
Neuron

Article
Histone Deacetylase 5 Epigenetically
Controls Behavioral Adaptations
to Chronic Emotional Stimuli
William Renthal,1 Ian Maze,1 Vaishnav Krishnan,1 Herbert E. Covington, III,1 Guanghua Xiao,2 Arvind Kumar,1

Scott J. Russo,1 Ami Graham,1 Nadia Tsankova,1 Tod E. Kippin,4 Kerry A. Kerstetter,4 Rachael L. Neve,5

Stephen J. Haggarty,6 Timothy A. McKinsey,7 Rhonda Bassel-Duby,3 Eric N. Olson,3 and Eric J. Nestler1,*
1Departments of Psychiatry and Basic Neuroscience
2Department of Clinical Sciences
3Department of Molecular Biology

The University of Texas Southwestern Medical Center, 5323 Harry Hines Boulevard, Dallas, TX 75390-9070, USA
4Department of Psychology, University of California, Santa Barbara, Santa Barbara, CA 93106-9660, USA
5Harvard Medical School and McLean Hospital, 202 MRC, Department of Psychiatry, 115 Mill Street, Belmont, MA 02178, USA
6Department of Chemistry and Chemical Biology, Harvard University, 12 Oxford Street, Cambridge, MA 02138, USA
7Myogen, Inc./Gilead Colorado, Inc., 7575 West 103rd Avenue, Westminster, CO 80021, USA

*Correspondence: eric.nestler@utsouthwestern.edu
DOI 10.1016/j.neuron.2007.09.032
SUMMARY

Previous work has identified alterations in his-
tone acetylation in animal models of drug addic-
tion and depression. However, the mechanisms
which integrate drugs and stress with changes
in chromatin structure remain unclear. Here, we
identify the activity-dependent class II histone
deacetylase, HDAC5, as a central integrator of
these stimuli with changes in chromatin struc-
ture and gene expression. Chronic, but not
acute, exposure to cocaine or stress decreases
HDAC5 function in the nucleus accumbens
(NAc), a major brain reward region, which allows
for increased histone acetylation and transcrip-
tion of HDAC5 target genes. This regulation is
behaviorally important,as lossofHDAC5causes
hypersensitive responses to chronic, not acute,
cocaine or stress. These findings suggest that
proper balance of histone acetylation is a crucial
factor in the saliency of a given stimulus and
that disruption of this balance is involved in the
transition from an acute adaptive response to
a chronic psychiatric illness.

INTRODUCTION

Some individuals are more vulnerable to chronic psychiat-

ric illnesses, such as drug addiction or depression, but the

neural and molecular mechanisms responsible for this are

poorly understood. Although addiction and depression

are known to have a strong genetic component and in-

volve aberrant changes in gene expression (Hyman et al.,

2006; Nestler et al., 2002), recent evidence has suggested

that epigenetic mechanisms, such as histone acetylation,
N

may also contribute (Tsankova et al., 2007). In animal

models of addiction, chronic cocaine was shown to in-

duce long-lasting changes in histone acetylation, which

serve to relax the chromatin structure and permit greater

access to transcriptional activators (Kumar et al., 2005;

Levine et al., 2005). In a model of depression, stable

changes in chromatin structure were observed nearly a

month after stress treatment, indicating epigenetic mech-

anisms may play a significant role in the pathogenesis

and maintenance of chronic psychiatric illness (Tsankova

et al., 2006).

One of the most appealing features linking epigenetic

mechanisms to psychiatric illness is their ability to re-

spond to, integrate, and translate diverse environmental

stimuli into structural changes, which govern the expres-

sion of specific genes (Kouzarides, 2007). Although the

term epigenetics is used in several ways, we use the broad

definition of epigenetics, as ‘‘the structural adaptation of

chromosomal regions so as to register, signal, or perpet-

uate altered activity states’’ (Bird, 2007). This elaborate

epigenetic process is carried out by many classes of chro-

matin-modifying enzymes, which serve as mediators be-

tween the environment and the genome. Although recent

data have begun to describe chromatin modifications in

animal models of psychiatric illness, limited focus has

been paid to the specific enzymes that mediate these pro-

cesses. Therefore, we focus here on histone deacetylases

(HDACs), a family of enzymes capable of repressing gene

expression by removing acetyl groups from histones to

produce a less accessible chromatin structure.

There are three distinct classes of HDACs, classes I, II,

and III, based on their homology to the yeast genes rpd3,

hda1, and sir2, respectively (Kurdistani and Grunstein,

2003). We focus here on the class II HDAC, HDAC5, due

to its activity-dependent regulation in neurons (Chawla

et al., 2003) and, as we show, its relative enrichment in

the nucleus accumbens (NAc), a key brain reward region
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Figure 1. Cocaine Induces HDAC5 Phos-

phorylation and Nuclear Export in the

Nucleus Accumbens

(A) Intra-NAc inhibition of HDACs with 100 mM

SAHA significantly enhances cocaine reward.

p < 0.05, n = 17–20, Student’s t test.

(B) Basal expression levels of HDAC mRNA

within the NAc expressed as fold difference

from the average level of all HDACs 1–9 from

eight mice (72 values). HDAC3 and HDAC5

show the highest expression within the NAc.

(C) Neither acute nor chronic cocaine regulates

HDAC5 mRNA in the nucleus accumbens

30 min or 24 hr later as measured by both qPCR

in C57BL/6 mice (bottom, n = 4) and LacZ

expression in HDAC5+/� mice where LacZ

was knocked into the HDAC5 locus (top, n = 3).

(D) Chronic cocaine administration causes

a significant induction of phosphorylated

HDAC5 (Ser259) 30 min later [analysis of vari-

ance, ANOVA, F (2,25) = 5.80, *p < 0.05, n =

8–9] that is not observed after an acute dose

and returns to baseline by 24 hr [F (2,19) =

0.27, p > 0.05, n = 4].

(E) Representative image of chronic cocaine

shuttling HDAC5 out of the nucleus 30 min af-

ter the last cocaine dose, blocking its actions

within the nucleus (left). DAPI was used for a

nuclear stain. Quantification of the percent of

cytoplasmic cells to total cells counted (right,

p < 0.05, n = 12–20 infected cells/mouse, three

mice per group, Student’s t test).

Data are presented as mean ± SEM.
implicated in cocaine and stress responses. We found

that chronic, but not acute, exposure to either cocaine

or stress regulates HDAC5 in this brain region, via distinct

mechanisms, to attenuate its repressive influence on tran-

scription. We further show that mice lacking HDAC5

exhibit dysregulation of histone acetylation, gene expres-

sion, and ultimately behavioral hyperadaptation to chronic,

but not acute, cocaine or stress. Together, these data

establish HDAC5 in the NAc as a central regulator of an

animal’s adaptive response to these chronic stimuli and

suggest a role for HDAC5 in the molecular machinery

gating the transition to a pathological psychiatric state.

