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Abstract—Repeated cocaine exposure up-regulates cyclic
AMP signaling and increases the transcriptional activity of
cyclic AMP response element binding protein (CREB) in
the nucleus accumbens. To study the possibility that nu-
cleus accumbens CREB activity regulates self-administra-
tion behavior, we tested the effects of a single, bilateral
infusion of CREB antisense oligonucleotide into nucleus
accumbens core and shell sub-regions on cocaine self-
administration in rats. Nucleus accumbens core infusions
of CREB antisense reduced CREB and the CREB-regulated
immediate early gene brain-derived neurotrophic factor by
31 and 27%, respectively, but failed to alter levels of the
homologous CREB family proteins cyclic AMP response
element modulator and activating transcription factor 1,
and had no effect on CREB levels in adjacent nucleus
accumbens shell tissue. Similar infusions of CREB anti-
sense in either core or shell produced a transient down-
ward shift in cocaine self-administration dose-response
curves on a fixed ratio 5 (five responses/injection) rein-
forcement schedule, indicating a reduction in cocaine re-
inforcement that fully recovered 3 days after treatment.
CREB antisense also increased the threshold dose of co-
caine required for reinstating cocaine self-administration,
indicating that nucleus accumbens CREB levels regulate
the incentive properties of cocaine. When access to co-
caine was less restricted on a fixed ratio 1 schedule, infu-
sion of CREB antisense in the core, but not shell, caused a
transient (1–2 days) reduction in stabilized cocaine self-
administration, but had no effect on responding main-
tained by sucrose pellets, indicating that basal CREB lev-
els in the nucleus accumbens core regulate drug intake.
None of these effects were produced by nucleus accum-
bens infusions of complementary sense oligonucleotide.
These results suggest a necessary role for nucleus accum-
bens CREB activity in cocaine reinforcement, and, by con-
verse analogy, up-regulation in CREB activity after chronic
cocaine use could contribute to addiction-related in-
creases in cocaine self-administration. © 2005 Published
by Elsevier Ltd on behalf of IBRO.
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Repeated psychostimulant use produces numerous cellu-
lar and physiological changes, but relatively few are known
to contribute to addiction-related changes in self-adminis-
tration behavior (Koob and Le Moal, 2001; Nestler, 2001;
Self, 2004; Kalivas et al., 2005). Acute treatment with psy-
chostimulants activates the transcription factor CREB (cyclic
AMP response element binding protein) through dopa-
mine- and glutamate-dependent pathways in the dynor-
phin-containing subpopulation of striatal neurons (Mont-
miny, 1997; Shaywitz and Greenberg, 1999; Andersson et
al., 2001; Lonze and Ginty, 2002; Walters et al., 2003). In
addition, up-regulation in cyclic AMP (cAMP) signaling
pathways following chronic drug use could lead to persis-
tent activation of CREB-regulated gene transcription (Nes-
tler et al., 1990; Terwilliger et al., 1991; Striplin and Kali-
vas, 1993; Unterwald et al., 1996; Freeman et al., 2001).
Although such up-regulation in CREB activity following
chronic cocaine exposure has not been reported, repeated
exposure to amphetamine induces prolonged increases in
striatal CREB phosphorylation that coincide with behav-
ioral sensitization (Cole et al., 1995; Simpson et al., 1995;
Turgeon et al., 1997). Furthermore, repeated treatment
increases the degree of cAMP response element (CRE)-
mediated gene transcription induced by amphetamine, but
only in nucleus accumbens (NAc) neurons, and also re-
cruits additional cell types in the NAc that otherwise do not
show CREB activity with acute amphetamine treatment
(Shaw-Lutchman et al., 2003).

Neuroadaptations in the dopamine- and glutamate-re-
sponsive cells of the NAc are thought to play a significant
role in addiction-related changes in drug intake, reinforcing
efficacy, and the propensity for relapse in withdrawal (Nes-
tler, 2001; Self, 2004; Kalivas et al., 2005). We previously
reported that sustained activation of cAMP-dependent pro-
tein kinase in the NAc increases cocaine intake consistent
with addiction-like changes in drug self-administration (Self
et al., 1994, 1998). While these tolerance-like effects could
involve local cytoplasmic phosphorylation events leading
to dopamine receptor desensitization or down-regulation,
persistent up-regulation in cAMP signaling also could in-
voke downstream effects on CREB-regulated gene ex-
pression (Nestler, 2001; Self, 2004).

In this regard, viral-mediated overexpression of CREB
in the NAc shell region reduces sensitivity to cocaine re-

*Corresponding author. Tel: !1-214-648-1237; fax: !1-214-648-4947.
E-mail address: david.self@utsouthwestern.edu (D. W. Self).
Abbreviations: ATF-1, activating transcription factor 1; BDNF, brain-
derived neurotrophic factor; cAMP, cyclic AMP; CRE, cyclic AMP
response element; CREB, cyclic AMP response element binding pro-
tein; CREM, cyclic AMP response element modulator; FR, fixed ratio;
NAc, nucleus accumbens; NGS, normal goat serum; PBS, phosphate-
buffered saline; PKA, protein kinase A; TO, time out.

