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Abstract
Dysregulation of hedonic processing, in which seeking of drug reward becomes more desirable than
seeking natural rewards, like food, sex, and novelty, is a consequence of chronic drug exposure and
potentially leads to escalating drug usage and addiction. Here, we investigated the effects of chronic
cocaine treatment (10 days of escalating doses of cocaine, 10-30 mg/kg) and multiple forced
abstinence periods (2, 3 or 5 weeks) on the acute rewarding properties of either cocaine (10 mg/kg)
or novel-objects using the conditioned place preference procedure. Following all cocaine withdrawal
periods, cocaine preference was significantly elevated while novel object preference was abolished
compared to saline-treated rats. At the earliest withdrawal period, these behavioral changes were
accompanied by elevations in FosB-like immunoreactive staining in the basolateral amygdala (BLA)
and nucleus accumbens shell (NAc-Sh) and core (NAc-C). FosB staining in all three brain areas
correlated positively with cocaine preference, but negatively with novelty preference. After 5 weeks
of withdrawal, FosB staining was only elevated in the NAc-Sh and again correlated positively with
elevated cocaine preference but negatively with decreased novelty preference. These data indicate
that alterations in the expression of FosB-like transcription factors in the NAc can predict the
dysregulation of hedonic processing that occurs during protracted withdrawal from cocaine.
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The chronic intake of psychostimulants has devastating consequences on the lives of those
individuals who become addicted. Abstinence from chronic cocaine causes anxiety, dysphoria
and intense drug craving that can persist for long periods of time (Louie et al., 1989,Gawin,
1991). These symptoms are thought to result from a dysregulation in reward function caused
by chronic excessive stimulation of the brain reward circuitry during periods of elevated drug
intake (Di Chiara, 1998,Koob and Le Moal, 2001,Koob et al., 2004). The down regulation of
brain reward function during psychostimulant abstinence causes anhedonia or a loss of
satisfaction with normally rewarding life experiences. The persistence of these symptoms is a
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primary obstacle to successful treatment of psychostimulant addiction and one of the primary
causes of relapse (Ehrman et al., 1992,Robbins and Ehrman, 1998).

Over the last ten years, accumulating evidence has shown that the alterations in reward function
following chronic drug exposure may be due to long-term changes in gene regulation occurring
within specific areas of the reward circuitry (Nestler, 2004). For example the nucleus
accumbens (NAc) is a brain region that functions as a critical link between cortical and
hypothalamic/brainstem circuits controlling the intake of primary rewards like food (Kelley,
2004) as well as the learning and execution of adaptive motor responses involved in the
acquisition of such rewards (Cardinal, 2002,Robbins and Everitt, 2002). These two functions
correspond to the two major subdivisions of the NAc, the shell (NAc-Sh) that is involved in
reward motivation and the core (NAc-C) that is involved in the learning and execution of motor
responses. Chronic exposure to virtually all drugs of abuse have been found to induce the
accumulation of high levels of a stable truncated splice variant of the fosB gene, ΔFosB in the
NAc (Hope et al., 1994b,Nye et al., 1995,Moratalla et al., 1996,Nye and Nestler, 1996,Hiroi
et al., 1997,Pich et al., 1997). Unlike FosB, which is rapidly induced and degraded, ΔFosB is
induced after repeated stimulation, is highly stable and can persist for long periods of time
(weeks) even after cessation of drug intake (Nestler, 2001,McClung et al., 2004). ΔFosB then
is a potential candidate for inducing the persistent changes in reward function that occur during
drug abstinence. ΔFosB accumulation causes a persistent increase in transcriptionally active
dimers of Fos and related Jun-family proteins known as activator protein 1 (AP-1) complexes
(Hope et al., 1992) and can act as both a transcriptional activator and repressor (McClung and
Nestler, 2003). Thus ΔFosB can modify gene expression in the NAc for an extended period of
time.