RESULTS

Cocaine Regulates HDAC5 in the NAc
Recent studies from our laboratory have shown that

histone acetylation is induced in the NAc in response to

acute and chronic cocaine administration (Kumar et al.,

2005). We have also shown that systemic administration

of nonspecific HDAC inhibitors augmented behavioral

responses to cocaine, consistent with a scheme whereby

cocaine-induced hyperacetylation of histones contributes

to the drug’s behavioral effects. To determine whether the
518 Neuron 56, 517–529, November 8, 2007 ª2007 Elsevier Inc
effects of systemic HDAC inhibitors are acting at the level

of the NAc, we delivered suberoylanilide hydroxamic acid

(SAHA), a highly specific inhibitor of class I and class II

HDACs, directly into this brain region. The rewarding ef-

fects of cocaine were then analyzed in a conditioned place

preference paradigm, where an animal’s preference to a

cocaine-paired environment is measured. We found that

mice receiving intra-NAc delivery of SAHA during their

place conditioning display significantly higher rewarding

responses to cocaine than vehicle-treated controls (Fig-

ure 1A). These findings localize the role of HDAC function

in cocaine reward specifically to the NAc.

In order to identify the specific HDAC(s) in the NAc im-

portant for cocaine reward, we screened the expression

levels of class I and class II HDACs (HDACs 1–9), since

these are the enzymes inhibited by SAHA and are thus

implicated in cocaine reward. We found that HDAC3 and

HDAC5had the highest expression in the NAc, whileHDAC2

had the lowest. The relative levels of the other HDACs in the

NAc were similar (Figure 1B). However, the mRNA levels

of these HDACs, including HDAC5, were unaffected by

cocaine administration (Figure 1C and data not shown).

Since class II HDACs (4, 5, 7, and 9) are phosphory-

lated and exported out of the cell nucleus through an

activity-dependent mechanism, we tested whether such
.
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phosphorylation might be regulated by cocaine. Among

the class II HDACs, we focused on HDAC5 because of its

relative enrichment in NAc and because its subcellular lo-

calization was the most tightly regulated by depolarization

in cultured neurons (Chawla et al., 2003). We found that

30 min after an injection of cocaine, HDAC5 phosphoryla-

tion is strongly induced in mice previously exposed to a

course of chronic cocaine injections, an effect not seen

after the first cocaine dose (Figure 1D). No change in

HDAC5 phosphorylation was observed 24 hr after an acute

or chronic cocaine injection. The phosphospecific HDAC5

band observed via western blotting was only present, as

expected, in cytoplasmic fractions (see Figure S1A in the

Supplemental Data available with this article online), sug-

gesting that cocaine is increasing nuclear export of HDAC5

via phosphorylation. Since antibodies to total HDAC5 are

inadequate, we directly visualized the subcellular localiza-

tion of HDAC5 under saline and chronic cocaine-treated

conditions by infecting the NAc with a herpes simplex virus

(HSV) vector expressing Flag-tagged HDAC5. We first

confirmed that overexpressed Flag-tagged HDAC5 could

be efficiently phosphorylated in vivo by cocaine treatment

as well as in vitro in cell culture (Figure S1B). By staining

brain sections through the NAc with anti-Flag antiserum,

we next demonstrated a statistically significant increase

in nuclear export in the NAc in vivo after chronic cocaine

administration (Figure 1E). We hypothesized that HDAC5

phosphorylation and nuclear export in response to chronic

cocaine is at least partially mediated by CaMKII, based on

the role this enzyme plays in HDAC5 trafficking in cultured

neurons (Chawla et al., 2003) and the rapid activation of

CaMKII that occurs in the NAc after chronic cocaine (Matt-

son et al., 2005). Indeed, we found that the CaMK inhibitor,

KN-93, significantly attenuates KCl-induced HDAC5 phos-

phorylation in NAc punches ex vivo (Figure S2). Such trans-

location of HDAC5 out of the nucleus is thought to block

HDAC5 function, since only its nuclear form can deacety-

late histones (Czubryt et al., 2003; Zhang et al., 2002).

The rapid phosphorylation and nuclear export of HDAC5

only after chronic cocaine exposure suggests a mech-

anism by which genes induced specifically by chronic

cocaine can be regulated epigenetically. Importantly, the

subsequent return of HDAC5 into the nucleus would allow

for only a transient increase in cocaine-induced histone

acetylation and gene activation, with a return to baseline

function between cocaine exposures.

Overexpression of HDAC5 in the NAc
Regulates Cocaine Reward
To address the behavioral significance of HDAC5 regula-

tion by cocaine in the NAc, we generated HSV vectors to

overexpress HDAC5 in vivo. As previously reported, HSV-

mediated transgene expression is maximal 1–4 days after

injection and is largely dissipated by 7 days (e.g., Barrot

et al., 2002; Carlezon et al., 1998; Green et al., 2006), a

time course of expression confirmed for HDAC5 in the

present study (data not shown). This transient expression

makes HSV vectors excellent tools for overexpressing
N

HDAC5 selectively during the training phase of place con-

ditioning as opposed to the expression of a place pref-

erence (Figure 2A). Using an unbiased conditioned place

preference paradigm, we observed that bilateral overex-

pression of HDAC5 in the NAc attenuated the rewarding

effects of cocaine compared to animals that received

HSV-GFP injections (Figure 2C). To provide insight into

the mechanism by which HDAC5 reduces the rewarding

responses to cocaine, we generated viral vectors express-

ing mutant forms of HDAC5: one mutant lacked the cata-

lytic histone deacetylase domain; another mutant lacked

the myocyte enhancing factor-2 (MEF2)-interacting do-

main, which has been shown to be important for class II

HDAC function in nonneural cells (Lu et al., 2000). Asshown

in Figure 2C, the histone deacetylase domain was neces-

sary for HDAC5 to attenuate cocaine reward, whereas

loss of the MEF2-interacting domain had no effect. Equiv-

alent expression of each of these transgenes was con-

firmed in vitro by western blotting and in the NAc in vivo

by qPCR (Figure 2B). Moreover, treating mice systemically

with the HDAC inhibitor, trichostatin A, which acts at the

catalytic domain of HDACs (Finnin et al., 1999), completely

blocked the repressive actions of HDAC5 overexpression

on cocaine reward (Figure 2C). These data further substan-

tiate a deacetylation-dependent mechanism for HDAC5

regulation of cocaine reward. Interestingly, the repressive

action of HDAC5 on cocaine reward is not a property of

all class II HDACs. The overexpression of a related class

II HDAC, HDAC9, in the NAc had no effect (Figure 2C),

although overexpression of HDAC4 exerted a similar ef-

fect (Kumar et al., 2005). Together, these findings indicate

that the cocaine-induced regulation of endogenous

HDAC5 in the NAc regulates an animal’s behavioral

responses to cocaine.

