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Abstract
Regulation of chromatin structure through post-translational modifications of histones (e.g.
acetylation) has emerged as an important mechanism to translate a variety of environmental stimuli,
including drugs of abuse, into specific changes in gene expression. Since alterations in gene
expression are thought to contribute to the development and maintenance of the addicted state, recent
efforts are aimed at identifying how drugs of abuse alter chromatin structure and the enzymes which
regulate it. This review discusses how drugs of abuse alter histone acetylation in brain reward regions,
through which enzymes this occurs, and ultimately what role histone acetylation plays in addiction-
related behaviors.
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Introduction
Drug addiction is a chronic psychiatric condition of compulsive drug seeking and taking despite
severe social and physical repercussions [1–4]. One of the most clinically challenging aspects
of addiction is its persistence even after long periods of drug abstinence, which is highlighted
by high rates of dug relapse for most addictive drugs. All drugs of abuse in some way converge
on the mesolimbic dopamine system, a key brain circuit involved in reward [1,3]. This circuit
normally helps determine how rewarding certain environmental stimuli are and functions to
reinforce evolutionally favorable activities, such as eating fatty foods or sex [5]. The
dopaminergic cells of the ventral tegmental area (VTA) project into the forebrain and bathe
several key limbic structures with dopamine, including the nucleus accumbens (NAc). The
NAc integrates inputs from the prefrontal cortex (PFC), amygdala, hippocampus, and several
other limbic structures to synthesize the appropriate synaptic and behavioral responses to
rewarding stimuli including drugs of abuse [1,3]. Addictive drugs such as cocaine have been
shown to induce long-lasting structural, electrophysiological, and transcriptional changes in
the NAc, and some of these changes have been linked to addictive behaviors such as drug self-
administration and relapse [1–4]. One of the best studied examples is the transcription factor
ΔFosB, a splice product of the immediate early gene fosB, which accumulates several fold in
the NAc after repeated drug exposure due to its protein stability [6–8]. The drug-induced
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accumulation of ΔFosB contributes to addiction-related behaviors, as its overexpression in the
NAc sensitizes mice to the locomotor-activating and rewarding effects of cocaine and morphine
[9,10], as well as promotes the motivation to self-administer cocaine [11]. In addition to
ΔFosB, gene expression microarrays have been used to identify other dysregulated genes in
the NAc that may also contribute to the addicted state [12–18]. These genome-wide studies
begin to illustrate the potent regulatory control drugs of abuse have on gene activity in the
NAc, as numerous genes are up- or down-regulated in response to chronic drug exposure. While
much is known about the upstream signaling mechanisms initiated by drug-induced increases
in dopamine and other neurotransmitters in the NAc [1–4], far less is known about the
downstream mechanisms which integrate neurotransmitter signaling into long-lasting genome-
wide alterations in transcription.

A key cellular mechanism that integrates diverse environmental stimuli with changes in gene
expression is chromatin remodeling [19,20]. Signal-dependent enzymes can alter the structure
of chromatin at specific gene loci to facilitate the activation or repression of specific
transcriptional programs. Chromatin is made up of DNA and the histone proteins around which
the DNA is wrapped. Histones are assembled into an octamer composed of two copies each of
H2A, H2B, H3, and H4 [21]. Through a complex process not completely understood, chromatin
is supercoiled into a highly condense structure that packages and organizes many meters of
DNA into the nucleus of each cell. This highly condensed structure provides chromatin unique
control over gene expression by gating access of transcriptional activators to DNA [22,23].
Chromatin structure itself is regulated at specific gene loci by numerous mechanisms that serve
to either physically relax (e.g. histone acetylation) or remodel (e.g. SWI-SNF-dependent
nucleosome remodeling) chromatin structure, or provide docking sites to recruit additional
transcriptional co-activators or repressors [24]. Such modifications include histone acetylation,
phosphorylation, and methylation, among several others, which together determine the activity
of the underlying gene [19,24]. This review discusses the recent evidence that changes in
histone acetylation, and the enzymes which control it, contribute to drug-induced alterations
in gene expression and behavior. While histone acetylation is the best studied modification in
brain, it should be emphasized that other chromatin modifications typically occur in parallel
and also likely participate in the long-term plasticity underlying drug addiction.

