The Journal of Neuroscience, November 23, 2011 • 31(47):16941–16948 • 16941

Cellular/Molecular

CBP in the Nucleus Accumbens Regulates Cocaine-Induced
Histone Acetylation and Is Critical for Cocaine-Associated
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Cocaine exposure triggers molecular events that lead to long-lasting changes in brain structure and function. These changes can lead to
the development of persistent and robust behavioral adaptations that characterize addiction. Recent evidence suggests the regulation of
transcription via chromatin modification, such as histone acetylation, has an important role in the development of addictive behavior.
Histone acetylation is regulated by histone acetyltransferases (HATs), which acetylate histones and promote transcription, and histone
deacetylases (HDACs), which remove acetyl groups and silence transcription. Studies have demonstrated that HDACs may negatively
regulate cocaine-induced behaviors, but very little is known about the role of specific HATs in long-lasting drug-induced plasticity. The
histone acetyltransferase CREB-binding protein (CBP) mediates transcriptional activation by recruiting basal transcription machinery
and acetylating histones. CBP is a critically important chromatin-modifying enzyme involved in regulating gene expression required for
long-term plasticity and memory. However, the role of CBP in cocaine-induced behaviors remains largely unknown. We examined the
role of CBP in drug-induced plasticity using CBP-FLOX genetically modified mice in combination with adeno-associated virus expressing
Cre-recombinase to generate focal homozygous deletions of Cbp in the nucleus accumbens (NAc). A complete loss of CBP in NAc neurons
results in decreased histone acetylation and significantly altered c-fos expression in response to cocaine. Furthermore, the deletion of CBP
in the NAc correlates with significant impairments in cocaine sensitivity and context– cocaine associated memory. This is the first study
to demonstrate a definitive role for CBP in modulating gene expression that may subserve drug-seeking behaviors.

Introduction
Evidence shows that cocaine exposure triggers altered gene expression within the nucleus accumbens, contributing to the development and persistence of drug addiction (Nestler et al., 1993;
Hope et al., 1994; Hyman and Malenka, 2001; Nestler, 2001; Hyman et al., 2006; McClung and Nestler, 2008). Chromatin modification is emerging as a major molecular mechanism involved
in the regulation of gene expression critical for long-lasting forms
of synaptic plasticity, memory processes, and drug-induced neural and behavioral changes (McClung and Nestler, 2008; Renthal
and Nestler, 2008). Cocaine induces specific chromatin modifications, such as histone acetylation, that modulate histone–DNA
interactions and the recruitment of transcriptional regulatory
complexes, leading to changes in transcription that may underlie
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aspects of cocaine addiction (Kumar et al., 2005; Renthal et al.,
2007, 2008; Winstanley et al., 2009).
Although changes in histone acetylation in response to cocaine have been documented, relatively little is known about the
specific histone acetylation enzymes involved in cocaine-induced
plasticity. The enzymes that regulate levels of histone acetylation
are histone acetyltransferases (HATs) and histone deacetylases
(HDACs), which generally promote or silence gene expression,
respectively (Kouzarides, 2007). Numerous studies have shown
that manipulation of HDACs in the nucleus accumbens alters
drug-induced plasticity and behavior (Kumar et al., 2005; Kalda
et al., 2007; Renthal et al., 2007; Pandey et al., 2008; Romieu et al.,
2008; Schroeder et al., 2008; Shen et al., 2008; Sun et al., 2008).
Conversely, an understanding of the role of HATs in the nucleus
accumbens, a key component of the brain’s reward circuitry (Di
Chiara and Imperato, 1988; Self and Nestler, 1995; Wise, 1996;
Hyman et al., 2006), is lacking. CREB-binding protein (CBP) is
one of the best studied HATs that has been shown to regulate
transcription during memory and synaptic plasticity (Barrett and
Wood, 2008). However, the role of CBP in specific brain regions
involved in cocaine plasticity (i.e., nucleus accumbens) cannot be
determined with the Cbp genetically modified mouse models
available, because they are not designed to target a single brain
region.
To address these issues and examine the specific role of CBP in
cocaine-induced plasticity within the nucleus accumbens, we
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used Cbp flox/flox mice carrying loxP sites flanking exon 9 of Cbp
(Kang-Decker et al., 2004) in combination with an adenoassociated, virus-expressing Cre recombinase (AAV2/1-Cre) to
knock-out Cbp in a focal manner. We found that cocaineinduced increases in histone acetylation of specific residues are
blunted in neurons lacking CBP. Second, we found that cocaineinduced c-fos expression is significantly altered in the absence of
CBP. Furthermore, cocaine sensitivity and reward are impaired
in mice that have a focal knock-out CBP in the nucleus accumbens. Our findings indicate that the histone-modifying enzyme
CBP has a critical role within the nucleus accumbens in the regulation of molecular adaptations that may characterize aspects of
drug-seeking behavior.

Materials and Methods
Subjects and surgical procedures. CBP conditional knock-out mice
(Cbp flox/flox) were generated as described in detail by Kang-Decker et al.