Loss of HDAC5 Hypersensitizes Mice to the
Chronic but Not Acute Effects of Cocaine
The pronounced effect of HDAC5, but not HDAC9, over-

expression on cocaine reward prompted us to investigate

cocaine behaviors in HDAC5 and HDAC9 knockout mice.

Unfortunately, HDAC4 knockout mice do not survive into

adulthood and hence could not be included in this study

(Vega et al., 2004). Surprisingly, both HDAC5 and HDAC9

mutant mice displayed normal cocaine reward at several

doses of cocaine (Figure S3). However, since HDAC5

phosphorylation and nuclear export were only induced af-

ter repeated cocaine administration, we hypothesized that

HDAC5 might play a more significant role in responses

to chronic cocaine. To address this question, we treated

mice for 1 week with higher, sensitizing doses of cocaine

prior to conditioned place preference training and sub-

sequently assessed their sensitivity to cocaine reward

(Figure 3A). We found that prior cocaine exposure sensi-

tizes HDAC5 knockout mice to the rewarding effects of

cocaine significantly more than wild-type littermate con-

trol mice (Figure 3B). This increased response to chronic

cocaine was not evident in HDAC9 knockout animals

(Figure 3C).
euron 56, 517–529, November 8, 2007 ª2007 Elsevier Inc. 519
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Figure 2. Viral-Mediated Expression of

HDAC5 Regulates Cocaine Reward

(A) Time course of HSV expression during

the conditioned place preference paradigm

(top). HDAC5 domain structure, depicting the

MEF2-interacting domain, the Ser259 site

important for nuclear export, and the catalytic

HDAC domain. Also shown are the HDAC5

mutants and HDAC9 used for the behavioral

experiments with their total amino acid number

listed (bottom).

(B) Representative staining of HSV-HDAC5 in

the NAc. GFP is coexpressed in all neurons

infected with HDAC5 (top). Expression levels

of human HDAC5 mRNA from wild-type and

mutant HDAC5 viruses infected in NAc tissue

in vivo, as measured by RT-PCR. The expres-

sion of human HDAC9 is also shown to confirm

viral expression in vivo. Western blots for

HDAC5 and HDAC9 of wild-type and mutant

virus-infected PC12 cells are shown to the right

of its respective in vivo mRNA data. In

vivo mRNA levels and in vitro protein levels

for the HDAC5 mutants were comparable to

that of wild-type (bottom).

(C) Viral overexpression of HDAC5 significantly

reduces conditioned place preference to co-

caine [ANOVA, F (5,123) = 4.21, **p < 0.01, n =

63 or 19]. Deletion of the catalytic HDAC

domain blocks this effect (p > 0.05, n = 63 or

8), while deletion of the MEF2-binding domain

maintains its activity against cocaine reward (*p < 0.05, n = 63 or 17). Treating HDAC5-overexpressing mice with the HDAC inhibitor trichostatin A

blocks the inhibitory effect of HDAC5 on cocaine reward (p > 0.05, n = 63 or 7). A related class II HDAC, HDAC9, demonstrated no effect on cocaine

reward (p > 0.05, n = 63 or 11).

Data are presented as mean ± SEM.
Since the NAc is the site of cocaine-induced HDAC5

phosphorylation, as well as the site of HDAC inhibitor

action, we examined whether restoration of HDAC5 ex-

pression, specifically within the NAc of HDAC5 knockout

mice, could rescue the hypersensitivity phenotype. Mice

received bilateral intra-NAc injections of HSV-HDAC5

or HSV-GFP during the chronic course of cocaine admin-

istration prior to conditioned place preference training, as

this is the period responsible for both elevations of HDAC5

phosphorylation in wild-type mice and for reward hy-

persensitivity in HDAC5 knockout mice. We found that

restoration of HDAC5 expression completely normalized

the reward hypersensitivity seen in the knockouts, which

argues that the HDAC5 knockout phenotype is both local-

ized within the NAc and is not developmental in nature

(Figure 3D). Notably, expressing HDAC5 in the NAc of

wild-type mice during pre-exposure to chronic cocaine

did not affect cocaine reward as it did when expressed

during the conditioning phase (i.e., Figure 2C). This could

reflect the fact that the inhibitory effect of HDAC5 overex-

pression on cocaine reward requires expression during

training or that the higher dose of cocaine used in the pre-

treatment period was capable of overcoming any inhibi-

tory effect of HDAC5. Together, these data indicate that

HDAC5 within the NAc epigenetically regulates the adap-

tive responses that occur during repeated exposure to co-
520 Neuron 56, 517–529, November 8, 2007 ª2007 Elsevier Inc
caine and suggest a possible mechanism by which loss of

HDAC5 results in increased histone acetylation, aberrant

gene expression, and ultimately increased responses to

cocaine reward.

Altered Patterns of Gene Expression and Histone
Acetylation in HDAC5 Knockout Mice which Mirror
the Behavioral Phenotype
To better understand the mechanism by which HDAC5

knockout mice hyperadapt to chronic cocaine exposure,

we investigated HDAC5 target genes that may contribute

to their reward hypersensitization. Because no HDAC5

target genes have been previously identified in brain, we

performed genome-wide expression microarrays in the

NAc of HDAC5 mutant mice and their wild-type littermate

controls after repeated cocaine or saline administration.

To achieve the highest quality data, we performed these

experiments on six biological replicates, pooling NAc from

four mice for each replicate.

We first compared the set of genes differentially ex-

pressed between HDAC5 knockouts treated with chronic

cocaine and wild-types treated with chronic cocaine,

since this is the condition in which behavioral differences

in cocaine reward were observed. This analysis identified

1616 significantly regulated genes in the NAc (>1.2-

fold, p < 0.05). One interesting observation from this
.
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Figure 3. Mice Lacking HDAC5 Differentially Adapt to Chronic Cocaine Exposure

(A) Behavioral paradigm to assess the effect of prior cocaine exposure on subsequent cocaine reward in HDAC5 knockout (KO) and wild-type (WT)

mice. Each tick mark represents 1 day.

(B) HDAC5 KO mice and littermate controls were given daily cocaine injections for 7 days and then tested for cocaine CPP after 4 days of withdrawal.

While cocaine-naive HDAC5 KO mice do not display a greater preference for cocaine than their littermate controls, after prior exposure to cocaine,

HDAC5 KO mice develop a significant hypersensitization to cocaine reward [ANOVA, significant effect of cocaine, F (1,62) = 6.81, p < 0.05, significant

effect of genotype, F (1,62) = 4.01, p < 0.05, Bonferroni post hoc test: naive WT versus naive HDAC5 knockout, p > 0.05, n = 13, cocaine-experienced

WT versus cocaine-experienced HDAC5 knockout, **p < 0.01, n = 18].