Histone Acetylation
Histone acetylation occurs on histones H2A, H2B, H3, and H4, but it is best described in brain
on H3 where it can occur on the N-terminal tails at lysines 9, 14, 18, and 23 and on H4 at lysines
5, 8, 12, and 16 [24]. Histone acetylation is thought to affect the activity of a gene through two
main mechanisms. First, acetylation of lysine residues reduces their positive charge and thus
their electrostatic attraction to the negatively charged backbone of DNA. This reduced
electrostatic attraction is thought to result in a “looser” chromatin structure allowing greater
access of transcriptional activators to the underlying gene. Second, acetylated histones serve
as a substrate for bromodomain-containing proteins [25]. An example of such a protein is
TAFII250, which contains two bromodomains that recognize polyacetylated histone H4 [26].
TAFII250 along with the TATA-binding protein (TBP), recruit other components of the
transcriptional machinery, including RNA polymerase, which ultimately transcribes the gene
[27]. As would be predicted from its biochemical role, genome-wide promoter analyses in a
variety of cells, tissues, and species have identified strong correlations between histone H3 and
H4 acetylation and highly transcribed genes [28,29]. Thus, histone acetylation is almost
universally thought of as a “mark” of activated chromatin. In addition, histone H3 acetylation
at certain genes is coupled to phosphorylation of a neighboring serine residue, serine 10, on
histone H3 (H3S10), a process known as phospho-acetylation [24]. Histone phospho-
acetylation occurs in concert because H3S10 phosphorylation provides a docking site for the
histone acetyltransferase (HAT), GCN5, on chromatin [30]. GCN5 then maintains a
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hyperacetylated state, which promotes gene activation as described above. Moreover,
acetylation of lysine K9 on histone H3 prevents the methylation of this same residue, which is
a mark of repressed chromatin, and the subsequent recruitment of HP1 (heterochromatin
protein 1). These effects of lysine K9 acetylation further promote active transcription [24].

Histone acetylation is highly regulated by two families of enzymes: HATs, as mentioned
earlier, and histone deacetylases (HDACs). HATs catalyze the transfer of acetyl groups from
acetylCoA to a specific lysine residue, while HDACs catalyze the removal of acetyl groups
from histones to yield free acetic acid (HDACs 1-11) or nicotinamide and 2′-O-acetyl-ADP-
ribose (SIRT1-7) (Figure 1).

HATs are divided into three main families, GNAT (Gcn5-related N-acetyltransferase), MYST
(MOZ/Ybf2/Sas2,3/Tip60), and CBP/p300 (CREB-binding protein/protein acetyltransferase
of 300 kD). The most prominent members of the GNAT family are GCN5 and PCAF (p300/
CBP-Associated Factor), both of which acetylate histone H3 and H4. While both enzymes are
expressed ubiquitously, levels of GCN5 are highest in brain and testes, and levels of PCAF are
highest in liver [31]. The MYST family of HATs is related by sequence similarity but has many
diverse functions, from regulating HIV gene expression (Tip60) to leukemia (MOZ, MORF).
Most MYST HATs have been shown to acetylate histone H3, H4, and H2A. The CBP/p300
family of HATs is the best studied in brain and has been implicated in learning and memory
and drug addiction [32–35]. Mutations in CBP cause Rubinstein–Taybi Syndrome, an
autosomal dominant condition characterized by mental retardation and other abnormalities
[20]. CBP and p300 are distinct proteins but often referred to interchangeably due to their high
degree of similarity. CBP/p300 can acetylate H2A, H2B, H3, and H4 and are recruited to
specific genes through their interactions with several transcription factors (e.g. CREB, Fos/
Jun). Importantly, each of these classes of HATs can acetylate non-histone proteins as well,
which is known to play an important role in a variety of cell signaling pathways [36].
Interestingly, several transcription factors, such as Clock, have been reported to possess HAT
activity themselves. Studies are underway to determine the contribution of such acetylation to
the regulation of gene activity [37,38].