(2004) and are maintained on a C57BL/6 background. In the presence of
Cre recombinase, the sequence between the loxP sites can be deleted,
producing a truncated, nonfunctional CBP (Barrett et al., 2011; KangDecker et al., 2004). To generate a focal deletion, 2 weeks before behavioral procedures mice were infused with an adeno-associated virus
expressing Cre recombinase (AAV2/1-Cre; Penn Vector Core, University
of Pennsylvania, Philadelphia, PA) as described previously (Barrett et al.,
2011; McQuown et al., 2011). AAV2/1-Cre (0.25 l) was infused at a rate
of 6 l/h via an infusion needle positioned in the nucleus accumbens
[anteroposterior (AP), ⫺1.3 mm; mediolateral, ⫾1.1 mm; dorsoventral,
⫺4.5 mm]. For all experiments, mice of either sex were 8 –12 weeks old
and had access to food and water ad libitum in their home cages. Lights
were maintained on a 12 h light/dark cycle, with all behavioral testing
performed during the light portion of the cycle. All experiments were
conducted according to National Institutes of Health Guidelines for Animal Care and Use and were approved by the Institutional Animal Care
and Use Committee of the University of California, Irvine, CA.
Immunofluorescence. One hour following the last saline or cocaine
injection, mice were euthanized by cervical dislocation and their brains
removed and frozen at ⫺20°C by immersion in isopentane. Coronal
sections were cut at a thickness of 20 m on a cryostat at the level
corresponding to the nucleus accumbens (AP, ⫹1.4 mm to ⫹0. 6
mm), thaw-mounted on glass slides, and stored at ⫺20°C until used
for immunofluorescence. Slides were fixed with 4% paraformaldehyde
for 10 min and immunofluorescence was performed as described previously (Barrett et al., 2011; McQuown et al., 2011; Vecsey et al., 2007;
Malvaez et al., 2010). Briefly, slides were blocked for 1 h at room temperature in 8% normal goat serum (NGS, Jackson ImmunoResearch Laboratories) with 0.3% Triton X-100 in PBS and then incubated overnight at
4°C in 2% NGS and 0.3% Triton X-100 in PBS with primary antibody
The slides were then incubated for 2 h at room temperature with goat
anti-rabbit IgG-FITC (1:1000, Millipore), and slides were coverslipped
using ProLong Gold anti-fade reagent with DAPI (Invitrogen). Primary antibodies used were CBP (C-20, 1:1000; Santa Cruz Biotechnology), acetylhistone-H3K14 (1:1000; Millipore), acetyl-histone-H2BK12 (1:500,
Abcam), acetyl-histone-H4K12 (1:500; Millipore), and dimethyl-histoneH3K9 (1:500; Millipore).
All images were acquired using an Olympus (BX51) microscope using
a 4⫻ or 20⫻ objective CCD camera (QImaging) and QCapture Pro 6.0
software (QImaging), combined with ImageJ software (NIH). A single
optimized acquisition exposure time was used for all images acquired
from a particular slide with all treatment groups represented. Immunolabeling was quantified using ImageJ software by measuring the optical
density in the area corresponding to the nucleus accumbens from comparable 20⫻ images. For each animal, the average of four sections was
calculated to give a mean optical density for an animal.
Quantitative real-time RT-PCR. Quantitative real-time RT-PCR was
performed to examine c-fos expression. Tissue was collected by taking 1
mm 2 punches from nucleus accumbens sections in the area of the focal
deletion in Cbp flox/flox mice as confirmed by immunofluorescence for
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CBP and equivalent regions in Cbp ⫹/⫹ mice. RNA was isolated using
RNeasy Minikit (Qiagen). cDNA was made from 75 ng of total RNA
using the Transcriptor First Strand cDNA Synthesis kit (Roche Applied
Science). The following primers were derived from the Roche Universal
ProbeLibrary: c-Fos left primer, 5⬘-ggggcaaagtagagcagcta-3⬘; c-Fos right
primer, 5⬘-agctccctcctccgattc-3⬘; probe, atggctgc (c-Fos probe is conjugated to the dye FAM); glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) left primer, 5⬘-atggtgaaggtcggtgtga-3⬘; GAPDH right primer,
5⬘-aatctccactttgccactgc-3⬘; probe, tggcggtattgg (GAPDH probe is conjugated to LightCycler Yellow5 55). The nonoverlapping dyes and
quencher on the reference gene allow for multiplexing in the Roche
LightCycle 480 II machine (Roche Applied Science). All values were normalized to GAPDH expression levels. Analysis and statistics were performed using the Roche proprietary algorithms and REST 2009 software
based on the Pfaffl method (Pfaffl, 2001; Pfaffl et al., 2002).