Neuroscience 137 (2006) 373–383

0306-4522/06$30.00!0.00 © 2005 Published by Elsevier Ltd on behalf of IBRO.
doi:10.1016/j.neuroscience.2005.10.049

373



ward in a conditioned place preference paradigm, whereas,
expression of dominant negative CREB in the NAc, or
knockout of CREB " and # isoforms, increases sensitivity
to cocaine (Carlezon et al., 1998; Pliakas et al., 2001;
Walters and Blendy, 2001). These studies suggest that
NAc CREB activity also could regulate drug-taking and
-seeking behaviors associated with cocaine self-adminis-
tration.

Previous studies suggest that within the NAc, the shell
subregion may have a predominant role in regulating drug
taking (reward), whereas the NAc core may have a pre-
dominant role in regulating drug seeking (incentive moti-
vation), although substantial overlap exists (Ito et al., 2000;
Alderson et al., 2001; Di Ciano and Everitt, 2001; Hutcheson
et al., 2001; Rodd-Henricks et al., 2002). In this study, we
used an antisense oligonucleotide directed against CREB
mRNA to test the effects of down-regulating endogenous
CREB levels in NAc core and shell subregions on various
aspects of cocaine self-administration, including cocaine
reinforcement, the ability of cocaine priming to reinstate
self-administration behavior, and regulation of cocaine in-
take with relatively unrestricted access.

EXPERIMENTAL PROCEDURES

Experimental subjects

Animals were maintained under ethical standards to minimize pain
and distress according to the National Institutes of Health (USA)
Guide for the Care and Use of Laboratory Animals. Serial testing
was implemented when possible to reduce the number of animals
used. Outbred male Sprague–Dawley rats, initially weighing 300–
325 g on arrival (Charles River, Kingston, NY, USA), were housed
individually in a climate-controlled environment (21 °C) on a 12-h
light/dark cycle (lights on at 7:00 AM).

CREB sense and antisense oligos

Sense and antisense treatments involved a single infusion of fully
phosphorothioate-modified, 20 base oligo sequences: CREB an-
tisense,5=TGGTCATCTAGTCACCGGTG3=;CREBsense,5=CAC-
CGGTGACTAGATGACCA3= (Midland Certified Reagent Co., Midl-
and, TX, USA). The antisense sequence was directed at the
translation start site of the CREB message and was chosen based
on its published efficacy at reducing CREB in the striatum (Kon-
radi et al., 1994). Prior to brain infusion, the oligos were ethanol
precipitated, washed three times with 70% ethanol, and resus-
pended in sterile phosphate-buffered saline (PBS, pH 7.4). The
concentration was determined by absorbance at a wavelength of
260 nm and adjusted to 10 $g/$l accordingly.

CREB immunoreactivity in brains slices and
NAc homogenates

CREB immunohistochemistry. Under sodium pentobarbital
anesthesia (60 mg/kg, i.p.), drug naïve rats were given unilateral
stereotaxic infusions of CREB antisense (or sense) oligo (10 $g/
1.0 $l), while the contralateral side (balanced left and right) re-
ceived infusion of the PBS vehicle. NAc infusions were delivered
through 26 gauge Hamilton microsyringes (Hamilton, Reno, NV,
USA) over a 3 min period in the NAc core at !1.7 mm anterior to
bregma, 1.5 mm lateral to midline, and %6.7 mm ventral to dura

with level skull according to Paxinos and Watson (1998). Eighteen
hours after the infusion, rats were anesthetized with chloral hy-
drate and transcardially perfused with ice-cold 1& PBS followed
by 4% para-formaldehyde. Rat brains were cryoprotected over-
night in 20% glycerol, and frozen coronal brain slices (40 $m)
were sectioned, washed with 1% H2O2/PBS for 30 min, and
blocked with 3% normal goat serum (NGS)/PBS containing 0.3%
Triton X-100 for 1 h at 23 °C. Free floating sections were incu-
bated overnight with rabbit primary anti-CREB (1:500, Upstate
Biotechnology, Lake Placid, NY, USA), followed by 1 h in biotin-
ylated goat anti-rabbit IgG (1:200; DAKO Corporation, Carpinteria,
CA, USA) secondary in 1% NGS/PBS and 1 h with avidin–biotin–
peroxidase complex (1:50; DAKO Corporation). Peroxidase activ-
ity was labeled for 10 min with a 3,3-diaminobenzidine kit (Vector
Laboratories, Inc., Burlingame, CA, USA), and sections were
mounted on slides.