Chronic cocaine treatment increases ΔFosB staining in the medial and lateral caudate putamen
(Andersson et al., 2003), NAc-Sh and NAc-C, amygdala, as well as some areas of the frontal
cortex (McClung et al., 2004). The increased expression of ΔFosB in the NAc after cocaine
exposure can have functional consequences as overexpression of ΔFosB protein in the NAc
has been shown to increase cocaine-seeking behaviors (Kelz, 1999,Olausson et al., 2002,Colby
et al., 2003,Kumar et al., 2005,Zachariou et al., 2006).

In the current series of experiments we looked for changes in preference behavior for both drug
(cocaine) and natural reward (novelty) following abstinence from a two-week exposure to
escalating doses of cocaine. Rats show robust preferences for environments paired with novel
objects (Besheer et al., 1999,Bevins and Bardo, 1999,Bevins et al., 2002) and recently it has
been shown that this reward can be used as a sensitive measure of the anhedonia associated
with nicotine abstinence (Besheer and Bevins, 2003,Bevins and Besheer, 2005). We selected
two time points during forced abstinence (two and five weeks), which were previously found
to be important for anhedonic responses after withdrawal from chronic drug exposure (Harris
et al., 2001,Harris and Aston-Jones, 2003b,Harris and Aston-Jones, 2003a), to measure
changes in reward function. At the end of each experiment, we examined FosB/ΔFosB staining
using immunohistochemistry in the NAc-Sh, NAc-C and basolateral amygdala (BLA) and
correlated the amount of staining in each area with preference scores to determine if changes
in preference behavior were related to FosB/ΔFosB staining.

EXPERIMENTAL PROCEDURES
Subjects

Male Sprague-Dawley rats (250-300 g; Harlan, Indianapolis, IN, USA; n = 72) were used in
all experiments. Rats were group-housed in accordance with the National Institute of Health
Guide for the Care and Use of Laboratory Animals and all efforts were made to minimize the
number of rats used and their suffering. Rats were maintained on a 12-h light/dark cycle with
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food and water available ad libitum. All animal procedures were also approved by the
Institutional Animal Care and Use Committee of the University of Pennsylvania.

Drugs
Cocaine was purchased from Sigma-Aldrich (St. Louis, MO, USA) and was dissolved in sterile
saline (10-30 mg/ml) and administered via i.p. injection.

Cocaine Treatment and Forced Abstinence
Rats were given daily escalating doses of cocaine (10, 15, 20, 25, and 30 mg/kg) for 10 days
with each dose given twice on consecutive days. Previously we have found this treatment
procedure to produce measurable long-term changes in behavior reflective of a cocaine
abstinence syndrome (Harris et al., 2001). Rats were returned to their home cage after each
injection. Behavioral testing began after either two or five weeks of abstinence from cocaine
treatment. Saline treated rats were given similar volumes of saline injections at the same time
and were handled identically to the cocaine treated subjects.

Place Conditioning Procedure
Conditioning and testing occurred in a Plexiglas apparatus that consisted of two distinct
compartments separated by a Plexiglas divider. Each compartment was equipped with
photocells to record time and activity automatically (MED Associates). One compartment had
a grid floor with black walls, and the second compartment had a mesh floor with black and
white stripes on the walls. On the first day, rats (n = 30 for the two week withdrawn group; n
= 16 for the five week withdrawn group) were allowed to freely explore the apparatus for 15
min, and the amount of time spent in each compartment was recorded. None of the rats had an
initial bias for either compartment, and each was randomly assigned to a compartment for
novel-object conditioning in a balanced design. Conditioning began one day after this
preconditioning day. For novel-object conditioning, we used parameters reported in previous
work (Bevins and Bardo, 1999,Bevins et al., 2002). For these experiments, rats require a
minimum of 8 pairings with 8 novel objects to produce a preference that is similar in magnitude
to three pairings with cocaine. Rats received 8 consecutive days of pairings in which they were
confined to a chamber with a novel object for 10 minutes followed 1 hour later by confinement
in the other chamber with no object for 10 minutes. Exposure to the novel object chamber was
alternated each day so that if they were exposed to the novel object chamber first on one day
they were exposed to the novel object chamber during the second session on the consecutive
day. All rats received one exposure to each of the 8 different objects in the same order: white
sock, newspaper, cotton ball, paper bow, sponge, egg carton, plastic ball and wood chip. One
day following the last conditioning session, all rats were given a preference test with free access
to both compartments. The amount of time spent in each chamber was recorded for 15 min.
Novel object conditioning was performed at both two and five week withdrawal periods.