Chromatin immunoprecipitation. Tissue was collected from wild-type
mice 1 h following the last injection (saline or cocaine). For each sample,
bilateral ventral striatum (AP, ⫹1.4 mm to ⫹0. 6 mm) was isolated from
two 1 mm sections. Chromatin immunoprecipitation (ChIP) was performed based on the protocol from the Millipore ChIP kit. Briefly, tissue
was cross-linked using 1% formaldehyde (Sigma), lysed and sonicated,
and chromatin was immunoprecipitated overnight with anti-acetylated
H3 (positive control; Millipore), anti-CBP (Abcam), or nonimmune
rabbit IgG (negative control; Millipore). The immunoprecipitation was
collected using magnetic Protein A beads (Millipore). After washing,
chromatin was eluted from the beads and reverse cross-linked in the
presence of proteinase K. DNA was purified and then quantified using
quantitative real-time PCR. c-fos promoter enrichment in ChIP samples
was measured by quantitative PCR using the Roche 480 LightCycler and
SYBR Green. Primer sequences used to amplify the promoter region were
designed by the Primer 3 program (5⬘-tacgaccccttcaggcatac-3⬘ and 5⬘gttttaaaggacggcagcac-3⬘). Five microliters of input, ChIP, or IgG sample
were used in each reaction in duplicate for three biological samples in
each condition. Percentage input was calculated for both the ChIP and
IgG samples and then fold enrichment was calculated as a ratio of the
ChIP to IgG. An in-plate standard curve determined amplification efficiency
(AE), and the 100 fold dilution factor for the input was included. The equation used was AE (Input Ct ⫺ ChIP Ct) * 100 /AE (Input Ct ⫺ IgG Ct) * 100. Samples
were then normalized to the saline condition.
Locomotor activity. Before any behavioral procedure, mice of either sex
were handled for 1–2 min for 3 d and habituated to the activity apparatus
(Plexiglas open field with sawdust bedding; base, 16 cm ⫻ 32 cm) for 30
min/day for 2 consecutive days. Cbp ⫹/⫹ and Cbp flox/flox mice were randomized into three different treatment groups (Control, Acute, and
Chronic), and locomotor activity was monitored for 30 min after an
intraperitoneal injection of cocaine-HCl (10 mg/kg; Sigma) or vehicle
(0.9% saline). The Control group received saline injections on days 1–5.
The Acute group received saline injections on days 1– 4 and a single
cocaine injection on day 5. The Chronic group received cocaine injections on days 1–5. Locomotor activity (total distance traveled) was recorded each day with a video camera mounted above the activity
apparatus and tracked automatically from MPEG videos using EthoVision 3.1 software (Noldus Information Technology; see (Pham et al.,
2009).
Conditioned place preference. Place conditioning was performed as described previously (Malvaez et al., 2010). Briefly, mice of either sex were
paired 30 min/day for 4 days (unbiased paradigm) with alternating injections of cocaine-HCl (2.5 mg/kg, i.p.; Sigma) and 0.9% saline. Fortyeight hours after the last conditioning session, preference (difference in
time spent in cocaine-paired compartment versus saline-paired compartment) was assessed (15 min test) in all animals in a drug-free state.
Time spent in each chamber of the conditioned place preference apparatus was tracked automatically from MPEG videos as above.
Statistics. Datasets were analyzed by repeated-measures ANOVA, twoway, or one-way ANOVA. Bonferroni post hoc tests were performed
when appropriate. Specific comparisons were made using Student’s t
tests with alpha levels held at 0.05.
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Figure 1. AAV2/1-Cre infusion in Cbp flox/flox mice results in a complete focal deletion of CBP restricted to nucleus accumbens. A, Representative images [4⫻ (left) and 20⫻ (right) magnification
of the regions boxed in white] showing CBP immunoreactivity in nucleus accumbens of AAV2/1-Cre-infused Cbp ⫹/⫹ and Cbp flox/flox mice. CBP labeling is found throughout striatum, except in the
AAV2/1-Cre infusion site of Cbp flox/flox mice. B, Deletion of CBP in AAV2/1-Cre infused Cbp flox/flox mice is confined to nucleus accumbens, spreading ⫹1.20 to ⫹0.70 mm AP from bregma.

Results
Generation of focal homozygous Cbp deletion in nucleus
accumbens
To generate a homozygous deletion of Cbp, we used mice carrying loxP sites flanking exon 9 of Cbp (Cbp flox/flox mice (KangDecker et al., 2004) in which Cre recombinase excises exon 9 of
Cbp. Cre recombinase was delivered via adeno-associated virus
(AAV2/1-Cre). Cbp flox/flox and Cbp ⫹/⫹ mice received bilateral
nucleus accumbens infusions of AAV2/1-Cre (0.25 l/side) serotype 2/1. This serotype has been shown to efficiently transduce
neurons at a higher efficiency than other cell types (Burger et al.,
2004). Two weeks after AAV2/1-Cre infusion, a time at which a
floxed gene is optimally deleted (Scammell et al., 2003; Barrett et
al., 2011; McQuown et al., 2011), we observed a complete deletion of CBP in Cbp flox/flox mice as demonstrated by loss of CBP
immunoreactivity in the nucleus accumbens (Fig. 1 A and data
not shown: Cbp ⫹/⫹, 100.0 ⫾ 2.93, n ⫽ 3 vs Cbp flox/flox, 3.27 ⫾
0.54, n ⫽ 3; Student’s t test, t4 ⫽ 32.47, p ⬍ 0.0001). The deletion
of CBP was restricted to the nucleus accumbens, spanning ⫹1.20
to ⫹0.70 mm AP from bregma (Fig. 1 B). The viral infusion does
not alter neuronal morphology, induce cell death, or impair basal
synaptic transmission (data not shown; Scammell et al., 2003;
Barrett et al., 2011; McQuown et al., 2011). Furthermore, there is
no difference in CBP protein or mRNA expression in Cbp flox/flox
mice not exposed to AAV2/1-Cre, and there is no difference in
long-term memory in Cbp flox/flox mice as compared to wild-type
littermates, demonstrating that loxP sites in Cbp flox/flox mice have
no effect by themselves on CBP expression or behavior of the
animal (Barrett et al., 2011).
