and eraser enzymes, resulting in a multitude 

of epigenetic adaptations at specific loci within the MSN nucleus. These adaptations, in 

conjunction with drug induction of certain transcription factors (e.g., ΔFosB). mediate 

transcriptional changes at many genes, including those that encode neurotransmitter 

receptors, cytoskeletal proteins, and ion channels, among many others. The cumulative 

consequence of these transcriptional adaptations is altered MSN morphology (e.g., increased 

dendritic spine density is shown) and physiological function in relation to reward processing 

which underlies behavioral maladaptations that define addiction.
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Figure 2. Neuroepigenetic editing tools.
Such tools are bi-functional constructs that consist of a DNA-binding domain that is 

designed to target a desired sequence of genomic DNA with high affinity and specificity and 

an effector moiety that mediates an epigenetic modification proximal to the region of DNA-

binding. This results in epigenetic editing restricted to a single genomic locus, the specificity 

of which must be validated extensively to ensure minimal off-target binding. The most 

widely used DNA-binding domains are zinc finger proteins (ZFPs) and, more recently, 

RNA-guided CRISPR/dCas9. Here, we highlight a ZFP-G9a fusion that our group has 

generated for targeted gene repression in brain52 (top), as well as a dCas9-CREB fusion for 

in vivo gene-targeted activation81 (bottom). Figure modified with permission from reference 

44: Hamilton, P. J., Lim, C. J., Nestler, E. J. & Heller, E. A. Neuroepigenetic Editing. 

Methods in molecular biology 1767, 113-136, doi:10.1007/978-1-4939-7774-1_5 (2018).

Hamilton and Nestler Page 15

Curr Opin Neurobiol. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: In vivo delivery methods for neurocpigcnctic editing tools.
A summary of the properties of routinely used viral vectors available for delivery of 

neuroepigenetic editing tools to the brain of awake, behaving animals. While other 

approaches exist, the vast majority of published work on neuroepigenetic editing in brain 

cells utilize these viral delivery strategies coupled with stereotaxic surgery. Figure 

reproduced with permission from reference 44: Hamilton, P. J., Lim, C. J., Nestler, E. J. & 

Heller, E. A. Neuroepigenetic Editing. Methods in molecular biology 1767, 113-136, doi:

10.1007/978-1-4939-7774-1_5 (2018).
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