Immunoblot analysis. Eighteen hours following unilateral
CREB antisense oligo and PBS infusions (as described above),
animals were removed from their home cages and immediately
decapitated in a separate room; the brains were rapidly dissected
and chilled in ice-cold artificial CSF (126 mM NaCl, 5 mM KCl,
1.25 mM NaH2PO4, 25 mM NaHCO3, 2 mM CaCl2, 2 mM MgCl2
and 10 mM D-glucose, pH 7.4). Medial NAc core samples were
obtained with a 16 gauge punch from chilled coronal brain slices
('!1.2–2.2 mm anterior to bregma; Paxinos and Watson, 1998)
and immediately frozen and stored at %80 °C. Half-moon-shaped
samples of the remaining adjacent ventromedial shell tissue were
obtained with a 14 gauge punch. Tissue samples were homoge-
nized by sonication and protein concentrations were determined
(Lowry et al., 1951). Twenty microgram protein samples were
subjected to SDS–polyacrylamide gel electrophoresis in (7.5%
acrylamide–0.12% bisacrylamide), followed by electrophoretic
transfer to PVDF (polyvinylidene fluoride) membranes. CREB,
CREM (cyclic AMP response element modulator), and ATF-1
(activating transcription factor-1) were sequentially immunola-
beled with rabbit anti-CREB (1:2000; Upstate Biotechnology) or
anti-CREM (1:1000), and mouse anti-ATF-1 (1:500) from Santa
Cruz Biotechnology Inc. (Santa Cruz, CA, USA) overnight at 4 °C
in blocking buffer consisting of 5% non-fat dried milk powder in
PBST (10 mM NaPO4, 0.9% NaCl, 0.1% Tween 20, pH 7.4). Blots
were stripped after anti-CREB and anti-CREM labeling with Re-
store (Pierce, Rockford, IL, USA). BDNF (brain-derived neurotro-
phic factor) was isolated on 12% acrylamide–0.12% bisacrylam-
ide gels using a Tris/Tricine/SDS electrophoresis buffer (Bio-Rad,
Hercules, CA, USA), and membranes were immunolabeled with
anti-BDNF (1:3000) from Santa Cruz Biotechnology as described
above. After incubation with the primary antibody, blots were
washed with blocking buffer and incubated for 1 h at 23 °C with
peroxidase-conjugated goat anti-rabbit or anti-mouse IgG (1:25,
000; Chemicon, Temecula, CA, USA). Immunoreactivity of labeled
protein was visualized with enhanced chemiluminescence for per-
oxidase labeling (NEN, Boston, MA, USA). Immunoreactivity was
quantified by densitometric analysis using NIH image 1.57 (Na-
tional Institutes of Health, Bethesda, MD, USA). Immunoreactivity
under the conditions was linear over a four-fold concentration
range for each protein.

Cocaine and sucrose self-administration

To facilitate acquisition of cocaine self-administration, animals
initially were maintained on a restricted diet of laboratory chow at
85% of their original body weight, and trained to press a lever for
45 mg sucrose pellets on a fixed ratio 1 reinforcement schedule
(FR1) until acquisition criteria were achieved (100 pellets self-
administered for three consecutive days). Animals then were fed
ad libitum for at least 1 day before surgery.
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Surgical catheterization/cannulation procedures. Under so-
dium pentobarbital anesthesia (60 mg/kg, i.p.), a chronic indwell-
ing catheter composed of SILASTIC tubing (Green Rubber,
Woburn, MA, USA) and treated with tridodecylmethyl ammonium
chloride (TDMAC) heparin (Polysciences Inc., Warrington, PA,
USA), was surgically placed in the animals’ jugular vein according
to published procedures (Self et al., 1998). The catheter was
secured with Mersilene surgical mesh (General Medical, New
Haven, CT, USA) at the jugular vein, and passed s.c. to exit the
animals’ back through a 22 gauge cannula (Plastics One,
Roanoke, VA, USA) imbedded in dental cement on a Marlex
surgical mesh (Bard Inc., Cranston, RI, USA). In addition, bilateral
26 gauge guide cannulae (Plastics One) were stereotaxically im-
planted in the NAc core or shell subregions in the same surgical
procedure. Stereotaxic coordinates were !1.7 mm anterior to
bregma, (1.5 mm (core) or (0.8 mm (shell) lateral, and %5.7 mm
ventral to dura. Dummy cannulae, cut to extend 1 mm beyond
guide cannulae, were left in place throughout the experiment.
Animals received a prophylactic injection of penicillin (60,000
IU/0.2 ml, i.m.) and antibiotic ointment was applied daily to the
catheter exit wound. Catheters were flushed daily with 0.2 ml of
heparinized (20 U/ml), bacteriostatic saline containing gentamycin
sulfate (0.33 mg/ml).

Apparatus. Operant chambers (Med Associates Inc., St.
Albans, VT, USA) for cocaine and sucrose pellet self-administra-
tion were contextually different from the animals’ home cage, and
located in a different room. Each chamber was equipped with an
infusion pump assembly consisting of a Razel Model A pump
(Stamford, CT, USA) and 10 ml glass syringe connected to a fluid
swivel (Instech, Plymouth Meeting, PA, USA) by Teflon tubing.
Tygon® tubing enclosed by a metal spring connected the swivel to
the animal’s catheter exit port and was secured to Teflon threads
on the catheter assembly. Each operant chamber contained two
levers, and either one (FR1) or five (FR5) 20 g lever press re-
sponses on the active lever delivered an i.v. injection of sterile-
filtered cocaine (NIDA, Research Triangle Park, NC, USA) dis-
solved in 0.9% saline. During each injection, a cue light above the
active lever was illuminated, and the house light was extinguished.
Each injection was followed by an additional “time-out” (TO) pe-
riod in which the cue light was extinguished; lever press re-
sponses during the entire injection-TO period were recorded but
had no programmed consequences. Responses on the inactive
lever were recorded but had no scheduled consequence.