CBP regulates the histone acetylation induced by cocaine in
the nucleus accumbens
Cocaine treatment has been shown to induce histone acetylation
in the nucleus accumbens (Kumar et al., 2005; Levine et al.,
2005). To determine whether cocaine-induced histone acetylation is regulated by CBP in the nucleus accumbens, we treated
Cbp flox/flox and Cbp ⫹/⫹ mice with saline or acute or chronic cocaine. Using immunofluorescence, we examined histone acetylation in Cbp flox/flox and Cbp ⫹/⫹ mice 1 h after the last cocaine
injection. Acetylation of lysine 14 on H3 (H3K14ac), a known
target of CBP (Barrett et al., 2011; Kouzarides, 2007), was significantly increased in the nucleus accumbens of Cbp ⫹/⫹ mice 1 h

Figure 2. Homozygous deletion of Cbp disrupts histone acetylation induced in the nucleus
accumbens by cocaine treatment. Nucleus accumbens sections from Cbp ⫹/⫹ and Cbp flox/flox
mice infused with AAV2/1-Cre were immunolabeled, and optical density of 20⫻ magnification
images of infusion site (CBP deletion confirmed by immunolabeling in Cbp ⫹/⫹ and Cbp flox/flox
mice) was quantified. A, Acetylation of H3K14 increases with acute cocaine and increases further with chronic cocaine in Cbp ⫹/⫹ mice, but H3K14Ac does not increase in Cbp flox/flox mice in
response to cocaine. B, Acetylation of H2BK12 increases with acute and chronic cocaine but is
significantly reduced in Cbp flox/flox mice. C, Acetylation of H4K12 is reduced with acute and
chronic cocaine treatment but is not different between Cbp ⫹/⫹ and Cbp flox/flox mice. D, Dimethylation of H3K9 is reduced by acute cocaine and further reduced with chronic treatment in
both Cbp ⫹/⫹ and Cbp flox/flox mice. †Significantly different from saline; *significantly different
from Cbp ⫹/⫹ mice; p ⬍ 0.05.

following acute and chronic cocaine treatment (Fig. 2 A;
ANOVA, significant effect of drug treatment, F(2, 14) ⫽ 18.51, p ⬍
0.0001; Bonferroni post hoc, Cbp ⫹/⫹ acute vs Cbp ⫹/⫹ saline, p ⬍
0.05, Cbp ⫹/⫹ chronic vs Cbp ⫹/⫹ saline, p ⬍ 0.001; Cbp ⫹/⫹: saline
n ⫽ 4, acute n ⫽ 3, chronic n ⫽ 4). We also found that the
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elevated acetylation of H3K14 was sustained in Cbp ⫹/⫹ mice 24 h
after the last cocaine injection (data not shown). Interestingly,
H3K14Ac was not different between Cbp flox/flox and Cbp ⫹/⫹ mice
following saline; however acetylation of H3K14 was significantly
blunted in response to both acute and chronic cocaine in Cbp flox/flox
mice (ANOVA, significant effect of genotype, F(1, 14) ⫽ 37.44, p ⬍
0.0001; Bonferroni post hoc, Cbp ⫹/⫹ saline vs Cbp flox/flox saline,
ns, Cbp ⫹/⫹ acute vs Cbp flox/flox acute, p ⬍ 0.01, Cbp ⫹/⫹ chronic
vs Cbp flox/flox chronic, p ⬍ 0.01; Cbp flox/flox: saline n ⫽ 3, acute
n ⫽ 3, chronic n ⫽ 3). H2BK12Ac, a known target of CBP and a
site whose acetylation is severely affected by CBP deletion (Barrett et al., 2011), was significantly increased by acute and chronic
cocaine in Cbp ⫹/⫹ mice (Fig. 2 B; ANOVA, significant effect of
drug treatment, F(2, 14) ⫽ 18.51, p ⬍ 0.0001; Bonferroni post hoc,
Cbp ⫹/⫹ acute vs Cbp ⫹/⫹ saline, p ⬍ 0.01, Cbp ⫹/⫹ chronic vs
Cbp ⫹/⫹ saline, p ⬍ 0.001; Cbp ⫹/⫹: saline n ⫽ 4, acute n ⫽ 3,
chronic n ⫽ 5). In Cbp flox/flox mice, H2BK12Ac was reduced
across all treatments, including saline treatment (ANOVA, significant effect of genotype, F(1, 19) ⫽ 236.1, p ⬍ 0.0001; Bonferroni post hoc, Cbp ⫹/⫹ saline vs Cbp flox/flox saline, p ⬍ 0.001,
Cbp ⫹/⫹ acute vs Cbp flox/flox acute, p ⬍ 0.001, Cbp ⫹/⫹ chronic vs
Cbp flox/flox chronic, p ⬍ 0.001; Cbp flox/flox: saline n ⫽ 6, acute n ⫽
3, chronic n ⫽ 4). Acetylation on lysine 12 on histone H4
(H4K12Ac) is not known to be a target of CBP (Kouzarides,
2007), and was not different between Cbp ⫹/⫹ and Cbp flox/flox
mice (Fig. 2C; ANOVA, no effect of genotype, F(1, 12) ⫽ 0.572, p ⫽
ns). However, there was a significant decrease in H4K12Ac in
both Cbp ⫹/⫹ and Cbp flox/flox mice following either acute or
chronic cocaine administration (ANOVA, significant effect of
treatment, F(2, 12) ⫽ 86.13, p ⬍ 0.0001; Bonferroni post hoc,
Cbp ⫹/⫹ acute vs Cbp ⫹/⫹ saline, p ⬍ 0.001, Cbp ⫹/⫹ chronic vs
Cbp ⫹/⫹ saline, p ⬍ 0.001; Cbp ⫹/⫹: saline n ⫽ 3, acute n ⫽ 3,
chronic n ⫽ 3; Cbp flox/flox acute vs Cbp flox/flox saline, p ⬍ 0.001,
Cbp flox/flox chronic vs Cbp flox/flox saline, p ⬍ 0.001; Cbp flox/flox:
saline n ⫽ 3, acute n ⫽ 3, chronic n ⫽ 3). We also examined
methylation of histone H3 lysine 9 (H3K9Me2), a site known to
cross talk with H3K14Ac (Kouzarides, 2007) and regulated by
cocaine (Maze et al., 2010) but not directly regulated by CBP. In
Cbp ⫹/⫹ mice, acute cocaine treatment lead to reduced H3K9Me2
and chronic cocaine treatment further reduced H3K9Me2 (Fig.