In addition, we determined whether cocaine-withdrawn rats showed differences in interaction
time with the novel objects. A portion of rats from each group (n=8) were video taped during
conditioning sessions. The tapes were scored later by a blind observer and the amount of time
each animal spent physically interacting with the objects during each of the eight sessions was
noted. Indirect contact, such as accidental contact with the object, was excluded from the count.

To establish whether cocaine-withdrawn rats had greater preferences for cocaine-associated
cues than novelty-paired cues, a portion of the two-week withdrawn cocaine and saline rats (n
= 14) underwent extinction after novelty conditioning. During extinction rats were tested for
preference until preference for the novel object-paired chamber was below 100 seconds (2-3
days). After extinction they received cocaine place preference conditioning. As the novelty
conditioning occurred at two weeks withdrawal, the cocaine conditioning began during the
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third week of cocaine withdrawal. For these experiments, rats received 3 consecutive days of
pairings in which they were given injections of either saline paired with the former novel object-
paired environment or cocaine (10 mg/kg) paired with the former non-object environment.
Two 30-minute conditioning sessions occurred each day with a four-hour interval between
sessions. The timing of the cocaine injections was alternated so that rats given cocaine while
in one chamber in the morning were given saline in the opposite chamber in the afternoon, and
on subsequent days received saline in the morning and cocaine in the afternoon. To determine
if prior novel object place conditioning affected subsequent cocaine conditioning two other
cocaine-conditioned groups were tested. Both of these additional groups were withdrawn from
cocaine treatment for two (n = 14) and five weeks (n = 12). No novel object conditioning
occurred prior to the cocaine conditioning for these groups.

FosB Immunoreactivity
Two hours after the preference tests, novelty- or cocaine-conditioned rats were deeply
anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and transcardially perfused with ice-
cold 0.9% saline followed by ice-cold 4% paraformaldehyde in 0.1 M phosphate buffered saline
(PBS), pH 7.4. The brains were removed and stored overnight in 4% paraformaldehyde. They
were then transferred to a 20% sucrose solution and stored at 4°C for 3 days. Coronal sections
(40 um-thick) were cut using a freezing microtome. Sections from saline and cocaine-
withdrawn rats were processed together to equalize staining between groups. Sections were
placed in a solution of 0.01 M PBS with 0.3% Triton-X added (PBS-Tx, pH 7.4) containing
2% normal donkey serum for 3 hours. Sections were incubated overnight at room temperature
in this same solution of 0.01 M PBS with 0.3% Triton-X added (PBS-Tx, pH 7.4) containing
2% normal donkey serum with the addition of primary antibody that was raised against an
internal region of FosB and recognizes both FosB and ΔFosB (sc-48; 1:500 Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Sections were rinsed three times in PBS-Tx and then
incubated for 2 hours with the secondary antibody (biotinylated goat anti-rabbit 1:500, Jackson
ImmunoResearch Laboratories, West Grove, PA USA). After three rinses in PBS-Tx, sections
were transferred to an avidin-biotin complex (1:1000, Jackson ImmunoResearch) for 1.5 h.
Sections were again rinsed two times with PBS-Tx and once with 0.05 M Tris buffer. FosB-
like staining was visualized by placing the tissue in 3,3′-diaminobenzidine (DAB, 0.02%,
Sigma, St Louis, MO) with 0.0002% H2O2 and 0.6% nickel ammonium sulfate in 0.01 M Tris
buffer for 2.5 min. This reaction was arrested by immediate transfer into 0.05 M Tris buffer.
The sections were mounted on gelatin-coated slides, stained with neutral red to identify specific
structures, dehydrated through graded alcohols, cleared in xylene, and coverslipped with
Permount.