HDACs are divided into four distinct classes based on their homology to the yeast proteins
rpd3 (Class I), hda1 (Class II), sir2, (Class III), and a unique Class IV deacetylase that shares
features with both rpd3 and hda1. In mammals, Class I HDACs (HDAC1, 2, 3, 8) are
ubiquitously expressed and are far more active against histone substrates than Class II HDACs
(HDAC4, 5, 6, 7, 9) [39]. Both Class I and Class II HDACs share a conserved catalytic domain,
which requires zinc for activity, but Class II HDACs are much larger proteins which contain
an N-terminal regulatory region that controls subcellular localization and interaction partners
[40]. Class III HDACs, the sirtuins (SIRT1-7), are distinct from the other classes structurally
and mechanistically; they require NAD+ as a cofactor instead of zinc to catalyze histone
deacetylation (Figure 1) [41]. HDACs are highly regulated through post-translational
modifications that control their activity, subcellular localization, or stability. The catalytic
activity of Class I HDACs is regulated by phosphorylation by casein kinase II for HDACs 1–
3 [42], and by PKA for HDAC8 [43,44]. Class II HDACs respond to numerous environmental
stimuli, from neural signaling to DNA damage. With neural signaling, for example, Ca2+ influx
after depolarization results in activation of CaMKII, which in turns phosphorylates the class
II HDACs HDAC4 and HDAC5 [45]. Phosphorylated HDAC4/5 recruit 14-3-3 proteins, which
facilitate their nuclear export and reduce their activity in the nucleus [46]. Little is known about
cytoplasmic functions of Class II HDACs with an exception of HDAC6, which is exclusively
cytoplasmic and involved in deacetylating tubulin and shuttling misfolded proteins to the
proteasome [47,48]. Since Class III HDACs require NAD+ as a cofactor, their activity is
traditionally thought to be dependent on the metabolic state of the cell (e.g. NAD+/NADH
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ratio). However, a recent study identified DBC1 (deleted in breast cancer 1) as a potent inhibitor
of SIRT1 activity [49,50], suggesting other upstream regulatory mechanisms also exist.

Together, the large families of HATs and HDACs integrate a wide range of extracellular signals
to determine the appropriate balance of acetylation/deacetylation on diverse protein substrates.
In the case of histone substrates, the balance of acetylation plays a critical role in the activation
or repression of specific gene programs that ultimately mediate long-term adaptations in neural
function and behavior.

Drug-Induced Changes in Histone Acetylation
Cocaine/Amphetamine

Cocaine and amphetamine substantially elevate dopamine levels in several forebrain regions
involved in reward processing such as the NAc and PFC [1,51]. The molecular changes induced
by cocaine and amphetamine in brain reward regions are typically studied in rodents using
investigator-administered or self-administered drug paradigms. Investigator-administration is
a relatively high throughput method used to examine differences caused by acute or chronic
drug exposure at varying time points after treatment. Self-administration paradigms, while
labor-intensive, are better models of addiction and permit the study of rodents that, like humans,
choose to take cocaine or another drug of abuse. Additionally, self-administration permits the
study of molecular mechanisms involved in drug relapse. Both of these paradigms have been
used to identify transient and long-lasting changes in histone acetylation after cocaine or
amphetamine exposure [52–54].

Acute exposure to cocaine or amphetamine, for example, which are known to rapidly induce
the immediate early genes c-fos and fosb in the NAc, increases histone H4 acetylation and
phospho-acetylation of H3 on their proximal gene promoters (Figure 1) [53,54]. Time course
analysis after cocaine revealed that this modification occurs within 30 minutes and disappears
by 3 hours, consistent with the induction kinetics of these immediate early genes [53]. At least
for fosb, this increase in histone acetylation is dependent on the HAT, CBP [34]. While the
specific HAT responsible for acetylating c-fos after cocaine remains to be identified, there is
evidence that the downstream mitogen activated protein kinase, MSK1 is responsible for
cocaine-induced increases in H3S10 phosphorylation (Figure 1) [55]. A recent study has also
implicated the nuclear accumulation of DARPP32, a protein phosphatase 1 (PP1) inhibitor, in
mediating cocaine induction of H3S10 phosphorylation [56]. Interestingly, despite several
control gene promoters where acute cocaine does not affect histone acetylation (β-tubulin,
tyrosine hydroxylase, histone H4) [53], acute cocaine does increase global levels of histone
H4 acetylation and histone H3 phospho-acetylation, but not H3 acetylation alone within 30
minutes [53,55]. Thus, global changes in histone modifications, which have been observed in
learning models and in response to environmental enrichment [57,58], may be accounted for
by altered acetylation at a specific subset of genes.