2 D; ANOVA, significant effect of treatment, F(2, 12) ⫽ 18.33, p ⬍
0.001; Bonferroni post hoc, Cbp ⫹/⫹ acute vs Cbp ⫹/⫹ saline, p ⬍
0.05, Cbp ⫹/⫹ chronic vs Cbp ⫹/⫹ saline, p ⬍ 0.01; Cbp ⫹/⫹: saline
n ⫽ 3, acute n ⫽ 3). No overall difference between genotypes was
found (no effect of genotype, F(1, 12) ⫽ 0.39, p ⫽ ns); however, in
Cbp flox/flox mice only chronic cocaine treatment was able to
reduce methylation of H3K9 (Cbp flox/flox acute vs Cbp flox/flox
saline, p ⫽ ns, Cbp flox/flox chronic vs Cbp flox/flox saline, p ⬍
0.001; Cbp flox/flox: saline n ⫽ 3, acute n ⫽ 3, chronic n ⫽ 3).
We found wild-type expression of Cbp is not regulated by
cocaine (F(2, 12) ⫽ 0.71, p ⫽ 0.51; Cbp ⫹/⫹: saline 1.00 ⫾ 0.04, n ⫽
5, acute 0.97 ⫾ 0.03, n ⫽ 4, chronic 0.99 ⫾ 0.03, n ⫽ 6; data not
shown), indicating the effect cocaine treatment has on histone
acetylation is dependent on activity of CBP, not its expression.
Together with the alterations in histone modifications, these results indicate CBP activity is critical in regulating a specific histone modification pattern in response to cocaine in the nucleus
accumbens.
CBP regulates expression of c-fos
Acetylation of histones is a key mechanism in transcriptional
regulation (Ogryzko et al., 1996; Kouzarides, 2007) and is also
involved in c-fos activation in response to cocaine (Kumar et al.,
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Figure 3. Cocaine-induced c-fos expression is regulated by CBP and altered in response to
cocaine in the absence of CBP. ChIP was performed on ventral striata of saline and cocainetreated wild-type mice with anti-acetylated H3 (AcH3) (A) or anti-CBP (B) antibodies and levels
of c-fos promoter in the IPs were measured by quantitative PCR. A, Acetylation on the c-fos
promoter increases 1 h after acute and chronic cocaine treatment in wild-type mice, with a more
robust effect by acute treatment. B, Cocaine exposure leads to the recruitment of CBP to the
c-fos promoter, with a more robust effect by acute cocaine. C, Acute cocaine induces c-fos
expression and chronic cocaine desensitizes c-fos expression in Cbp ⫹/⫹ mice. In Cbp flox/flox
mice, basal c-fos expression is unaltered, but acute cocaine fails to induce c-fos expression.
Furthermore, c-fos expression is deregulated with chronic cocaine in Cbp flox/flox mice. *Significantly different from saline, p ⬍ 0.05; †significantly different between genotype, p ⬍ 0.05.

2005). We examined acetylation at the c-fos promoter using chromatin immunoprecipitation in the ventral striatum of wild-type
mice 1 h following both acute and chronic cocaine treatment.
Cocaine treatment significantly induces acetylation of histone H3
in the ventral striatum. We found acute cocaine induces a more
robust effect on acetylation of histone H3 than chronic cocaine
(Fig. 3A; one-way ANOVA, F(2,6) ⫽ 9.94, p ⬍ 0.01; Bonferroni
post hoc, acute vs saline, t ⫽ 4.44, p ⬍ 0.05, chronic vs saline, t ⫽
2.57, p ⫽ ns; saline n ⫽ 3, acute n ⫽ 3, chronic n ⫽ 3). Next, we
examined the interaction of CBP and the c-fos promoter following acute and chronic cocaine. Similar to the effect on acetylation,
cocaine treatment significantly increased CBP occupancy at the
c-fos promoter, with a more robust increase following acute treatment than chronic treatment (Fig. 3B; one-way ANOVA, F(2,6) ⫽
9.05, p ⬍ 0.05; Bonferroni post hoc, acute vs saline, t ⫽ 4.24,
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p ⬍ 0.05, chronic vs saline, t ⫽ 2.46, p ⫽ ns; saline n ⫽ 3, acute
n ⫽ 3, chronic n ⫽ 3).