Quantification of FosB-positive cells was done using Openlab image processing software
(Improvision, Ltd.; Coventry England) on a Macintosh computer that was linked to a
microscope and digital camera. Color images of the areas of interest were taken and saved to
a disk. The numbers of FosB-positive nuclei in regions of interest were counted with a point
counter tool on the saved image. This tool simultaneously marked and counted each cell so
that no cells could be counted twice and the total of the number of cells counted was available.
One section at each level was randomly selected from each animal. Fos-positive neurons in
the structures of interest from both the right and left hemispheres were counted by a blind
observer and averaged into a single score. The levels chosen corresponded to the following
distances from bregma NAc-Sh and NAc-C = +1.70 mm and BLA = −2.80 mm (Paxinos and
Watson, 1998).

Data analysis
Place conditioning data were analyzed by calculating the time spent in the cocaine- or object-
paired chamber minus the time spent in the saline- or non-object chamber to determine chamber
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preference. The resulting difference (preference score) was compared between cocaine-
withdrawn and saline groups using a two-way analysis of variance (ANOVA) (drug treatment
and length of forced abstinence). Fos data were analyzed using a t-test comparing saline with
cocaine treated rats at each time point after withdrawal. Follow-up comparisons were done
using Fisher's PLSD for the two way ANOVA's. Correlations between preferences scores and
Fos levels in the various brain areas in each group were performed using the Pearson's product-
moment correlation coefficient (r). For correlations, data from both cocaine and saline treated
rats were combined for each experimental treatment.

RESULTS
Place conditioning

Figure 1a shows the results of the novelty place conditioning at both two and five weeks after
forced cocaine abstinence. Cocaine treated rats at both two and five weeks post-withdrawal
failed to develop preferences for the novel object-paired environment. A two-way ANOVA
(drug treatment versus time post drug treatment) revealed a significant main effect for drug
treatment (F(1,42)=19, p<.01), reflecting the fact that at both two and five weeks of withdrawal
the behavior in the cocaine groups was similar. Follow-up tests revealed that saline treated rats
had significantly higher preference scores for novel objects than cocaine-withdrawn rats. A
comparison between pre- versus postconditioning preference scores in each group revealed
that both two and five week saline groups showed significantly greater preferences for the
novel object-paired environment after conditioning than pre-conditioning (two weeks: t(14)=
−2.5, P>05; five weeks t(7)=3.3, P<.01), whereas cocaine-withdrawn rats did not (two weeks,
t(14)=−1.0, P=.22; five weeks t(7)=−1.0, P=.32). No significant differences in locomotor
activity were seen between the groups on the test day (F(1,42)=0.3, P=.90. In terms of object
interaction, although cocaine-withdrawn rats spent overall less time (∼60 sec) than saline
treated subjects interacting with the objects at both two and five weeks of withdrawal, they
were not significantly different (two week: t(14)=0.8, P=.12; five week: t(14)=1.1, P=.23).

Figure 1b shows the results of cocaine conditioning. Cocaine-withdrawn rats showed larger
preferences for cocaine-associated cues compared to saline rats at both the three and five week
time periods. The two-way ANOVA revealed a significant main effect for drug treatment (F
(1,22)=9.0, P<.01) and follow-up tests revealed that cocaine treated rats had greater preferences
for the cocaine-paired environment than saline treated rats (P<.01). A comparison between
pre- versus post-conditioning preference scores in each group revealed that both saline and
cocaine groups showed significantly greater preferences for the cocaine-paired environment
after conditioning than pre-conditioning (three weeks: saline t(6)=−2.5, P<.05; cocaine t(6)=
−5.5, P<.01; five weeks saline t(5)=2.9, P<.05; cocaine t(5)=7.0, P<.01). No significant group
differences were seen in locomotor activity on the test day (F(1,22)=0.6, P=.75).

To determine if prior novelty conditioning affected cocaine preference in the three week-
withdrawn groups or whether it was the difference in time since cocaine treatment (i.e., three
weeks of abstinence versus two weeks of abstinence), we directly compared cocaine
conditioning following two weeks of forced cocaine abstinence (with no prior novelty
conditioning) with cocaine conditioning that occurred after three weeks of forced abstinence
(the group with prior novelty conditioning). A t-test between preference scores for these groups
revealed no significant difference between the groups (t(12)=.68, P=.41; group means two
week = 270±30; three week = 282±45). A t-test comparing the two week withdrawn rats with
their saline-injected controls revealed that the two-week cocaine-treated rats had significantly
greater preferences for the cocaine-paired environment than the saline treated rats (t(12)=−2.5,
P<.05). These data indicate that at two, three and five weeks post withdrawal, cocaine-treated
rats maintained a significantly greater preference for cocaine-associated cues while at similar
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time points (i.e., two and five weeks of withdrawal) they failed to show preference for novel
objects.