Effects of CREB sense and antisense on cocaine self-admin-
istration dose-response curves. After a minimum 6 day recovery
period, animals were placed in operant test chambers during their
light cycle and allowed to acquire cocaine self-administration
(500 $g/kg/0.1 ml in a 5 s injection) on a FR1:TO 15 s (FR1:TO
15) reinforcement schedule in daily 2-h self-administration test
sessions for 5–6 days per week. After a minimum of 15 test
sessions to acquire self-administration, the response requirement
was gradually raised to five lever presses/injection over several
days, and training continued until cocaine intake stabilized (num-
ber of total injections varied )10% from the mean of three con-
secutive sessions). Following stabilization on the FR5 schedule,
animals were trained in daily within-session dose-response tests
where five ascending injection doses were available in sequential
30 min components (the FR5 schedule facilitates stability in this
dose-response procedure). The unit dose/injection was increased
in each 30 min component by prolonging the injection time (vol-
ume) for 0, 2.5, 5, 10, and 20 s to produce unit injection doses of
0, 125, 250, 500, 1000 $g/kg cocaine in volumes of 0, 0.05, 0.1,
0.2, 0.4 ml, respectively. Each infusion accompanied by a cue light
was followed by a 20 s time out period. The sequential 30 min
components were separated by a 2 min TO period (lights off), and
two non-contingent priming injections of cocaine at the dose avail-
able for self-administration (concurrent with cue light) were given

20 s apart at the onset of each 30 min component. The number of
self-injections at each dose was measured, and animals were
trained until both the threshold dose required for reinstating self-
administration (priming dose eliciting the first self-injection), and
the dose producing peak self-administration rates, remained con-
stant for at least three consecutive sessions.

After demonstrating stability in dose-response testing, ani-
mals were given a single 16–18 h pretreatment via intra-NAc
infusion of CREB antisense or CREB sense oligo (10 $g/side)
through 33 gauge bilateral infusion cannulae (Plastics One) in
1.0 $l/side over a 3 min period. The effects of CREB antisense or
sense on both the threshold dose of cocaine required to reinstate
self-administration behavior, and the dose-response curve follow-
ing initiation of cocaine self-administration, were determined for at
least 3 days after the oligo treatment. Some rats that were tested
with one oligonucleotide (sense or antisense) subsequently were
tested with the alternate oligo (counterbalanced for order) follow-
ing recovery of stability and at least 2 weeks of further cocaine
self-administration in the dose-response procedure. One of six
rats (core) developed catheter failure before testing with the alter-
nate oligo; in the shell, only two of six rats (antisense) and two of
five rats (sense) were tested with the alternate oligo following
recovery of stabilized baseline dose-response responding.

Effects of CREB sense and antisense on stabilized unre-
stricted cocaine intake. Animals initially were trained to self-
administer cocaine (500 $g/kg/injection) as described above on a
FR1:TO 15 schedule of reinforcement in daily 2-h self-administra-
tion test sessions for 5–6 days per week. After a minimum of 15
test sessions and achievement of stabilized cocaine self-admin-
istration on the FR1 schedule, animals were given the NAc oligo
infusions as described above, and the effects of CREB antisense
or CREB sense oligo on stabilized cocaine intake were followed
for at least 6 days after the NAc infusion. Most rats were tested
with the alternate oligo (counterbalanced for order) following at
least 2 weeks and recovery of stabilized baseline cocaine self-
administration. Two of 10 rats (core) and one of eight rats (shell)
developed catheter failures before testing with the alternate oligo.

Effects of CREB sense and antisense on stabilized sucrose
pellet self-administration. Bilateral NAc guide cannulae were
implanted in the NAc core of drug-naïve rats, and the rats were
trained to self-administer sucrose pellets on a FR1 reinforcement
schedule as described above. Following acquisition, the reinforce-
ment schedule was changed to FR1:TO 2 min for 2 h/day (max-
imum of 60 pellets available), where a 2 min TO period with lights
off followed each sucrose pellet delivery. Animals were trained on
this schedule until total non-reinforced responding during the TO
periods stabilized (number of TO responses varied )15% from
the mean of three consecutive sessions). Stabilized animals re-
ceived NAc infusions of CREB sense or CREB antisense 16–18 h
prior to testing as described above. All animals subsequently were
tested with the alternate oligo (counterbalanced for order) follow-
ing demonstration of stabilized TO responding and at least 2
weeks of sucrose pellet self-administration training on the FR1:TO
2 min schedule.

Verification of NAc infusion sites. Following successful com-
pletion of self-administration experiments, animals were anesthe-
tized with chloral hydrate (300 mg/kg, i.p.) and bilateral 0.5 $l
Cresyl Violet infusions were delivered through the guide cannulae
as described above. Immediately following the infusions, animals
were decapitated, brains dissected and 0.8 mm thick coronal
slices through the forebrain were collected and analyzed under a
dissecting microscope for location of infusion sites according to
stereotaxic coordinates of Paxinos and Watson (1998).