The chromatin immunoprecipitation data in Figure 3, A and
B, suggested that gene expression would be altered in response to
cocaine in the nucleus accumbens of Cbp flox/flox mice lacking
CBP. To determine whether cocaine-induced gene expression
was affected by the CBP deletion, we examined c-fos expression in
Cbp flox/flox and Cbp ⫹/⫹ mice 1 h following the last cocaine injection (acute or chronic). Tissue was collected by taking 1 mm
punches from the nucleus accumbens in the area of the focal
deletion in Cbp flox/flox mice, as confirmed by immunohistochemistry, and the respective area in wild-type littermate controls. We
found that c-fos expression in the nucleus accumbens of Cbp ⫹/⫹
mice was induced by acute cocaine and desensitized by chronic
cocaine, consistent with previous studies (Hope et al. 1992; Daunais et al., 1993; Fig. 3B; ANOVA, significant effect of treatment,
F(2, 9) ⫽ 9.09, p ⬍ 0.01; Bonferroni post hoc, Cbp ⫹/⫹ acute vs
Cbp ⫹/⫹ Saline, p ⬍ 0.05, Cbp ⫹/⫹ chronic vs Cbp ⫹/⫹ saline, p ⫽
ns; Cbp ⫹/⫹: saline n ⫽ 5, acute n ⫽ 3, chronic n ⫽ 4). Interestingly, acute cocaine failed to induce c-fos expression in Cbp flox/flox
mice, but c-fos expression was not desensitized by chronic cocaine in
Cbp flox/flox mice (Fig. 3B; significant effect of treatment, ANOVA
F(2,7) ⫽ 18.15, p ⬍ 0.001; Bonferroni post hoc, Cbp flox/flox acute vs
Cbp flox/flox saline, p ⫽ ns, Cbp flox/flox chronic vs Cbp flox/flox saline,
p ⬍ 0.05; Cbp flox/flox: saline n ⫽ 4, acute n ⫽ 4, chronic n ⫽ 3).
Together, these results suggest that CBP directly regulates the
promoter of c-fos via histone acetylation in response to cocaine in
the nucleus accumbens.
Behavioral response to cocaine is regulated by CBP in
nucleus accumbens
We next investigated the effect of a homozygous Cbp deletion on
cocaine sensitivity. Previous studies have shown that acetylation
of histones and induction of gene expression in the nucleus accumbens correlates with the behavioral response to cocaine (Bibb
et al., 2001; McClung and Nestler, 2003; Kumar et al., 2005;
Levine et al., 2005; Renthal et al., 2007). To test whether deletion
of Cbp affects sensitivity to cocaine, Cbp flox/flox and Cbp ⫹/⫹ mice
received bilateral nucleus accumbens infusions of AAV2/1-Cre 2
weeks before acute or chronic cocaine treatment. Importantly,
deletion of Cbp did not reduce baseline locomotor activity (Fig.
4 A, days 1– 4). However, loss of Cbp impaired the acute response
to cocaine (Fig. 4 A, day 5; significant effect of injection day,
F(4,45) ⫽ 15.04, p ⬍ 0.0001; Bonferroni post hoc, Cbp ⫹/⫹ day 1– 4
vs Cbp flox/flox day 1– 4, p ⫽ ns, n ⫽ 7, Cbp ⫹/⫹ day 5 vs Cbp ⫹/⫹ day
1, p ⬍ 0.05, Cbp flox/flox day 5 cocaine vs Cbp flox/flox day 1 saline,
p ⫽ ns; Cbp ⫹/⫹ n ⫽ 7, Cbp flox/flox n ⫽ 7). In the chronic treatment following habituation, Cbp flox/flox and Cbp ⫹/⫹ mice received either saline or cocaine each day for 5 d. In response to
chronic cocaine, deletion of Cbp resulted in reduced locomotor
activity (Fig. 4 B; significant effect of genotype, F(3, 100) ⫽ 45.84,
p ⬍ 0.0001; Bonferroni post hoc, Cbp ⫹/⫹ chronic day 1–5 vs
Cbp flox/flox chronic day 1–5, p ⬍ 0.05, Cbp ⫹/⫹ n ⫽ 10, Cbp flox/flox
n ⫽ 8). In contrast, Cbp ⫹/⫹ mice showed the predicted graded
increase in locomotor activity in response to repeated cocaine
treatment (Fig. 4 B; significant effect of injection day, F(4,45) ⫽
7.15, p ⬍ 0.001; Bonferroni post hoc, Cbp ⫹/⫹ days 3–5 vs Cbp ⫹/⫹
day 1, p ⬍ 0.05, n ⫽ 10). There were no differences between
Cbp flox/flox and Cbp ⫹/⫹ mice treated with chronic saline, indicating normal baseline locomotor activity. Together, these results
demonstrate that CBP in the nucleus accumbens is required for
both acute and chronic locomotor responses to cocaine.