FosB measurements
For each experiment the tissue from each separate group of cocaine-withdrawn rats was
processed with their saline controls and analyzed using a t-test between the two groups. In two-
week withdrawn novelty conditioned rats (n = 16, i.e., rats that were not used in the three week-
withdrawn cocaine conditioning experiment), the cocaine-treated rats showed significant
elevations in FosB staining in the NAc-Sh (t(14)=3.4, P<.01), NAc-C (t(14)=2.6 P<.01) and
BLA (t(14)=4.8, P<.01) (Figures 2 and 3). Similar significant elevations in FosB counts were
found in the three-week cocaine withdrawn rats (n = 14) in all three brain areas following
cocaine conditioning (NAc-Sh t(12)=5.1, P<.01; NAc-C t(12)=2.7, P<.05; BLA t(12)=2.7, P<.
05; Figure 3).

In the five-week cocaine-withdrawn group the numbers of FosB cell counts in both the BLA
and NAc-C in novelty-conditioned rats dropped dramatically back to baseline levels seen in
the saline controls (BLA t(14)=1.9, P=.07; NAc-C t(14)=0.4, P=.69). In contrast, FosB staining
in the NAc-Sh was still significantly elevated in these 5 week-withdrawn subjects conditioned
with novel objects (t(14)=2.8, P<.01). In the five-week withdrawn cocaine group given
additional injections of cocaine during the three days of cocaine conditioning, the levels of
FosB staining were elevated in both the NAc-Sh (t(10)=3.1, P<.01) and NAc-C (t(10)=2.9, P<.
01). Additional cocaine treatments, however, did not significantly re-elevate FosB staining in
the BLA (t(10)=0.8, P=.41).

Correlations
Table 1 shows the R-values for correlations between FosB levels in each brain area and
preference scores for both the novel object- and cocaine-paired environments. At two-weeks
of withdrawal, significant negative correlations were found between levels of FosB staining
and novelty preference scores in all three brain areas. These data indicate that high FosB
staining in each brain area predicted lower preferences for the novel object-paired environment.
In contrast, significant positive correlations were found between preferences for cocaine-paired
environments and elevated FosB staining in each brain area, indicating that higher FosB
staining predicted higher cocaine preference. In the five-week withdrawn group a significant
negative correlation between novelty preference scores and FosB staining was found only in
the NAc-Sh. Significant positive correlations with cocaine preference in the 5 week-withdrawn
group were found with FosB staining in NAc-Sh and NAc–C but not BLA. Locomotor activity,
which was also measured during the preference testing, did not correlate with preference scores
or FosB levels in any brain area tested (P>0.50).

DISCUSSION
The major findings of this study were that previous exposure to repeated cocaine significantly
abolished the development of preference for novel object reward at both two and five weeks
post-treatment. Contrary to this finding, prior repeated cocaine exposure significantly elevated
preferences for a cocaine-associated environment during the same time period post-treatment.
These findings suggest that prior cocaine exposure produces long-term changes in brain reward
function such that preferences for natural rewards like novel objects are diminished while
preferences for drug reward are augmented. Furthermore, cocaine withdrawn rats showed
significant elevations in FosB-like staining in the NAc-Sh that reliably correlated with the
behavioral outcomes following both withdrawal periods. Therefore, as FosB staining increased
in the NAc-Sh, preference for novel objects decreased and preference for cocaine increased.
In contrast, although FosB staining was also significantly elevated in the NAc-C and BLA of
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two-week withdrawn rats, by five weeks of cocaine withdrawal FosB levels had returned to
baseline in these areas despite the fact that opposing changes in novel object and cocaine
preferences had not. Thus, FosB levels in the NAc-C and BLA did not consistently predict
changes in reward function across all conditions.