(C) Neither cocaine-naive nor cocaine-experienced HDAC9 KO mice show a significant difference to cocaine reward from their littermate controls as

measured by conditioned place preference (ANOVA, no effect of drug or genotype, n = 5–20).

(D) Modified paradigm from (B), where viral introduction of HDAC5 specifically into the NAc occurs prior to the first cocaine treatment (top). Prior to the

first cocaine dose, viral expression of HDAC5 in the NAc of naive HDAC5 KO mice and their littermate controls rescues the hypersensitization of

reward observed in the KO mice after cocaine exposure [ANOVA: significant effect of virus, F (1,32) = 4.48, p < 0.05, Bonferroni post hoc test,

HSV-GFP versus HSV-HDAC5 in HDAC5 KO mice *p < 0.05, n = 7–9].

Data are presented as mean ± SEM.
comparison is that a vast majority of these 1616 genes are

not significantly different between cocaine-naive knock-

out and wild-type mice (Figure S4A). This is consistent

with the behavioral observations that HDAC5 mutant

mice display hypersensitivity to cocaine only after prior

chronic cocaine exposure. Due to the large number of reg-

ulated genes, we used Ingenuity pathway analysis to iden-

tify statistically enriched signaling pathways that may con-

tribute to the HDAC5 knockout phenotype. Examples of

highly regulated pathways are depicted in Figure S4B

and covered in the Discussion.
N

To identify the most biologically relevant genes from

this large gene set, we filtered the 1616 genes for the

ones which were also significantly regulated by cocaine

in the knockout (knockout cocaine versus knockout sa-

line, >1.2-fold, p < 0.05). Since the reward phenotype in

HDAC5 knockout mice requires prior exposure to chronic

cocaine, we hypothesized that this filter would help iden-

tify the genes that most closely match the behavioral phe-

notype. We identified a set of 172 genes that satisfied

these criteria (Figure 4A; see Table S1 for complete gene

list). The enrichment of this set of 172 genes is highly
euron 56, 517–529, November 8, 2007 ª2007 Elsevier Inc. 521
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Figure 4. Microarray Analysis Identifies

Expression Patterns that Mirror the

Phenotype Observed in HDAC5 Knock-

out Mice

(A) Gene expression microarrays were per-

formed on NAc from HDAC5 knockout (KO)

and wild-type (WT) littermate controls that

received either chronic cocaine or saline and

were sacrificed 24 hr later. Venn diagrams

display the number of genes significantly regu-

lated (1.2-fold and p < 0.05) between pair-wise

comparisons of cocaine-treated HDAC5 KO

versus cocaine-treated WT mice (left) and co-

caine-treated HDAC5 KO versus saline-treated

HDAC5 KO (right). There were 172 genes that

are significantly enriched in both comparisons

(p < 6 3 10�43).

(B) Heatmap analysis displays the 172 genes

significantly enriched from (A) and shows how

they are expressed in the following com-

parisons: cocaine-treated HDAC5 KO versus

cocaine-treated WT (row 1), cocaine-treated

HDAC5 KO versus saline-treated HDAC5 KO

(row 2), and saline-treated HDAC5 KO versus

saline-treated WT (row 3). It can be seen that

nearly all of these genes are similarly regulated

in rows 1 and 2, while few are significantly reg-

ulated in row 3. This expression pattern mirrors

the enhanced cocaine reward seen in cocaine-

treated (rows 1 and 2) but not naive (row 3)

HDAC5 KO mice.

(C) List of representative upregulated genes in

cocaine-treated HDAC5 KO mice, whose sig-

nificant regulation was confirmed by qPCR

and/or ChIP on independent tissue samples.

The right two columns indicate whether qPCR

confirmed significantly increased mRNA levels

in the NAc of KO mice and whether ChIP iden-

tified increased histone H3 acetylation on its

promoter region (p < 0.05). These genes were

selected for validation based on their potential

biological relevance.
statistically significant, with p < 6 3 10�43. Moreover, after

adjusting for multiple comparisons, the false discovery

rate for this set of genes is 0.145, which is comparable

to other studies of heterogeneous cell populations in vivo.

Indeed, we confirmed the significant regulation of repre-

sentative genes on this list by qPCR analysis of indepen-

dent tissue samples (Figure 4C).

Since these 172 candidate genes were identified with-

out regard to whether they were up- or downregulated,

we generated a heatmap of these genes to illustrate their

direction of regulation. Nearly all of the 172 candidate

genes were regulated in the same direction in cocaine-

treated HDAC5 knockout versus wild-type mice (row 1)

as they were by cocaine- versus saline-treated knockout

mice (row 2, Figure 4B). This pattern indicates that the

gene expression differences observed between cocaine-

exposed knockouts and wild-types were induced by co-

caine and not pre-existing in the naive state. Indeed, levels

of these 172 genes were not affected, or were even op-

positely affected, in cocaine-naive knockout mice versus
522 Neuron 56, 517–529, November 8, 2007 ª2007 Elsevier Inc
cocaine-naive wild-type controls (row 3, Figure 4B). Since

HDAC5 is itself a transcriptional repressor, we were sur-

prised to see a substantial subset of genes downregulated

in the NAc of HDAC5 knockout mice. However, several of

the behaviorally relevant genes that were upregulated can

act as transcriptional repressors, such as the histone

methyltransferase, Suv39H1 (Bannister et al., 2001; Lach-

ner et al., 2001), and may account for this observation.

This work identifies a set of genes whose expression

mirrors the behavioral observation that chronic cocaine in-

duces distinct adaptations in the NAc of knockout versus

wild-type mice, while expression levels of these genes are

normal in naive knockout mice. Notably, many of these

172 candidate genes have been implicated in dopamine

transmission in the NAc, in NAc excitability, or in cocaine

responses (Figure 4C). In HDAC5 knockout mice, cocaine

induced RapGEF6, a guanine nucleotide exchange factor

that activates Rap1 and can promote ERK signaling (Kui-

perij et al., 2003; Lee et al., 2002), which is a crucial path-

way for cocaine reward (Lu et al., 2006). Also regulated by
.
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Figure 5. Microarray Target, NK1 Recep-

tor (NK1R), Regulates Cocaine Reward

(A) Microarray expression data of NK1R nor-

malized to wild-type (WT) saline. NK1R micro-

array expression is significantly increased in

the HDAC5 knockout (KO) cocaine group only

(p < 0.05, Student’s t test).

(B) Quantitative PCR verifies a significant in-

crease in NK1R mRNA levels in HDAC5 KO

mice. qPCR was performed on an independent

cohort of HDAC5 WT and KO mice treated with

chronic cocaine (p < 0.05, n = 6).