Data analysis. Immunoblots from CREB antisense-infused
tissue were compared with contralateral PBS-infused tissue by
Student’s paired t-tests. Cocaine self-administration data (number
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of self-injections) in CREB sense and antisense-infused animals
were analyzed by multivariate ANOVA (region&treatment) with
repeated measures on test session and cocaine dose; responding
in sucrose self-administration utilized repeated measures on both
treatment and test session. Significant interactions were followed
by one-factor ANOVA across daily test sessions (within treat-
ment), or across treatments at a given dose followed by Tukey’s
post hoc comparisons.

RESULTS

Effects of CREB antisense on CREB and BDNF
immunoreactivity in the NAc

NAc infusions of CREB antisense oligo reduced endoge-
nous CREB immunoreactivity in both coronal brain sec-
tions and immunoblots labeled with anti-CREB when com-
pared with PBS-infused tissue. Fig. 1A shows that CREB
antisense reduced the intensity of CREB labeling primarily

in the vicinity of the infusion site within the medial NAc
core, without altering CREB-labeled cells in the adjacent
NAc shell region (results are representative of four CREB
antisense-infused animals). Higher magnification shows
that CREB antisense generally reduced the intensity of
staining within CREB-positive cells, without reducing the
overall number of CREB-positive cells (except in the im-
mediate vicinity of the infusion site). In contrast, infusion of
complementary CREB sense oligo had no effect on the
intensity of anti-CREB staining compared with the con-
tralateral side infused with PBS (Fig. 1B), consistent with a
previous study using immunoblot procedures (Widnell et
al., 1996). There was no evidence for extensive cell dam-
age or gliosis in CREB sense- or antisense-infused tissue
in consecutive Nissl-stained brain slices.

NAc infusions of CREB antisense reduced CREB pro-
tein levels by 31(9.6% (T12*2.929; P*0.013) in core

Fig. 1. A single unilateral infusion of CREB antisense (A), but not sense (B), oligonucleotide (10 $g/1.0 ul/side) in the NAc core subregion reduces
endogenous CREB immunoreactivity when compared with contralateral infusions of the PBS vehicle. The middle panels (magnified 100&) show that
CREB antisense decreases the intensity of CREB labeling in the medial core region primarily around the injections site, but not in adjacent medial shell
tissue. Nissl-stained sections show no evidence of overt tissue damage induced by CREB antisense and sense oligos (lower panels). Oligos were
infused into the NAc 18 h earlier.
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tissue punches surrounding the infusion site when com-
pared with contralateral PBS infusions (Fig. 2A), but did
not alter levels of ATF-1 and CREM, two CREB family
members with +65% homology in primary structure and
similar CRE binding activity (Shaywitz and Greenberg,
1999). When CREB was normalized to CREM as an inter-
nal standard, CREB levels were reduced by 27(5.3%
(T12*3.138; P*0.009). The reduction in CREB levels was
entirely limited to the subregion receiving the infusion,
since CREB levels in homogenates of adjacent NAc shell
tissue were not altered. Together with immunohistochem-
ical labeling in brain slices, these results indicate that the
CREB antisense effects remained highly localized within
the subregion receiving the infusion. In addition, Fig. 2B
shows that NAc infusions of CREB antisense also reduced
levels of the CREB-regulated immediate early gene BDNF
by 27% (T10*3.013; P*0.013). These data indicate that

CREB antisense selectively reduced CREB-regulated
gene expression in the NAc.

Effects of CREB antisense on cocaine reinforcement
and reinstatement of self-administration

A within-session dose-response procedure was used to
test the effects of bilateral NAc infusions of CREB anti-
sense and sense on cocaine self-administration dose-re-
sponse curves. Fig. 3A shows that NAc infusions of CREB
antisense produced transient downward shifts in the in-
verted U-shaped dose-response, resulting in significant
oligo treatment&test session (F2,36*6.588, P*0.004), oligo
treatment&dose (F4,72*5.419, P*0.001), and dose&test
session (F8,144*2.327, P*0.022) interactions in test ses-
sions that spanned baseline (day prior to treatment), 1 day
(16–18 h) and 3 days post-infusion. There were no signif-
icant interactions with NAc subregion or main effect of
subregion reflecting similar flattening of dose-response
curves following both core and shell infusions. Subsequent
analyses of interactive effects found that CREB antisense
reduced cocaine self-administration at the dose producing
peak self-administration rates (250 $g/kg/injection) when
compared with sense-infused controls 1 day after treat-
ment (F3,18*9.333, P*0.001). In addition, core, but not
shell, infusions of CREB antisense reduced cocaine self-
administration at the 500 $g/kg/injection dose on the de-
scending limb of the curve when compared with pre-infu-
sion baselines (F1,20*5.633, P*0.028), but not at the
1000 $g/kg dose, possibly due to the relatively lower num-
ber of self-injections (floor effect). The downward shift in
self-administration dose-response curves suggests that in-
tra-NAc infusions of CREB antisense weakened the rein-
forcing efficacy of cocaine. Self-administration dose-re-
sponse baselines were similar for both oligo treatments in
core and shell subregions, and dose-response curves gen-
erally recovered from antisense effects by 3 days post-
infusion (Fig. 3A).