As there are no antibodies available to distinguish between FosB and the different isoforms of
the truncated FosB protein (ΔFosB), we cannot definitely say which form of the protein we
are measuring. Previous research, however, has indicated chronic cocaine exposure decreases
the expression of intermediate early genes like c-Fos, JunB and FosB while alternatively
increasing the accumulation of ΔFosB proteins which are highly stable and long lasting (Hope
et al., 1994a,Moratalla et al., 1996,Chen et al., 1997,Hiroi et al., 1997). Acutely, cocaine
transiently induces FosB expression for about six hours (Hope et al., 1992,Chen et al., 1995).
After chronic exposure to cocaine, acute doses of cocaine reportedly no longer elevate FosB
levels but instead lead to elevations in ΔFosB (Hope et al., 1992,Chen et al., 1995,Chen et al.,
1997). Based on this evidence, it can be assumed that we are primarily measuring ΔFosB and
not FosB especially in our cocaine-withdrawn rats. In addition, exposure to the testing
environment is unlikely to underlie the enhanced activation of FosB in the NAc of cocaine-
withdrawn rats because previous research has reported that repeated exposure to a test cage
does not elevate FosB/ΔFosB expression in the NAc (Conversi et al., 2006). However, it is not
known if exposure to cues conditioned to rewards cause FosB expression. As stress can also
elevate FosB/ΔFosB expression in the NAc (Perrotti et al., 2004; see discussion below) we
cannot rule out stress-induced FosB immunoreactivity in our conditioned groups. In addition,
as mentioned above, the FosB staining we measured in the NAc-C and BLA returned to the
baseline levels seen in saline treated rats after five weeks of cocaine withdrawal, even though
the rats in both the two and five week groups were exposed to the same behavioral treatment
during the novelty conditioning procedure. This finding indicates that the protein our antibody
is measuring is not acutely induced by exposure to the novel objects or the test cage
environment. The most likely explanation for the significant elevation of FosB-like staining
in the NAc of withdrawn rats is the result of the accumulation of ΔFosB following the chronic
cocaine exposure.

The rate of accumulation and distribution of ΔFosB vary with brain regions and treatment, and
are consistent with our results (McClung et al., 2004). Withdrawal from chronic amphetamine
exposure has been found to increase FosB-like expression in the NAc-Sh and BLA. This change
only occurred with a procedure that incorporated escalating doses of drug similar to the
procedure we used for these experiments (Murphy et al., 2003). The finding that prior exposure
to cocaine increased preference for an environment paired with cocaine confirms our previous
findings and those of other labs that cocaine exposure and withdrawal enhances and sensitizes
cocaine place preferences (Lett, 1989,Shippenberg and Heidbreder, 1995,Harris et al., 2001).
Moreover, the fact that this elevated preference was correlated with increased FosB-like
immunoreactivity in the NAc is consistent with other reports indicating that overexpression of
ΔFosB increases cocaine-seeking behaviors (Kelz, 1999,Olausson et al., 2002,Colby et al.,
2003,Kumar et al., 2005).

Previous research has shown that acute withdrawal from nicotine suppresses the acquisition
of novel object place preference without decreasing novel object interaction time (Besheer and
Bevins, 2003,Bevins and Besheer, 2005). We also found that novel object interaction was not
significantly decreased relative to saline treated rats at both two and five weeks of forced
cocaine abstinence, despite the loss of place preference behavior. In the Besheer and Bevins
paper (Besheer and Bevins, 2003) novel object reward returned to normal by day four of
nicotine withdrawal whereas in our case novel object reward did not return to normal, or even
show signs of recovery, up to and including five weeks after cocaine exposure. This may reflect
overall differences in the drugs used, nicotine versus cocaine, or the intensity of the treatment,
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seven days of continuous treatment as in the case of nicotine or 10 days of escalating treatment
as in the case of cocaine. A recent report has indicated that nicotine, unlike cocaine, does not
produce long-lasting elevations in ΔFosB in the NAc (Marttila et al., 2006). These data support
the notion that elevations of ΔFosB in the NAc may be associated with the enduring loss of
novel object preference that we observed.