(C) Quantitative ChIP shows a significant in-

crease in histone H3 acetylation, but only a

trend in H4 acetylation, at the NK1R gene pro-

moter in HDAC5 KO mice treated with chronic

cocaine (p < 0.05, n = 6).

(D) Reduced conditioned place preference to

cocaine in mice treated with the NK1R antago-

nist RP-67580 (1.5 mg/kg) versus mice treated

with vehicle (p < 0.05, n = 8).

Data are presented as mean ± SEM.
cocaine in the NAc of HDAC5 knockout mice is Wnt-5a,

another key activator of ERK signaling (Almeida et al.,

2005). Upregulation of Gnb4, a G protein that activates

GIRK currents (Ruiz-Velasco et al., 2002), would be ex-

pected to reduce NAc excitability and lead to heightened

cocaine responses (Dong et al., 2006). Ingenuity pathway

analysis also revealed the enhancement of two pathways

in cocaine-treated HDAC5 knockout mice that are known

to regulate cocaine reward (Figure S4B), dopamine D1 re-

ceptor signaling (Nazarian et al., 2004), and cytoskeletal

remodeling (Toda et al., 2006). The dysregulation of these

genes, and perhaps others that we have identified, may

therefore contribute to the reward hypersensitization

exhibited by HDAC5 knockout mice.

To explore the mechanism by which these behaviorally

relevant genes are upregulated by cocaine in HDAC5

knockout mice, we investigated whether their promoters

had elevated levels of histone acetylation, an epigenetic

mark of gene activation. Indeed, most of the gene targets

identified by microarray also had significantly elevated

histone H3 acetylation at their promoters, including Rap-

GEF6, Gnb4, Suv39H1, and the NK1 receptor (NK1R),

among many others (Figure 4C and Figure S4C). Since

earlier studies have implicated substance P, an endoge-

nous ligand for NK1R, in dopamine transmission and co-

caine responses (Kalivas and Miller, 1984; Kombian et al.,

2003; Placenza et al., 2005), and pharmacological antag-

onists are available, we chose NK1R as a prototypical

example of a gene regulated in our microarray analysis

(Figure 5A). We confirmed that its mRNA was elevated

in cocaine-treated knockout mice (Figure 5B), that its

promoter was hyperacetylated under these conditions

(Figure 5C), and that blockage of this receptor, via sys-

temic administration of the NK1R antagonist RP-67580,

attenuated cocaine reward (Figure 5D). Similar effects on

cocaine reward were seen with intra-NAc delivery of RP-

67580 (data not shown). Thus, the increased levels of
N

NK1R in the NAc of cocaine-treated HDAC5 knockout

mice appear to contribute to the enhanced cocaine re-

ward phenotype. This effect of RP-67580 is unexpected,

since NK1R knockout mice display normal responses to

cocaine reward (Murtra et al., 2000), perhaps due to devel-

opmental compensations. These observations therefore

validate the utility of our microarray analysis in identifying

molecular substrates of cocaine reward and HDAC5

action in the NAc.

Together, this work provides mechanistic insight into

how the loss of HDAC5 tilts the epigenetic balance toward

increased histone acetylation, which over repeated co-

caine doses leads to elevations in steady-state mRNA

levels of specific genes and ultimately to enhanced reward

behavior. These data also identify the genome-wide pro-

file of HDAC5-regulated genes within the brain.

Loss of HDAC5 Hypersensitizes Mice to Chronic
but Not Acute Stress
The regulation of HDAC5 in the NAc by chronic cocaine

prompted us to consider whether HDAC5 plays an analo-

gous role in the adaptation to chronic stress, as the NAc is

also an important substrate for stress and depression-like

behavior (Nestler and Carlezon, 2006). Moreover, the neu-

roadaptive responses to cocaine and stress appear to

be highly intertwined (Ahmed and Koob, 1997; Erb et al.,

1996; Koob and Kreek, 2007). We utilized social defeat

stress, a chronic stress paradigm that mimics many of the

behavioral aspects of human depression (Berton et al.,

2006). Importantly, the social avoidance induced by

chronic defeat stress is reversible by chronic, but not

acute, antidepressant treatment (Berton et al., 2006; Tsan-

kova et al., 2006). We observed that chronic social defeat

stress significantly downregulated Hdac5 mRNA levels in

the NAc (Figure 6A) without altering the phosphorylation

state or subcellular distribution of HDAC5 (Figure S5).

Thus, chronic stress, like chronic cocaine, reduces HDAC5
euron 56, 517–529, November 8, 2007 ª2007 Elsevier Inc. 523
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Figure 6. HDAC5 Regulates Adaptation

to Chronic Stress

(A) Mice underwent acute (1 day) or chronic (10

days) of social defeat stress and were sacri-

ficed 24 hr after the last defeat. Chronic but

not acute defeat stress significantly reduced

Hdac5 mRNA in the NAc as measured by

qPCR [t(7) = 2.67, *p < 0.05, n = 3–6, with

each n representing four mice pooled].

(B) Mice were treated acutely (1 injection) or

chronically (28 daily injections) with the antide-

pressant imipramine (20 mg/kg). Hdac5 mRNA

was upregulated in their NAc by chronic but

not acute imipramine treatment [t(26) = 2.2,

*p < 0.05, n = 14].

(C) HDAC5 knockout mice and their littermate

controls underwent chronic social defeat

stress for 10 consecutive days. Social interac-

tion with a novel mouse was then measured

24 hr after the last defeat. While naive, un-

stressed HDAC5 knockout (KO), and wild-

type (WT) displayed similar social interaction,

the experience of chronic defeat stress in-

duced a significantly stronger social aversion

in HDAC5 KO mice than their littermate con-

trols [ANOVA, significant effect of social defeat

F (1,36) = 37.50, p < 0.0001, significant effect

of genotype F (1,36) = 12.04, p < 0.01, Bonferroni post hoc test: control WT versus control KO, p > 0.05, defeated WT versus defeated KO,

**p < 0.01, n = 9–11].

(D) Sucrose preference test in control or defeated WT and HDAC5 KO mice demonstrates stress-induced anhedonia selectively in the mutants [t(14) =

2, *p = 0.05, n = 8]. Defeated wild-type mice of this background did not demonstrate stress-induced anhedonia, which is observed in C57BL/6 mice

(not shown).

Data are presented as mean ± SEM.
function, but through a distinct mechanism. An acute

episode of social defeat did not alter Hdac5 levels. Con-

versely, chronic treatment with the antidepressant imipra-

mine significantly increased Hdac5 mRNA levels in the

NAc (Figure 6B), an effect not seen with acute drug expo-

sure. No other HDAC tested, which included HDAC1, 2, 3,

4, and 9, demonstrated reciprocal regulation by stress and

imipramine (data not shown).