The ascending dose-response procedure also deter-
mined the threshold dose for cocaine-primed reinstate-
ment of cocaine self-administration, since two non-contin-
gent priming injections of the available dose were given at
the onset of each 30 min component of dose-response
testing. NAc infusions of CREB antisense increased the
threshold dose required to reinstate the first self-injection
(Fig. 3B), resulting in a significant oligo treatment&test
session interaction (F2,36*7.674, P*0.002), but no differ-
ence between core and shell infusions was found, similar
to effects on cocaine reinforcement. Subsequent analysis
of oligo treatment effects found that antisense-induced
increases in dose thresholds achieved significance when
infused in the shell, but not core, subregion compared with
sense-infused controls on the day after treatment (F3,18*
4.320, P*0.018), and baseline thresholds recovered fully
by 3 days after the infusion. These data suggest that
intra-NAc infusions of CREB antisense reduced sensitivity
to the incentive properties of the cocaine priming injections
(i.e. their ability to trigger a cocaine-seeking response). In
contrast, NAc infusions of CREB sense failed to alter either
the self-administration dose-response curves or the dose

Fig. 2. (A) NAc core infusion of CREB antisense reduces CREB
protein levels by 31% in homogenates of core tissue, but not in
adjacent shell tissue (N*13). (B) CREB antisense has no effect on
homologous CREB family members with CRE binding activity (CREM
and ATF-1), but reduces levels of the CREB-regulated immediate
early gene BDNF in the core. Asterisk indicates protein levels differ
from contralateral infusions of PBS by paired t test (P)0.05).
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thresholds for reinstatement when compared with pre-in-
fusion baselines.

Effects of CREB antisense on cocaine intake with
unrestricted access (FR1)

To determine whether NAc CREB levels regulate stabi-
lized levels of cocaine intake when access to cocaine is
relatively unrestricted, we tested the effects of NAc core
and shell infusions of CREB antisense in animals self-
administering cocaine on a FR1 reinforcement schedule in
daily 2 h test sessions. Bilateral CREB antisense infusions
reduced cocaine intake in self-administering animals 16–18 h
following the NAc infusions in the core, but not shell subre-
gion (Fig. 4). Response patterns from a representative
animal show that core infusions of CREB antisense length-

ened the post-injection pause between successive self-
injections (Fig. 4A), an effect similar to increasing the unit
dose of cocaine per injection. Analysis of self-administra-
tion data collected from baseline to 3 days post-infusion
found a significant subregion&test session interaction
(F3,90*3.907, P*0.011), and a main effect of test session
(F3,90*8.349, P)0.001), reflecting the differential effect of
CREB antisense and sense infusions in the core and shell
over the course of testing (Fig. 4B). Within-region ANOVA
found that NAc core infusions of CREB antisense, but not
sense-infused controls, decreased stabilized cocaine in-
take when compared with pre-infusion self-administration
baselines (F3,27*8.347, P)0.001). These results indicate
that NAc core infusions of CREB antisense prolonged the
rate-limiting effects of cocaine resulting in fewer self-injec-
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tions over the course of testing. The antisense-induced
reduction in cocaine intake was maximal the first day after
the core infusion, but self-administration baselines recov-
ered completely 5 days after the infusions.

Effects of CREB antisense on responding for
sucrose pellets

To control for possible generalized effects on response
rates with NAc core infusions of CREB antisense, we
infused both oligos into the NAc core in animals trained to
self-administer sucrose pellets on a FR1:TO 2 min rein-
forcement schedule. In this schedule, well-trained animals
typically respond at high rates near the end of each TO
period in anticipation of reward availability. Neither CREB
antisense nor sense infusions altered high rates of antici-
patory responding in the TO periods when compared with
pre-infusion baseline response rates, and the number of
sucrose pellets consumed remained near the maximum
allowed in a 2 h session (Fig. 5). These data indicate that
reductions in cocaine intake under conditions of relatively
unrestricted access (FR1) with NAc core infusions of

CREB antisense did not result from generalized rate-re-
ducing effects.

Localization of NAc core and shell infusions sites

Fig. 6 shows the localization of bilateral NAc infusion sites
in either core (n*24) or shell (n*18) for rats used in the
analysis of behavioral data. NAc shell sites were clustered
in the ventral medial shell region, whereas core sites were
clustered in the medial core, typical of previously published
studies (Self et al., 1998; Sutton et al., 2003).