The cocaine conditioning results for the three-week cocaine-withdrawn rats are important
because they indicated that the rats were capable of learning following cocaine withdrawal.
Following two weeks of cocaine withdrawal, rats failed to demonstrate novelty preference but
at three weeks of withdrawal they exhibited enhanced cocaine preference. This finding cannot
be explained by differences in the time after withdrawal because when we tested a separate
group of rats at two weeks post-withdrawal they also showed a similar elevation in cocaine
place preference behavior. This indicates that cocaine exposure and withdrawal does not
produce a generalized learning deficit. Instead, we hypothesize that the threshold for what is
perceived as rewarding, or remembered as rewarding, is elevated during cocaine abstinence so
that only stimuli that strongly activate reward systems (e.g., the dopaminergic system) such as
cocaine are perceived and remembered as rewarding. It is notable that not only is cocaine
perceived as rewarding in our subjects, but that in cocaine withdrawn rats it is perceived as
more rewarding or more preferred than in saline pretreated rats as indicated by enhanced
preference for the cocaine associated environment.

It has been suggested that the loss of novel object reward during withdrawal may be due to the
fact that this type of reward depends selectively on D1 dopaminergic activation (Besheer et
al., 1999,Bevins et al., 2002). It is possible that drugs like cocaine over-stimulate the
dopaminergic system (Vezina, 2004) and cause it to dysfunction for primary rewards like
novelty. Interestingly, the expression of FosB/ΔFosB in the NAc is also dependent on the
activation of D1 receptors (Nye et al., 1995,Zhang et al., 2002). Therefore, it is possible that
cocaine-induced increases in ΔFosB occurring through activation of the D1 receptor alters the
transcription of specific genes in D1 expressing neurons thus changing the salience of natural
rewards like novelty by making them less rewarding or less memorable while simultaneously
increasing the salience and reward for drugs like cocaine. Several recent publications have
shown that repeated cocaine administration alters gene expression specifically in D1 receptor
containing neurons in the NAc (Zhang et al., 2005,Lee et al., 2006,Zhang and Xu, 2006).
Intriguingly, Lee et al. (2006) reported that although dendritic spine formation and ΔFosB
accumulation occurred in both D1 and D2 receptor-containing NAc neurons after chronic
cocaine treatment, this effect was transient in D2 receptor-containing neurons but extremely
long lasting (thirty days) in D1 receptor-containing neurons.

The unique finding of the current study compared to previous reports is that increased FosB/
ΔFosB-like immunoreactivity in the NAc-Sh correlated with decreased novelty preference.
This suggests that cocaine-induced ΔFosB accumulation may decrease the preference for
natural rewards. However, Olausson et. al., (2006) reported that both psychostimulant exposure
and ΔFosB over-expression in the NAc enhanced instrumental responding for food
reinforcement. It is possible that food reward is mediated through different mechanisms from
novelty reward, although both appear to involve DA release in the NAc (Besheer et al.,
1999,Bevins et al., 2002,Kelley and Berridge, 2002,Kelley et al., 2005,Rauggi et al., 2005).
Alternatively, these discrepancies could be explained by differences in the amount of time
following cocaine exposure, which were five days in the Olausson study (Olausson et al.,
2006) and fourteen to thirty-five days in the current experiments. The administration of cocaine
was also different in the two studies in that we used escalating doses of cocaine that would
result in high levels of cocaine followed by periods of withdrawal, whereas Olausson et al.
(Olausson et al., 2006) used a dosing regimen that would result in a more constant exposure
to the drug (a single dose given twice a day).
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Previously we found that withdrawal from morphine (7-14 days) delayed the development of
instrumental responding for food reinforcement and decreased place preference for a sweet
food reward (Harris and Aston-Jones, 2003a). Morphine exposure, like cocaine exposure, has
also been associated with increased ΔFosB staining in the NAc (Nye and Nestler, 1996). Over-
expression of ΔFosB in the NAc increases morphine place preference (Zachariou et al.,
2006), and we have shown that extended withdrawal from morphine enhances morphine place
preference (Harris and Aston-Jones, 2001,Harris and Aston-Jones, 2003b,Harris and Aston-
Jones, 2003a). These data indicate that both cocaine and morphine withdrawal have similar
effects in decreasing the impact of primary rewards, increasing preference for drug reward,
and increasing expression of ΔFosB in the NAc. Although these findings do not prove a causal
relationship between increased ΔFosB expression in the NAc and changes in reward function,
they strongly suggest the possibility that the two events may be linked.