The induction of immediate early genes such as c-fos by cocaine or amphetamine after repeated
drug exposure is strongly attenuated, a point at which histone H4 on c-fos promoter is
hypoacetylated [53,59]. In addition to desensitizing immediate early genes, repeated cocaine
exposure (either forced- or self-administered) is also known to induce a distinct set of genes
in the NAc (e.g. cdk5 and bdnf), some of which remain elevated for days to weeks [13,16,60,
61]. Consistent with such stable changes in gene expression, increased histone H3 acetylation
was observed on the gene promoters of both cdk5 and bdnf for 1–7 days following the final
dose of cocaine [53]. Stable changes in histone acetylation and gene expression have been
observed for nearly two weeks following withdrawal from cocaine self-administration in the
prefrontal cortex as well [52]. For example, npy (neuropeptide Y) expression was found to be
upregulated and its gene promoter hyperacetylated, while egr-1 (early growth response 1) was
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found to be downregulated and hypoacetylated after cocaine withdrawal [52]. Together, these
findings tightly correlate gene activity in the brain in vivo to levels of histone acetylation, a
finding which is consistent with the role of histone acetylation in cell culture and yeast.

Ethanol and other drugs of abuse
Ethanol, a central nervous system depressant, is one of the most widely available and
commonly abused drugs. The precise signaling mechanisms by which ethanol alters cognition
are still under investigation, but its binding to and modulation of GABA receptors is thought
to contribute [62]. The upstream signaling pathways activated by ethanol appear to converge
on chromatin in the nucleus, as circular dichronism of brain lysates from ethanol-treated rats
suggest a more relaxed chromatin structure than their controls [63]. More recent studies have
focused on specific brain regions involved in ethanol-regulated behavioral responses in rats.
Anxiety induced by ethanol withdrawal is an important negative reinforcing factor in addicts,
and is thought to be mediated in part by the amygdala. Indeed, a recent study has found that
ethanol withdrawal alters HDAC activity, gene expression, and chromatin structure in this
brain region, and that these changes contribute to increases in anxiety [64]. Specifically,
withdrawal from chronic ethanol exposure increased HDAC activity and reduced histone
acetylation in the amygdala, and when this increased HDAC activity was blocked with an
HDAC inhibitor, rats failed to develop withdrawal-induced anxiety (Figure 1) [64].

In Drosophila, changes in histone acetylation have also been implicated in the molecular and
behavioral responses to the volatile organic solvent, benzyl alcohol [65]. Many organic solvents
are abused as inhalants, which often induce rapid drug tolerance, thereby increasing the amount
of drug needed to attain an equivalent behavioral effect. Ultimately, tolerance to inhalants can
result in addiction and severe neurotoxicity. In Drosophila, a key mechanism involved in
benzyl alcohol tolerance is the upregulation of slo, a Ca2+-activated K+ channel [66]. Induction
of slo is associated with increases in histone H4 acetylation on its promoter, which is likely
important for gene activation because pharmacological inhibition of HDAC activity increased
both slo gene acetylation and mRNA expression [65]. Moreover, HDAC inhibition potentiated
tolerance to benzyl alcohol, which further implicates histone acetylation in the behavioral
responses to drugs of abuse.

Genome-wide analysis of histone acetylation in the NAc
Analyzing changes in histone acetylation at specific gene promoters via quantitative ChIP
(qChIP) has demonstrated a key role of this modification in regulating gene expression in
response to drugs of abuse [34,52–54]. However, qChIP is relatively low throughput and is
generally used to study carefully chosen candidate genes. Therefore, coupling ChIP to genome-
wide microarrays (ChIP-chip) or massively parallel sequencing (ChIP-seq) provides the
technology necessary to simultaneously identify drug-induced changes in histone acetylation
throughout the genome, and such analyses have now been performed to assess cocaine action
on chromatin structure in the NAc [67].