DISCUSSION

A single NAc infusion of CREB antisense in vivo, but not
sense, reduced the intensity of anti-CREB-labeled cells in
the vicinity of the infusion site in rat brain slices. NAc core
infusions of CREB antisense produced a 31% reduction in
CREB protein levels without altering CREB levels in the
adjacent medial shell subregion, indicating that antisense-
induced reductions in CREB did not spread substantially
beyond the infused subregion. Given that " and # isoforms
are the predominant CREB proteins expressed in brain,
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Fig. 4. NAc core, but not shell, infusion of CREB antisense oligo (AS) decreases cocaine intake in animals self-administering cocaine (500 $g/kg/
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animals show that CREB antisense decreases cocaine intake by prolonging the time interval between successive self-injections in 2 h test sessions
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and CREB antisense targets a homologous translational
start site for both isoforms (Shaywitz and Greenberg, 1999),
a reduction in CREB immunoreactivity probably reflects a
reduction in both isoforms. The ability of CREB antisense to
partially “knock down” CREB levels with subregional spec-
ificity and in adult animals has certain advantages over
traditional knockout approaches, since CREB"# knockout
mice show developmental or compensatory up-regulation
of the , CREB isoform in the brain (Hummler et al., 1994;
Blendy et al., 1996). Moreover, CREB"# knockout mice
also show compensatory up-regulation in both activator
and repressor isoforms of CREM (Shaywitz and Green-
berg, 1999). In contrast, CREB antisense infusions selec-
tively reduced total CREB levels without altering CREM,
and had no effect on ATF-1, another CREB-related tran-
scription factor that activates CRE-regulated transcription.
Further evidence for reduced CREB function is indicated
by the ability of CREB antisense to decrease the CREB-
regulated immediate early gene, BDNF, and a previous
study found that a single NAc infusion of this CREB anti-
sense oligo also reduces cAMP-dependent protein kinase
A (PKA) catalytic subunit levels, without altering numerous
other signaling proteins (Widnell et al., 1996). Therefore,
the effects of CREB antisense on cocaine self-administra-
tion behavior are likely attributable to a transient and se-
lective down-regulation in CREB-regulated gene transcrip-
tion, rather than a generalized impairment in CRE-regu-
lated gene transcription.

In animals trained to self-administer cocaine, NAc in-
fusions of CREB antisense (but not sense) produced down-
ward shifts in self-administration dose-response curves in
both core and shell subregions. Thus, even a 31% reduc-
tion in basal CREB levels limited to the NAc core subregion
substantially reduced cocaine reinforcement. Similar ef-
fects with shell infusions of CREB antisense suggest that
CREB levels in both subregions maintain sensitivity to
cocaine reinforcement. It is unlikely that shell infusions

spread to the core, since there was no evidence for diffu-
sion in the converse direction, and shell infusions of CREB
antisense failed to recapitulate the reduction in cocaine
intake produced by core infusions under relatively unre-
stricted access conditions. Furthermore, the failure of shell
infusions to affect unrestricted cocaine intake, and the
finding that core infusions failed to alter even higher re-
sponse rates in animals trained to self-administer sucrose
pellets, suggest that downward shifts in cocaine self-ad-
ministration dose-response curves reflect reduced motiva-
tion for cocaine rather than overt deficits in performance
capability.

Antisense-induced reduction in NAc CREB levels also
increased the threshold dose of cocaine needed to rein-
state self-administration behavior when cocaine was ad-
ministered as response-independent priming injections.
Thus, in addition to regulation of cocaine reinforcement,
basal levels of CREB in the NAc apparently maintain sen-
sitivity to the incentive properties of cocaine, and lower
CREB levels would reduce the propensity for cocaine-
induced relapse to cocaine self-administration. The tran-
sient effects of CREB antisense on cocaine reinforcement,
cocaine intake, and cocaine-induced reinstatement all di-
minished 3 days after the antisense infusions, consistent
with a previous study showing full recovery of CREB levels
3 days following a single NAc infusion of an identical CREB
antisense oligo (Widnell et al., 1996). This feature, and the
absence of prominent gliosis or scarring in antisense- (or
sense-) infused tissue, together with normal levels of CREM,
ATF-1 and several other signaling proteins as discussed
above, indicate that changes in these cocaine-regulated
behaviors were not caused by cell damage or other poten-
tial neurotoxicity with oligonucleotide infusions.

The descending limb of the self-administration dose-
response curve reflects the fact that higher injection doses
of cocaine have an inhibitory “feedback” effect on further
cocaine self-administration behavior. Core infusions of
CREB antisense decreased cocaine intake at an interme-
diate injection dose on the descending limb (500 $g/kg/
injection) by prolonging the time interval between succes-
sive self-injections, but animals maintained regular tempo-
ral patterns of self-administration (see Fig. 4A). This effect
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is identical to increasing the injection dose of cocaine,
resulting in fewer self-injections over a given period of
time. Therefore, while a reduction in CREB levels in the
NAc core attenuated the reinforcing efficacy of cocaine, it
also enhanced, or prolonged, cocaine’s inhibitory effects
on further self-administration. Conversely, blockade of co-
caine effects under these conditions (as produced by do-
pamine antagonist treatment) typically increases cocaine
intake as animals self-administer cocaine with shorter in-
ter-injection intervals (Koob and Goeders, 1989).