Figure 4. Focal homozygous deletion of CBP in nucleus accumbens disrupts locomotor activating effects of cocaine. A, Baseline locomotion in response to saline on (days 1– 4) is similar
between Cbp ⫹/⫹ and Cbp flox/flox mice, but behavioral response to an acute cocaine injection
(day 5) is impaired. B, Cbp ⫹/⫹ mice show increased locomotor activity in response to chronic
cocaine (days 1–5) compared to chronic saline (days 1–5) treatment, but Cbp flox/flox mice have
reduced sensitivity to chronic cocaine. *Significantly different between genotype, p ⬍ 0.05.

Cocaine reward is regulated by CBP in the nucleus
accumbens
To further investigate the role of CBP in cocaine reward, we used
the conditioned place preference (CPP) paradigm in which animals learn to prefer a context associated with cocaine. A previous
study demonstrated that HDAC inhibition during acquisition of
cocaine-induced CPP results in significantly enhanced preference for the conditioned context (Kumar et al., 2005), which is
presumably due to increased histone acetylation. Thus, we predicted that Cbp flox/flox mice, which have decreased histone acetylation, should exhibit impaired cocaine-induced CPP. Indeed, we
observed that a bilateral deletion of Cbp in the nucleus accumbens attenuated the rewarding effects of cocaine. Cbp ⫹/⫹ mice
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Figure 5. Nucleus accumbens deletion of CBP impairs cocaine reward. No initial preference
for either context across all groups. Following conditioned place preference (CPP) training,
Cbp ⫹/⫹ mice infused with AAV2/1-Cre and sham-treated Cbp flox/flox mice exhibited a preference for the cocaine-paired context. However, intranucleus accumbens AAV2/1-Cre-infused
Cbp flox/flox mice did not form a preference for the cocaine-paired context. Data presented as
difference in time spent in cocaine-paired versus saline-paired context during initial and final
preference tests. *Significantly different between groups, p ⬍ 0.05.

that received AAV2/1-Cre and sham treated Cbp flox/flox mice
showed a preference for the cocaine-associated context, but
Cbp flox/flox mice infused with AAV2/1-Cre were impaired (Fig. 5;
significant effect of test, F(1,28) ⫽ 17.63, p ⬍ 0.001; Bonferroni
post hoc, Cbp ⫹/⫹ AAV2/1-Cre final vs Cbp flox/flox AAV2/1-Cre
final, p ⬍ 0.05, Cbp ⫹/⫹ AAV2/1-Cre final vs Cbp flox/flox sham
final, p ⫽ ns, Cbp ⫹/⫹ AAV2/1-Cre n ⫽ 14, Cbp flox/flox AAV2/1Cre n ⫽ 14, Cbp flox/flox sham n ⫽ 5). These findings indicate that
CBP in the nucleus accumbens regulates the behavioral responses
to cocaine.

Discussion
Chromatin modification, such as histone acetylation, has been
implicated as a critical mechanism involved in the regulation of
gene expression that may underlie long-lasting changes in behavior (McQuown and Wood, 2010; Barrett and Wood, 2008;
McClung and Nestler, 2008; Renthal and Nestler, 2008; Malvaez
et al., 2010). Currently, very little is known about the specific
HATs that regulate histone acetylation implicated in druginduced plasticity within the nucleus accumbens. This study
identified CBP as a critical HAT regulating the actions of cocaine
in the nucleus accumbens. We found CBP mediates druginduced cocaine sensitivity and reward by controlling histone
acetylation and gene expression.
Studies have shown that acetylation plays a critical role in
drug-induced plasticity. Kumar et al. (2005) demonstrated that
cocaine treatment induces histone acetylation on promoters of
specific genes regulated by cocaine in striatum. Our data indicate
that in the nucleus accumbens, CBP is regulating histone acetylation in response to cocaine. We found elevated levels of acetylation on lysine 14 of H3 following chronic cocaine that were
maintained up to 24 h in wild-type mice. In the absence of CBP,
cocaine failed to increase H3K14 acetylation, suggesting that CBP
is critical for the induction and maintenance of H3K14 acetylation. Corresponding to this increase in acetylation of H3K14, we
found a decrease in methylation of H4K9Me2 following acute
and chronic cocaine treatment in wild-type mice. This is consistent with a recent study showing that chronic cocaine reduces the
expression of the histone methyltransferase G9a (Maze et al.,
2010). Importantly, we identified novel histone modification
sites regulated by cocaine. Acetylation of H2B is a feature found
on the most active genes (Myers et al., 2003) and has been previ-
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ously identified as a target of CBP in vitro (Kouzarides, 2007) and
in vivo in the hippocampus (Alarcón et al., 2004; Barrett et al.,
2011; Valor et al., 2011). Here, we extend H2BK12 as a target of
CBP in the nucleus accumbens, as H2BK12Ac is reduced with
saline treatment in mice lacking CBP, and we show that acetylation of this site is regulated by cocaine. Acetylation of H4 lysine 12
is another modification site that we identified as being regulated
by cocaine, however it is not a target of CBP (Fig. 2C; Kleff et al.,
1995; Kouzarides, 2007). Generally, histone hyperacetylation is
correlated positively with actively transcribed chromatin (Kouzarides, 2007). Acetylation of histone H4 lysine 12, however, has
been associated with both upregulated and downregulated gene
expression (Dion et al., 2005). Notably, H4K12Ac was dramatically reduced by cocaine exposure. The effect of this histone
modification on gene expression and its role in drug-induced
plasticity remains to be understood. The fact that CBP expression
does not change in response to cocaine indicates that the effects of
cocaine on histone acetylation depend on CBP activity. Together,
these findings indicate that CBP activity is critical for the acetylation state of specific histone residues, both basal levels and in
response to cocaine. Furthermore, these studies begin to elucidate a distinctive pattern of histone modifications regulated by
CBP in response to cocaine.