ChIP-chip analysis of histone acetylation in the NAc of cocaine-treated mice has provided new
insight into both basic transcriptional mechanisms occurring in vivo as well as novel pathways
involved in cocaine action. One such insight directly follows from a previous report using
qChIP to analyze histone acetylation on a few genes already known to be involved in cocaine
responses. On the small number genes studied, a pattern emerged whereby genes which are
induced by acute cocaine (e.g. c-fos, fosb) were also hyperacetylated at histone H4, while genes
which are induced by chronic cocaine (e.g. cdk5, bdnf) were hyperacetylated at histone H3
[53]. Similar findings were observed in acute and chronic seizure models [68]. Moreover, a
switch between H4 and H3 acetylation was observed on the promoter of fosb, an immediate
early gene which is induced after both acute and chronic cocaine [53]. Genome-wide ChIP-
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chip analysis reveals that while there are more H3 acetylated genes in the NAc of mice exposed
to chronic cocaine, there is also a significant set of previously unrecognized, chronically-
induced genes that are hyperacetylated only on H4 (Figure 2D) [67]. There was also an even
smaller subset of genes which were acetylated on both histones H3 and H4. The mechanisms
which determine whether a gene is hyperacetylated at H3 or H4 remain unclear, but these new
data suggest that after chronic cocaine, there may be two distinct pathways to activate gene
expression, one through acetylation of H3 and the other through H4. Additionally, these data
also suggest that the H4 to H3 switch observed in both cocaine and seizure models may be
reserved for certain types of genes, such as immediate early genes.

Another important result from these first genome-wide studies of histone acetylation in cocaine
responses is the new set of gene targets and signaling pathways revealed. In addition to
identifying several genes previously implicated in cocaine responses (e.g. the genes for CDK5
[Cyclin-dependent kinase 5], AGS3 [Activator of G-protein signaling 3], PER2 [Period 2],
DYN [Dynorphin], etc.), a new class of histone deacetylases, the sirtuins, was also found to
be regulated by cocaine in the NAc [67]. Both sirt1 and sirt2 are hyperacetylated at histone
H3 and have higher levels of mRNA in response to chronic cocaine exposure. ΔFosB appears
to contribute to these transcriptional changes. Moreover, pharmacological manipulation of
these enzymes potently regulates cocaine reward, illustrating how genome-wide ChIP-chip
analyses can ultimately reveal novel gene targets involved in behavioral responses to drugs of
abuse.

Role of HATs and HDACs in drug abuse
Histone acetyltransferases

As discussed above, HATs are enzymes which catalyze the addition of acetyl groups onto
histone proteins. One of the best studied HATs is CBP, which is known to associate with
phosphorylated CREB and assist in target gene activation [36,69]. While cocaine increases H4
acetylation on the fosb promoter in striatum of wild type mice, this does not occur in CBP-
deficient mice [34]. Moreover, this cocaine-induced acetylation event on fosb and perhaps
other genes may be behaviorally important, as CBP-deficient mice are also less sensitive to
the locomotor-activating effects of cocaine. These findings suggest that CBP is an important
HAT in mediating at least some of the cocaine-induced increases in histone acetylation and
ultimately the downstream behavioral responses [34]. The reduced sensitivity of CBP-deficient
mice to cocaine may be independent of CREB, since other manipulations which reduce CREB
activity in striatum typically enhance behavioral responses to cocaine [70,71]. However, since
CBP-deficient mice have reduced CBP levels in all brain regions throughout development, it
will be important to determine which specific regions in the adult brain are important for CBP’s
behavioral effects. Moreover, these studies may also provide insight into what role CREB plays
in mediating the downstream functions of CBP in cocaine responses. Mice expressing mutant
forms of CREB that cannot interact with CBP [72] may also help address this question.