The ability of core and shell infusions of CREB anti-
sense to attenuate cocaine-induced reinstatement agrees
with studies showing that dopamine agonists reinstate co-
caine-seeking behavior in both core and shell subregions
(Bachtell et al., 2005), and other studies suggest a role for
dopaminergic and glutamatergic neurotransmission in both
NAc subregions in cocaine-seeking behavior (Di Ciano
and Everitt, 2001; Cornish and Kalivas, 2000; Ito et al.,
2000; Sutton et al., 2003). In addition, both cocaine rein-
forcement and regulation of cocaine intake are sensitive to
dopamine receptor blockade in the NAc, although core and
shell subregions were not compared in these studies
(McGregor and Roberts, 1993; Caine et al., 1995). Our
results suggest that basal levels of CREB-regulated gene
expression in both core and shell subregions are neces-
sary to maintain sensitivity to cocaine reinforcement and
cocaine-induced reinstatement of cocaine self-administra-
tion, while CREB-regulated genes in the NAc core may
play a greater role in regulating unrestricted cocaine intake.

The mechanism whereby CREB antisense regulates
cocaine reinforcement, reinstatement of cocaine self-ad-
ministration, and cocaine intake is unknown, but could
involve down-regulation of PKA catalytic subunits or BDNF
levels. In this regard, the effects of CREB antisense on
cocaine intake were somewhat similar to the effects of the
PKA inhibitor, Rp-cAMPS, when infused into the NAc (Self
et al., 1998). However, NAc infusions of the PKA inhibitor
enhanced the ability of cocaine to elicit cocaine-seeking
responses, whereas CREB antisense reduced this ability,
suggesting that changes in other CREB-regulated genes
underlie the effect on reinstatement. A reduction in BDNF
levels could contribute to this effect, since BDNF infusions
in the NAc facilitate cocaine effects on conditioned reward
(Horger et al., 1999). Ultimately, the effects of CREB on
these behaviors could involve alterations in dopaminergic
and glutamatergic input to NAc neurons.

The ability of CREB antisense to attenuate cocaine
reinforcement and cocaine-induced reinstatement in self-
administering animals differs from the increased sensitivity
to low doses of cocaine in CREB"# knockout mice and with
dominant negative CREB expression in rats in conditioned
place preferences tests (Carlezon et al., 1998; Walters and
Blendy, 2001). A primary reason for this discrepancy may
involve differences between instrumental and Pavlovian
conditioning procedures, including voluntary versus invol-
untary drug administration, or the fact that conditioned
place preference is conducted in initially drug naïve ani-
mals, whereas our studies were conducted in cocaine-
experienced and potentially sensitized animals. These dif-

ferences underscore the notion that conditioned place
preference and self-administration represent fundamen-
tally distinct behaviors, and caution against extrapolating
results from one procedure to the other.

There are other biological differences between CREB
antisense in rats and CREB"# knockout mice including 1)
regional versus generalized targeting, 2) partial versus
complete knockdown of CREB, and 3) differential biologi-
cal responses with antisense (reduced PKA and BDNF)
and CREB"# knockout mice (increased CREB, and CREM)
as discussed above. Regarding the latter, CREB"# knockout
fails to abolish cocaine-induced CREB phosphorylation in
the NAc (although it is substantially reduced from wild type
controls), and cocaine-induced increases in dynorphin ex-
pression, a CREB-regulated gene, are greater in CREB"#

knockouts (Walters et al., 2003). Moreover, cocaine-in-
duced reinstatement of an established cocaine place pref-
erence is not altered in CREB"# knockout mice, whereas
stress-induce reinstatement is abolished (Kreibich and
Blendy, 2004). When compared with dominant negative
approaches, it is important to note that dominant negative
CREB occludes all CRE binding activity, including regula-
tion by other CREB family members (CREB, CREM,
ATF-1, etc.), although viral-mediated expression methods
provide good regional control and neuronal specificity. In
contrast, CREB antisense is targeted specifically to CREB
isoforms, but its effects are not restricted to neuronal tis-
sue. Further investigation is needed to determine whether
behavioral and/or biological methodology can account for
opposite effects on cocaine responses with these varied
approaches.

Chronic exposure to abused drugs and alcohol up-
regulates cAMP signaling proteins and can produce pro-
longed CREB activation in the NAc (see introduction). By
converse analogy to our results with CREB antisense,
such increases in CREB function in NAc neurons could
produce vertical shifts in the self-administration dose-re-
sponse curve, indicating an overall increase in cocaine
reinforcement, and may contribute to escalating cocaine
intake during self-administration, whereas increased sen-
sitivity to the incentive properties of cocaine would contrib-
ute to craving and relapse in withdrawal. Such reciprocal
changes in cocaine-taking and -seeking behaviors are hall-
marks of cocaine-addicted phenotypes in animal models
(Ahmed and Koob, 1998; Piazza et al., 2000; Sutton et al.,
2000). Given that a relatively minor 1/3 reduction in CREB
levels in core or shell subregions substantially alters these
aspects of cocaine self-administration, CREB and its
downstream target genes in the NAc may play a prominent
role in contributing to these important behavioral changes
in cocaine addiction.
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