This regulation of HDAC5 expression is behaviorally im-

portant, as HDAC5 knockout mice develop more severe

social avoidance after chronic social defeat stress as

compared to their wild-type littermate controls (Figure 6C).

Defeated HDAC5 knockout mice also became anhedonic

to the natural rewarding effects of sucrose, another hall-

mark of a depressive-like condition, while defeated wild-

type mice of this background did not show this response

(Figure 6D). In contrast, knockout and wild-type mice did

not differ in their behavioral responses to an acute defeat

episode, nor did they differ in several models of acute

stress and acute anxiety-like behavior, such as the forced

swim test, elevated plus maze, and open field test (Fig-

ure S6). These data thereby implicate HDAC5 in the NAc

as an epigenetic regulator of behavioral adaptations to

chronic stress and chronic antidepressant action. Further-

more, these findings are consistent with a conserved role

of HDAC5 in mediating the transition between acute

emotional stimuli and chronic psychopathology, including

drug addiction and depression.
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DISCUSSION

Chromatin remodeling has been implicated in several

chronic psychiatric conditions as a potential mecha-

nism by which environmental stimuli cause long-lasting

changes in gene expression and behavior (Tsankova et al.,

2007). The enzymes that catalyze these histone modifica-

tions are therefore crucial mediators between the environ-

ment and the genome. We show here that the activity-

dependent class II HDAC, HDAC5, is a central regulator

of the actions of chronic cocaine and chronic stress in the

NAc. Through its control of histone acetylation, HDAC5

contributes to the normal behavioral adaptations to these

two types of emotional stimuli. These findings suggest

a novel role for HDAC5 and chromatin remodeling in the

NAc in an animal’s vulnerability to transition from acute

emotional insults to a chronic psychiatric illness.

One of the best examples of a molecule involved in this

pathological transition is DFosB, which accumulates in the

NAc uniquely after repeated cocaine administration and

sensitizes rodents to addictive-like behaviors (Kelz et al.,

1999). Similarly, DFosB is induced in the NAc after chronic,

but not acute, exposures to several types of stress (Per-

rotti et al., 2004). DFosB, therefore, illustrates the charac-

teristics of a molecular switch involved in the transition

from acute responses to chronic pathological effects of

drugs or stress (McClung et al., 2004). HDAC5 also sat-

isfies many of the key functional characteristics of
.
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a molecular switch, since it too responds specifically to

chronic, but not acute, cocaine or stress to regulate behav-

ioral adaptations to those stimuli.

In the NAc, chronic cocaine increases HDAC5 phos-

phorylation at Ser259, an effect not observed after an

acute dose. Studies in nonneural cells suggest that phos-

phorylation of Ser259 (along with a cooperatively regulated

site at Ser498) provides docking sites for 14-3-3 proteins,

which mediate the export of HDAC5 out of the nucleus

(McKinsey et al., 2000a, 2000b). The kinetics of this phos-

phorylation are also notable, as HDAC5 phosphorylation

was observed 30 min after repeated cocaine administra-

tion but returned to normal by 24 hr. Previous reports

from cardiac myocytes as well as cultured cerebellar gran-

ule neurons (Linseman et al., 2003) suggest that CaMKII

is an important HDAC5 kinase. A recent report has shown

that cocaine rapidly activates CaMKII in the NAc within

10 min (Mattson et al., 2005), a time frame consistent

with its role as an upstream HDAC5 kinase in the NAc. In-

deed, we found that CaMKII was necessary for depolari-

zation-induced HDAC5 phosphorylation in acutely dis-

sected NAc tissue, further highlighting CaMKII as a

putative kinase for cocaine-induced regulation of HDAC5

in the NAc. This rapid but transient phosphorylation and

nuclear export of HDAC5 likely allows for pulses of in-

creased histone acetylation, target gene activation, and

over time, behavioral adaptations to repeated cocaine ex-

posure. This model is supported by experiments in which

HDAC5 was virally overexpressed within the NAc, a manip-

ulation which elevates nuclear HDAC5 levels and attenu-

ates cocaine reward. Experiments with HDAC5 mutant

proteins and HDAC inhibitors establish that this action of

HDAC5 is mediated through its catalytic histone deacetyl-

ase domain. This is a significant finding, since prior studies

of class II HDACs in nonneural cells have focused on the

MEF2-binding domain of these proteins as the most im-

portant moiety for their physiological activity. Rather, our

data show that the catalytic domain of HDAC5 is most

important for its regulation of cocaine reward. We further

show that HDAC5 knockout mice are significantly more

sensitive to the rewarding effects of cocaine, but only in

mice previously exposed to the drug chronically. This phe-

notype is rescued by restoring HDAC5 expression specif-

ically in the NAc, the same site where endogenous HDAC5

phosphorylation is enhanced by chronic cocaine. Impor-

tantly, HDAC5 knockout mice are phenotypically normal

with respect to the acute effects of cocaine, conditions

under which endogenous HDAC5 is not highly phosphory-

lated. This was surprising, since acute cocaine reward was

dramatically reduced by HDAC5 overexpression. However,

only chronic cocaine regulates endogenous HDAC5 to

control genes important for cocaine reward, so it is possi-

ble that supraphysiological levels of HDAC5 repress these

same target genes below baseline, thereby affecting acute

reward behavior when overexpressed. These findings

show that the regulation of HDAC5 in the NAc by cocaine

is consistent with its role as a molecular switch between

acute drug exposures and a chronically addicted state.
Ne
We used gene expression microarray analysis to identify

genes differentially regulated in the NAc between HDAC5

knockout mice and their wild-type littermate controls after

chronic cocaine or saline administration. Patterns of gene

expression revealed by this analysis broadly support the

hypothesis that HDAC5 controls a set of genes specifically

induced by chronic cocaine. Many of the genes signifi-

cantly regulated between cocaine-exposed knockout ver-

sus cocaine-exposed wild-type mice follow a pattern of

expression that mirrors the behavioral responses to co-

caine. That is, they are induced by cocaine in the HDAC5

knockout mice significantly more than by cocaine in wild-

type mice, but are not significantly altered in the knockout

in the cocaine-naive state. This is important because it

provides a molecular description for how HDAC5 knockout

mice more readily sensitize to cocaine and perhaps transi-

tion to an addicted state. The mechanism by which this

dysregulation in gene expression occurs involves in-

creased histone H3 acetylation on the promoters of the

genes we identified through microarray analysis. The NK1

receptor provides a proof of principle: it is upregulated in

the NAc by chronic cocaine in HDAC5 knockout mice

only, this upregulation is associated with hyperacetylation

of histone H3 at the NK1R gene promoter, and the upregu-

lation contributes to enhanced responses to cocaine re-

ward. Taking a more global approach to the microarray

data, we used Ingenuity pathway analysis to identify sig-

naling pathways that were uniquely regulated by cocaine

in the NAc of HDAC5 knockout mice. This analysis re-

vealed several key pathways important for neural plasticity

and reward behavior (see Figure S4), including dopamine

receptor signaling (Nazarian et al., 2004), ATF2/CREB

signaling (Carlezon et al., 2005), NF-kB (Ang et al., 2001;