Histone deacetylases
Small molecule inhibitors of HDACs have been used in many systems since they were first
identified in 1978 [73], but have only recently been used to study behavior. Sodium butyrate,
a highly non-specific HDAC inhibitor, was the first discovered [73], followed by more specific
and potent inhibitors trichostatin A (TSA) [74], a fungal antibiotic, and suberoylanilide
hydroxamic acid (SAHA) [75], which is currently FDA-approved for treatment of cutaneous
T-cell lymophoma. Recent studies have shown that each of these HDAC inhibitors potentiates
the locomotor-activating effects of psychostimulants, as measured by the number of horizontal
infrared beam breaks, as well as the rewarding effects psychostimulants, as measured by
conditioned place preference [53,54,76]. Importantly, systemic administration of sodium
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butyrate or TSA, or the direct infusion of SAHA into the NAc, is sufficient to potentiate the
locomotor activating or rewarding effects of cocaine, amphetamine, and D1 agonists [53,54,
76,77]. Conversely, overexpression of the Class II HDACs, HDAC4 or HDAC5 (but not
HDAC9), in the NAc significantly attenuates cocaine reward [53,54], but it is not yet known
if HDAC4/5 overexpression also reduces the locomotor-activating effects of cocaine. The
behavioral effects of HDAC overexpression in the NAc likely require histone deacetylation,
since deletion of the catalytic deacetylase domain of HDAC5 prevents its inhibitory effects on
cocaine reward [54]. However, since HDAC5 also interacts with HDAC3 at this same domain
[78], it is unclear whether HDAC5’s effects on cocaine reward are due to its own catalytic
activity or its interaction with HDAC3.

In the NAc, endogenous HDAC5 also plays a key role in regulating gene expression in response
to chronic, but not acute, cocaine exposure. Only repeated exposure to cocaine induces
phosphorylation and nuclear export of HDAC5, thus reducing histone deacetylation and
increasing gene expression of certain HDAC5 target genes [54]. Consistent with its regulation
only by chronic cocaine exposure, drug-naïve HDAC5 knockout mice display normal cocaine
reward. After a prior cocaine exposure, however, HDAC5 knockout mice hypersensitize to the
rewarding effects of cocaine [54]. These findings raise the possibility that HDAC5 is involved
in the behavioral transitions which occur between acute and chronic cocaine exposure (e.g.,
experimental drug use to compulsive drug use). The receptor for substance P, NK1, is one
relevant target gene for HDAC5: its expression is induced to a greater extent by chronic cocaine
in HDAC5 knockout mice and this induction appears to contribute to enhanced behavioral
responses to the drug [45].

The Class I HDAC, HDAC1 is also involved in the cellular responses to chronic
psychostimulant exposure: it binds to Δ FosB and facilitates repression of downstream target
genes [59]. An example of this occurs at the c-fos promoter, where ΔFosB accumulates after
a chronic course of psychostimulants to desensitize its activation to subsequent drug exposure.
Prior administration of the HDAC inhibitor, sodium butyrate, or local genetic deletion of the
HDAC1 gene from the NAc, increases c-fos induction despite previous treatment with chronic
psychostimulants [59]. This ΔFosB/HDAC1-mediated desensitization of c-fos is part of the
“molecular switch” whereby acute Fos family proteins are gradually replaced by ΔFosB during
a course of chronic drug exposure. Further studies are needed to identify other genes that are
repressed via this unique mechanism.

Functions of histone acetylation in vivo
These studies in drug abuse, together with findings in models of leaning and memory,
depression, and chronic pain, suggest that histone acetylation controls the saliency of a wide
variety of environmental stimuli [20,34,53,54,57,58,79,80]. In fear conditioning, a commonly
used behavioral test of learning and memory, HDAC inhibitors significantly improve formation
of long-term memory [57,58]. In social defeat stress, a behavioral model which elicits a
depression-like syndrome in mice [81,82], mice lacking HDAC5 develop a stronger
depressive-like syndrome than wild type mice [54]. After spinal nerve injury, which elicits a
chronic pain syndrome, HDAC5 knockout mice also become hyperalgesic to mechanical
stimuli [79]. While reduced HDAC activity hypersensitizes mice to stress or pain, it also
significantly potentiates the efficacy of several antidepressants [79,83,84]. Finally, as
discussed above, inhibition of HDACs in the NAc potentiates the rewarding effect of
psychostimulants while overexpressing HDACs in this brain region attenuates this behavior
[53,54]. Thus, pharmacological and genetic manipulations that result in elevated histone
acetylation appear to potentiate the saliency of many types of environmental stimuli.
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Despite the substantial progress in identifying the genes at which drugs of abuse alter histone
acetylation, many questions remain. For example, we still do not know if histone acetylation
in brain is a primary cause of changes in gene expression or if it is simply a reflection of such
changes. This is complicated by the fact that at most genes identified to date, gene expression
and histone acetylation are both elevated and return to baseline with a similar time frame.
However, the cocaine-induced regulation of bdnf provides unique insight into the possible
interplay between acetylation and transcription in vivo. Rats in withdrawal from cocaine self-
administration show a marked increase in histone acetylation in the NAc and dorsal striatum
on the bdnf promoter within 24 hrs after the final drug exposure [53]. However, no detectable
increases in BDNF protein are observed for nearly a week of drug withdrawal [61]. This is an
example where histone acetylation on a gene promoter precedes the induction of gene
expression, and suggests that, in addition to marking an actively transcribed gene, histone
acetylation may also prime a gene for more rapid or robust transcription in response to a
subsequent stimulus without altering its basal level of gene activity. Better knowledge of the
genes at which cocaine regulates histone acetylation may result in the identification of novel
gene targets and signaling pathways involved in addiction-related behaviors that were
previously not appreciated by studies of steady-state mRNA levels.