Acute psychostimulant exposure leads to increases in immediate early gene expression in the striatum (Graybiel et al., 1990;
Moratalla et al., 1992; Wang and McGinty, 1995; Miller and Marshall, 2005; Bertran-Gonzalez et al., 2008; Gross et al., 2011) that
are partly mediated by activation of the adenylate cyclase/cAMP/
PKA/CREB pathway (Konradi et al., 1994; Carlezon et al., 1998;
Walters and Blendy, 2001). CBP is known to associate with phosphorylated CREB to mediate targeted gene activation (Chrivia et
al., 1993; Xu et al., 2007). In this study, we found that acute
cocaine leads to the recruitment of CBP and increases histone
acetylation at the c-fos promoter to regulate c-FOS expression.
The absence of CBP blunts c-fos expression, a known target of
CREB and CBP (Barrett et al., 2011). These data indicate that
CBP activity is critical for CREB-mediated gene expression in
response to acute cocaine exposure. The observed lack of c-fos
induction in wild-type mice following chronic cocaine treatment
is consistent with reports that chronic psychostimulant exposure
fails to induce expression of immediate early genes (IEGs) and
may even reduce their expression (Bhat et al., 1992; Hope et al.,
1992; Steiner and Gerfen, 1993; Couceyro et al., 1994; Ennulat et
al., 1994; Cole et al., 1995; Konradi et al., 1996; Moratalla et al.,
1996; Renthal et al., 2008; McCoy et al., 2011). The current study
shows that following chronic cocaine treatment, CBP occupancy
and acetylation at the c-fos promoter is reduced in comparison to
acute cocaine treatment. The mechanisms that repress IEG expression after chronic drug exposure remain unclear, as the residual occupancy of CBP at the promoter of c-fos suggests that
other mechanisms are working in concert in the desensitization
of IEG expression. Renthal et al. (2008) proposed that the blunted
c-fos expression following chronic drug treatment is mediated by
delta FosB, which acts by recruiting corepressors to the promoter
of c-fos.
It was unexpected that chronic cocaine exposure could result
in increased c-fos levels in mice lacking CBP, since its initial induction has been shown to depend on CBP activity (Chawla et al.
1998; Barrett et al. 2011; Chrivia et al. 1993; also see Fig. 3, Acute).
One possibility is that deletion of CBP activated nonspecific compensatory mechanisms that led to the rampant induction of c-fos.
Another possibility is that CBP is part of a critical mechanism
regulating the desensitization of c-fos in response to chronic co-
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caine. In either case, our studies indicate that CBP is part of a
pivotal mechanism maintaining drug-induced molecular changes. It
will be important to determine what leads to this deregulation of
c-fos in the absence of CBP, as it may be pointing to a key mechanism
of cocaine action.
Numerous studies have shown that the behavioral effects induced by drugs of abuse are enhanced or diminished by increases
or decreases in histone acetylation, respectively (Kumar et al.,
2005; Levine et al., 2005; Kalda et al., 2007; Renthal et al., 2007;
Romieu et al., 2008; Schroeder et al., 2008; Shen et al., 2008; Sun
et al., 2008). Only one study to date attempted to investigate the
HATs regulating histone acetylation contributing to druginduced behaviors. Levine et al. (2005) found that CBP haploinsufficient mice were less sensitive to the locomotor activating
effects of cocaine. In that strain, CBP activity is reduced in all
brain regions throughout development (Tanaka et al., 1997),
making it difficult to attribute the effects of CBP to specific brain
regions. Furthermore, these mice have severe developmental
problems such as missing digits, ribs, and other skeletal abnormalities (Tanaka et al., 1997) that can lead to experimental confounds. In this study, we used AAV-Cre to generate a complete
CBP knock-out restricted to the nucleus accumbens of adult
mice. We found that loss of CBP and the resulting decrease in
histone acetylation in the nucleus accumbens correlate with reduced cocaine sensitivity. This finding provides critical insight
into the brain region where CBP is exerting its effect. Importantly, we also showed that lack of CBP in the nucleus accumbens
impaired cocaine-associated memory. Together, this designates
an important role for CBP within the nucleus accumbens in the
behavioral responses to cocaine.
In summary, this study is the first to identify a definitive role
for CBP in the nucleus accumbens. We examined the effects of a
complete knock-out of CBP in the nucleus accumbens of adult
mice, which has not been possible to investigate before. This
study showed that CBP activity is critical in regulating histone
modifications and gene expression in response to cocaine and
that CBP serves an important function in the development of
pervasive drug-associated memories that may contribute to drug
addiction. Further studies will be pivotal in exploring the array
genes regulated by CBP in response to cocaine.
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