S.J. Russo et al., 2004, Soc. Neurosci., abstract), NFAT

(Mermelstein, 2007), cytoskeletal remodeling proteins

(Toda et al., 2006), and ion channels (Pulvirenti et al., 1992;

Dong et al., 2006). Together, these data directly implicate

chromatin remodelingasamechanismdrivingalteredgene

activation and behavioral responses to cocaine. We there-

fore conclude that, in the wild-type response to chronic co-

caine, HDAC5 is phosphorylated and exported out of the

nucleus to permit controlled activation of its downstream

target genes (Figure 7). Within 24 hr, HDAC5 then returns

to the cell nucleus to limit the expression of cocaine-regu-

lated genes by histone deacetylation. In the knockout,

however, HDAC5 is not present to limit the expression of

these genes, which consequently begin to accumulate

during repeated cocaine exposures, ultimately culminat-

ing in increased sensitivity to cocaine reward.

Since behavioral responses to drugs of abuse and stress

are closely linked (Koob and Kreek, 2007), effects medi-

ated in part by the NAc (Nestler and Carlezon, 2006), we

determined whether HDAC5 plays an analogous role in an

animal’s adaptation to chronic stress. As with cocaine-eli-

cited behaviors, naive HDAC5 knockout mice were pheno-

typically normal in several tests of acute stress and acute

anxiety-like behavior, but exhibited increased sensitivity

to the deleterious effects of chronic social defeat stress,
uron 56, 517–529, November 8, 2007 ª2007 Elsevier Inc. 525
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Figure 7. Model of HDAC5 Action in the

NAc in Cocaine and Stress Responses

Chronic cocaine rapidly induces the phosphor-

ylation at Ser259 and nuclear export of HDAC5,

most likely via CaMKII. Ser498 is also likely

phosphorylated, since the two sites are known

to be cooperatively regulated. This blocks

HDAC5 action within the nucleus and allows

for increased histone acetylation and tran-

scription of HDAC5 target genes. HDAC5 re-

turns to the nucleus within 24 hr to limit the

expression of cocaine-induced gene transcrip-

tion. Chronic stress reduces HDAC5 function

by downregulating the transcription of HDAC5

itself, resulting in increased sensitivity to stress.

Chronic treatment with the antidepressant

imipramine may reverse some of these

stress-induced behavioral maladaptations by

increasing HDAC5 expression.
including decreased social interaction and decreased su-

crose preference. Moreover, as with cocaine, chronic but

not acute social defeat stress decreased HDAC5 function

in the NAc, albeit through a distinct mechanism. These

data demonstrate a crucial role for HDAC5 in regulating

behavioral adaptations to chronic stress as well as chronic

cocaine and suggest that HDAC5 contributes to a mo-

lecular switch between acute stress responses and more

long-lasting depression-like maladaptations (Figure 7).

This dual action in cocaine and stress is reminiscent of

the opioid peptide dynorphin, which also regulates behav-

ior in animal models of depression (Newton et al., 2002; Pli-

akas et al., 2001) and cocaine reward (Carlezon et al.,

2005; McLaughlin et al., 2006). However, dynorphin levels

were unaffected in HDAC5 knockout mice in both microar-

ray and qPCR experiments (data not shown), indicating the

existence of several distinct mechanisms underlying

chronic cocaine and stress responses in the NAc. Of fur-

ther clinical relevance, chronic but not acute imipramine

treatment, which is known to reverse many of the effects

of chronic social defeat stress (Berton et al., 2006; Tsan-

kova et al., 2006), upregulated Hdac5 mRNA expression

in the NAc, suggesting that HDAC5 function in the NAc

may be an important target for antidepressant action (Fig-

ure 7). This reciprocal regulation by social defeat and imip-

ramine in the NAc was specific for HDAC5, as no other

HDAC tested was regulated in this way. It is interesting to

note, however, that the function of HDAC5 in other brain re-

gions may be very different, as we have previously demon-

strated that chronic imipramine administration in socially

defeated mice downregulates HDAC5 expression in the

hippocampus and that this downregulation may mediate

an antidepressant-like response in this brain region.

Thus, HDAC5 is antidepressant when expressed in the

NAc and prodepressant when expressed in the hippocam-

pus, making it another example of a growing number of im-

portant signaling proteins (e.g., CREB, BDNF), which ex-

hibit opposite regulation and behavioral effects in these

two brain structures (Berton et al., 2006; Carlezon et al.,

2005; Eisch et al., 2003; Shirayama et al., 2002).
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Together, our data draw fascinating parallels to obser-

vations of HDAC5 function in cardiac tissue. The hearts of

naive HDAC5 knockout mice, for example, are phenotyp-

ically normal. However, when knockout mice are exposed

to chronic cardiac stress via thoracic aortic banding, their

hearts hypertrophy to significantly greater sizes than wild-

type control mice (Chang et al., 2004). Our findings in

brain, along with those in heart, suggest that HDAC5

may serve as a central mediator between chronic environ-

mental stimuli and the downstream adaptive responses in

chromatin remodeling and gene expression that protect

several tissues from diverse types of repeated challenges.

The functions of HDAC5 described here provide new in-

sight into the pathogenesis of drug addiction, depression,

and other stress-related syndromes. We propose that

HDAC5 contributes to the behavioral transition between

short-term physiological and long-term pathological re-

sponses to emotional stimuli, since its regulation of chro-

matin structure is attenuated only by repeated stimulation,

and its complete loss in mutant mice results in significant

hypersensitivity in animal models of chronic but not acute

drug addiction and stress. These findings implicate

epigenetic mechanisms in an individual’s vulnerability to

repeated adverse stimulation. This fundamentally new

insight into the molecular underpinnings of chronic mal-

adaptation in brain could lead to the development of

improved treatments for addiction, depression, and other

chronic psychiatric disorders.

EXPERIMENTAL PROCEDURES

Drugs

Cocaine-HCl, imipramine, and trichostatin A were purchased from

Sigma. RP-67580 was purchased from Tocris. Suberoylanilide

hydroxamic acid (SAHA) was synthesized as described previously in

WO 93/07148 PTC/US92/08454 (Breslow et al., 1993).