Future studies and challenges
While drug-induced alterations in histone acetylation have to date been implicated in the
behavioral responses to drugs of abuse in simple models such as conditioned place preference
and locomotor assays, future research is needed to translate these findings to more sophisticated
models of human addiction, such as self-administration and relapse paradigms. These pre-
clinical behavioral models can directly assess the role of histone acetylation in the pathogenesis
and maintenance of the addicted state by studying how animals acquire drug self-administration
and how they relapse after periods of drug withdrawal.

The study of gene expression and chromatin remodeling in adult brain is made difficult by two
major technical challenges. The first challenge is inherent to the structure of the brain: it is
highly heterogeneous and contains many subtypes of neurons and glia, each of which are further
distinguished based on connectivity and function. Thus, the cellular and molecular responses
to cocaine can vary tremendously even within a small subregion of the NAc. In response to
cocaine, for example, neurons which express the Gs-coupled dopamine D1 receptors in the
NAc show higher levels of cAMP and its downstream consequences, while neurons expressing
the Gi-coupled D2 receptors respond oppositely. There is even a small population of striatal
neurons which express both D1 and D2 receptors, where they are reported to form
heterooligomers that couple to Gq signaling [85], even further complicating the cellular
responses to cocaine. The end result of studying tissue lysates from such a heterogeneous
structure is that most of the observed effects will be very small since they are averaged together
with several other, differently responding, cell types. This is particularly problematic for
microarray analyses, which depend on strong effects for statistical significance. One solution
that is being currently developed is fluorescence activated cell sorting (FACS) in conjunction
with BAC-transgenic mice that express GFP in specific cell types (e.g., dopamine D1 vs. D2
neurons) [86]. This new technology will permit the study of how cocaine alters gene expression
and histone modifications in isolated cell populations.

The second major challenge is determining causality from correlation. How does one determine
whether histone acetylation at the bdnf promoter causes a transcriptional or behavioral response
in vivo? To address this question, one must induce or prevent histone acetylation on the bdnf
gene specifically. Simply overexpressing a HAT or inhibiting HDACs would likely
hyperacetylate numerous other target genes in addition to bndf, thus confounding the
transcriptional and behavioral interpretations. Recently, an exciting breakthrough using zinc
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finger proteins may enable us to directly address this very challenging question. Zinc finger
peptides can be designed or screened for highly sequence-specific DNA binding properties.
These zinc finger peptides can then be fused to a chromatin remodeling enzyme, which would
effectively target that enzyme to the promoter of a specific gene. This was accomplished for
the first time using a DNA methyltransferase in cell culture [87,88], and may now permit
behavioral neuroscientists, using viral-mediated gene transfer, to ask whether histone
modifications at specific genes are indeed causally linked to the transcriptional and behavioral
phenotypes observed.