Previously we showed that cocaine withdrawn rats exhibit enhanced responses to
environmental stressors (Harris and Aston-Jones, 1993,Harris et al., 2001), and recently we
reported that withdrawal from morphine enhanced the activation of brain stress systems (Harris
and Aston-Jones, 2007). The enhanced activation of brain stress systems in that study (Harris
and Aston-Jones, 2007) correlated with decreased food place preference, indicating that this
is a possible mechanism whereby natural rewards become less preferred during drug
abstinence. As stress has also been found to increase ΔFosB expression in the NAc (Perrotti
et al., 2004), there could be an accumulative effect of previous drug exposure and stress
reactivity during abstinence that further induces ΔFosB accumulation in the NAc or at least
helps to maintain it in the absence of further drug exposure. This interaction between drug-
induced and stress-induced ΔFosB accumulation in the NAc could explain why both high
activation in stress-related brain nuclei and FosB staining in the NAc could both correlate with
decreased natural reward preference and increased drug preference. It is also possible that the
elevation in FosB staining we found in the NAc-Sh in the five week-withdrawn group was
enhanced by stress. In this scenario, the cocaine-withdrawn rats may have experienced more
stress during the daily conditioning sessions for both rewards than saline rats (due to an elevated
stress reactivity) and this subsequently could have contributed to the enhanced FosB staining
we saw in the NAc-Sh.

The findings of this study indicate that the NAc may be an important location in the brain where
changes in gene expression regulate both enhanced preference for drug reward and decreased
preference for natural rewards. Further research will be necessary to determine the precise
mechanisms whereby altered gene expression in the NAc could have such divergent effects on
different rewards and how alterations in brain stress systems play into this system.
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Fig 1.
Conditioned place preference scores for the novel object-paired (A) or cocaine-paired (B)
environments. Data are expressed as the mean time (in seconds) spent in the paired side minus
the mean time spent on the non-paired side on the test day. *p<.01. Cocaine groups indicate
rats that were given 10 days of cocaine injections followed by various withdrawal periods (two,
three and five weeks). Saline groups indicate rats that were given a similar series of saline
injections. Rats in the three-week cocaine group are a subgroup (n=14) of the two-week novelty
conditioned group (n=30).
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Fig 2.
Photomicrographs of coronal brain sections from two-week-withdrawn cocaine (on left) and
saline (on right) rats after novelty preference testing. Sections were stained for FosB/ΔFosB
(black nuclei) and then counterstained with neutral red. ac: anterior commissure, BLA:
basolateral amygdala, CE: central amygdala, LA: lateral amygdala. In all cases medial is on
the right.
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Fig 3.
Counts of FosB/ΔFosB-positive neurons in the nucleus accumbens shell (NAcSh, A), core
(NAc-C, B), and basolateral amygdala (BLA, C) for cocaine withdrawn and saline rats at two
time points. Bar graphs on the left depict novel object conditioned rats and bar graphs on the
right depict cocaine-conditioned rats. Note that FosB-like staining remains elevated for novelty
conditioning at 5 weeks abstinence only in the NAc-Sh. *p<.05.
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Table 1
R values for correlations between FosB staining and preference scores.

[[|]] [[NAc Shell|]] [[NAc Core|]] [[BLA|]]
Withdrawn two weeks
Novelty conditioned  −.77 P<.01  −.87 P<.01  −.82 P<.01
Withdrawn three weeks
Cocaine conditioned  .82 P<.01   .83 P<.01   .71 P<.01
Withdrawn five weeks
Novelty conditioned  −.86 P<.01 [[−.58 NS|]] [[−.54 NS|]]
Withdrawn five weeks
Cocaine conditioned .90 P<.01  .86 P<.01 [[ .58 NS|]]
NAc = nucleus accumbens, BLA = basolateral amygdala
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