Behavior

Conditioned Place Preference

We used an unbiased paradigm similar to that described previously

(Kelz et al., 1999). Briefly, mice were conditioned using a standard
c.
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CPP paradigm except for the studies in Figure 2, which required an

accelerated paradigm to accommodate the timing of HSV expression.

The standard protocol involved once daily conditioning sessions over

4 days, which lasted 30 min each. The mice were injected with cocaine

(either 1.25, 2.5, or 5 mg/kg) or saline on opposites sides of a place

preference box (gray side or striped side) on alternating days and were

then tested for their preference on the day following the last condition-

ing. The CPP score was defined as the time spent (s) on the cocaine-

paired side minus the time spent on the saline paired side (s). See Sup-

plemental Methods for more detailed CPP and Sensitization-CPP

methodology.

Social Defeat Stress

Social defeat was performed as described previously (Berton et al.,

2006). Briefly, 10 min defeats were carried out by placing an experi-

mental mouse in the home cage of a different aggressive CD1 mouse

each day for 10 days. After each defeat, the mice were separated by a

plastic barrier with holes to allow nonphysical aggressive interaction to

continue for 24 hr. Social interaction with a novel mouse was measured

24 hr after the last defeat. Acute defeat consisted of a single 10 min

defeat session with social interaction measured 24 hr later. See Sup-

plemental Methods for details of anxiety and sucrose preference tests.

Viral-Mediated Gene Transfer

Expression plasmids for HDAC5, HDAC5DHDAC (D670-1122),

HDAC5DMEF2 (D175-192), and HDAC9 were subcloned into herpes

simplex virus and packaged into high-titer viral particles as described

previously (Barrot et al., 2002). Stereotactic surgery was performed on

mice under general anesthesia with a ketamine/xylazine cocktail.

Coordinates to target both the nucleus accumbens shell and core

were, +1.6 mm A/P, +1.5 mm lateral, and �4.4 mm D/V from bregma

(relative to dura). Virus was delivered bilaterally using Hamilton syrin-

ges at a rate of 0.1 ml/min for a total of 0.5 ml. Viral placements were

confirmed by Crestle Violet staining to visualize needle tracks.

RNA Isolation

Bilateral NAc were dissected from mice treated with the indicated

regimen of cocaine, social defeat, or imipramine and frozen on dry

ice. Frozen brain tissue was then thawed in TriZol (Invitrogen) and pro-

cessed according to the manufacturer’s protocol. RNA was purified

with RNAesy Micro columns (QIAGEN) and processed as indicated

by the manufacturer. Spectroscopy confirmed that the RNA had

260/280 and 260/230 ratios >1.8. Agilent bioanalyzer confirmed RNA

quality (RIN) was excellent (>9.3). With the imipramine samples, RNA

was subsequently amplified one round using RNAamp (Arcturus), in

order to generate enough RNA for studying multiple genes.

Western Blotting

Standard western blotting techniques were performed. Briefly, 50 mg

of NAc lysate was added to an 8% SDS-PAGE gel and transferred to

a PVDF membrane. To detect phospho-HDAC5, we used a phospho-

Ser259-specific HDAC5 antibody as described previously (Harrison

et al., 2006). b-tubulin (Sigma) was used to normalize the phospho-

HDAC5 band since a reliable total HDAC5 antibody could not be

identified for endogenous HDAC5 in NAc lysates. To visualize HSV-

overexpressed HDAC5, however, an antibody to total HDAC5

(Upstate) worked well. The HDAC9 antibody was from Biovision.

Phospho-Thr286-CaMKII and Lamin antibodies were obtained from

Cell Signaling Technology.

Immunohistochemistry

HDAC5 heterozygous mice were treated with 20 mg/kg cocaine or sa-

line for 7 days. They were sacrificed 24 hr later. Immunohistochemistry

for b-galactosidase was performed as described previously (Barrot

et al., 2002; Russo et al., 2007). C57BL/6 mice received HSV-

HDAC5 bilaterally injected in their NAc. Four days post-op, 30 min after

their seventh dose of cocaine (twice daily), mice were sedated with a le-

thal dose of chloral hydrate and perfused with 4% paraformaldyhyde.
N

NAc sections were stained with anti-Flag antiserum (Sigma) and DAPI

to visualize the nucleus. Socially defeated mice were processed simi-

larly, but since the treatment is for 10 days, the virus was not delivered

until day 7 of defeat. Cells were counted as nuclear if Flag staining was

confined to the area also stained with DAPI, and cytoplasmic if Flag

staining extended beyond the nucleus, even if some staining remained

in the nucleus.

Chromatin Immunoprecipitation

ChIP for acetylated H3 (AcH3) and H4 were performed as described in

Kumar et al. (2005) with minor modifications. Briefly, chromatin was

sonicated to an average of about 500 bp. Sonicated chromatin was

then immunoprecipitated using anti-AcH3 (06-599) and anti-AcH4

(06-598) antibodies from Upstate (now Millipore) and a rabbit IgG con-

trol. The IP was collected using Protein A beads from Upstate (06-157),

which were washed repeatedly to remove nonspecific DNA binding.

The chromatin was eluted from the beads and cross-links were re-

moved overnight at 65�C in the presence of proteinase K and EDTA.

DNA was then purified and quantified using real-time PCR.

Reverse Transcription and Quantitative PCR

Reverse transcription of total RNA was carried out using Superscript III

(Invitrogen) as indicated by the manufacturer using random hexamers.

qPCR was then run using approximately 25 ng of cDNA per reaction,

primers, and SYBR Green (ABI). Each reaction was run in triplicate

and quantified using the DDCt method as previously described (Tsan-

kova et al., 2006). A complete list of primers used in this study is in

Table S6.

Microarrays and Analysis

Total NAc RNA was pooled from four mice per biological replicate and

amplified by the UT Southwestern Microarray facility with the Total-

Prep RNA Amplification kit (Illumina/Ambion). The cRNA pools from

six biological replicates were labeled and hybridized to Illumina Mouse

V6-1.1 full genome expression arrays. We used a cutoff of 1.2-fold and

a p < 0.05 for each pair-wise comparison. The false discovery rate of

the genes used to make the heatmap in Figure 4B was 0.145 (calcu-

lated by permutation). See Supplemental Methods for more detailed

microarray methodology. All microarray data have been deposited in

the GEO database under accession GSE9134.

Statistical Analysis

One- or two-way ANOVAs were performed to determine significance

for conditioned place preference, social defeat, western blotting,

microarrays, and real-time PCR data with greater than two groups.

Student’s t tests were used for other comparisons, including PCR

and chromatin immunoprecipitation experiments. All values included

in the figure legends represent mean ± SEM (*p % 0.05; **p < 0.01).

Supplemental Data

The Supplemental Data for this article can be found online at http://

www.neuron.org/cgi/content/full/56/3/517/DC1/.
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