Conclusions
Histone acetylation has been shown to be involved in modulating the saliency of many
environmental stimuli. Conditions which increase levels of histone acetylation appear to
sensitize mice to cocaine, stress, pain, etc. while conditions that reduce histone acetylation
diminish sensitivity to these stimuli. This has important implications in the pathogenesis of
drug addiction, depression, chronic pain, and memory disorders. Ultimately, the key function
of histone acetylation is to increase the transcription or the transcriptional potential of genes
which eventually alter neural function [53]. Thus, any study of chromatin modifications is, in
theory, inexorably linked with the study of the underlying gene activity, and may reveal novel
signaling pathways not previously identified from studies of steady-state mRNA and protein
levels. Regulation of chromatin structure also offers a fundamentally new approach for the
development of more effective treatments for drug addiction and other neuropsychiatric
disorders.
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Figure 1. Histone acetyltransferases and deacetylases
The domain organization of three major families of histone acetyltransferases (HATs) is
shown, GCN5/PCAF, MYST, and CBP/p300. Conserved members of these families are found
in yeast. The GCN5/PCAF and CBP/p300 families share a similar catalytic domain (HAT)
while the MYST family uses the distinct but functionally similar MYST catalytic domain. The
MYST family is much more diverse and the example depicted does not represent all family
members. The GCN5/PCAF and CBP/p300 families contain bromodomains, which can bind
to acetylated lysine residues on histone proteins. The function of chromodomains in MYST
family members is still unclear, but, in other proteins, these domains can recognize methylated
histones. Histone deacetylases (HDACs) are divided into four major classes, Class I-IV, based
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on structural homology to yeast proteins. Class I and II use zinc as a cofactor, and have similar
catalytic domains (DAC). Class II HDACs are distinguished from Class I by their large N-
terminal regulatory region, which recognizes transcription factors (e.g., MEF2) and are
phosphorylated to control subcellular localization. The Class IV HDAC, HDAC11, is
structurally similar to both Class I and Class II but has not been well studied. The catalytic
deacetylase domain on Class III HDACs requires NAD+ as a cofactor and, in addition to
deacetylating proteins, this domain has also been reported to have ADP ribosyltransferase
activity (ART).
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Figure 2. Regulation of chromatin structure by drugs of abuse
Drug-induced signaling events are depicted for cocaine/amphetamine, ethanol, and an inhalant,
benzyl alcohol. Cocaine and amphetamine can increase cAMP levels in striatum, which
activates protein kinase A (PKA) and leads to phosphorylation of its targets. This includes the
cAMP response element binding protein (CREB), the phosphorylation of which induces its
association with the histone acetyltransferase, CREB binding protein (CBP) to acetylate
histones and facilitate gene activation. This is known to occur on many genes including fosB
and c-fos in response to psychostimulant exposure. ΔFosB is also upregulated by chronic
psychostimulant treatments, and is known to activate certain genes (e.g., cdk5) where it recruits
the SWI-SNF chromatin remodeling enzyme, BRG1, and represses others (e.g., c-fos) where
it recruits HDAC1. This repression of c-fos also involves increased repressive histone
methylation, which is thought to occur via the induction of specific histone methyltransferases.
It is not yet known how cocaine regulates histone demethylases (HDM) or DNA
methyltransferases (DNMTs). Cocaine also activates the mitogen activated protein kinase
(MAPK) cascade, which through MSK1 can phosphorylate CREB and histone H3 at serine
10. Cocaine promotes H3 phosphorylation via a distinct pathway, whereby PKA activates
protein phosphatase 2A, leading to the dephosphorylation of serine 97 of DARPP32. This
causes DARPP32 to accumulate in the nucleus and inhibit protein phosphatase 1 (PP1) which
normally dephosphorylates H3. Chronic exposure to psychostimulants is also known to
increase glutamatergic stignaling from the prefrontal cortex to the NAc. Glutamatergic
signaling elevates Ca2+ levels in NAc synapses and activates CaMK (calcium/calmodulin
protein kinases) signaling, which, in addition to phosphorylating CREB, also phosphorylates
HDAC5. This results in nuclear export of HDAC5 and increased histone acetylation on its
target genes (e.g., NK1R [NK1 or substance P receptor). Acute ethanol has been shown to
reduce histone acetylation by increasing HDAC activity, while withdrawal from chronic
ethanol increases histone acetylation by reducing HDAC activity. The organic solvent, benzyl
alcohol, which is used to study the tolerance effects of inhalants, rapidly induces histone
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acetylation on the Ca2+-activated K+ channel, slo, to facilitate CREB-dependent transcription.
Figure was modified with permission from [20].
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