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Abstract
Previously we reported that during protracted morphine abstinence rats show reduced conditioned
place preferences (CPP) for food-associated environments, compared to non-dependent subjects. To
determine the brain regions involved in this altered reward behavior, we examined neural activation
(as indexed by Fos-like proteins) induced by a preference test for a food-associated environment in
five-week morphine-abstinent vs non-dependent animals. The results indicate that elevated Fos
expression in the anterior cingulate cortex (Cg) and basolateral amygdala (BLA) correlated positively
with preference behavior in all groups. In contrast, Fos expression in stress-associated brain areas,
including the ventral lateral bed nucleus of the stria terminalis (VL-BNST), central nucleus of the
amygdala (CE), and noradrenergic (A2) neurons in the nucleus tractus solitarius (NTS) was
significantly elevated only in morphine-abstinent animals. Furthermore, the number of Fos positive
neurons in these areas was found to correlate negatively with food preference in abstinent animals.
These results indicate that the altered hedonic processing during protracted morphine withdrawal
leading to decreased preference for cues associated with natural rewards may involve heightened
activity in stress-related brain areas of the extended amygdala and their medullary noradrenergic
inputs.
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1. Introduction
During the process of addiction, the transition from recreational drug use to compulsive use
may be caused by neurochemical changes in the brain that produce a dysregulation of normal
brain reward function. One current hypothesis [32] for such a process suggests that drugs can
over-stimulate brain reward circuitry leading to a decrease in overall reward function. Evidence
for a decrease in the rewarding value of various types of natural rewards has been shown
following withdrawal from a number of different drugs [1,3,4,14,24,37,40,44]. Furthermore,
in conjunction with these changes in reward function, drug use leads to an increase in the stress
response and increased aversive mental states (i.e., anxiety and dysphoria) which may also
negatively impact the value of natural rewards [26,32,33,39].

These maladaptive changes that mediate the dysregulation in reward function are hypothesized
to occur specifically within extended amygdala circuitry [31]. The extended amygdala includes
the bed nucleus of the stria terminalis (BNST), central nucleus of the amygdala (CE) and select
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intervening areas that share similar cytoarchitecture and circuitry [28]. The extended amygdala
receives afferents from limbic structures including the basolateral amygdala (BLA) [28], and
from medullary structures like the A2 noradrenergic region of the nucleus tractus solitarius
(NTS) [11,12,42,46]. The BLA conveys sensory information important for conditioning
processes [49], and the NTS transmits visceral responses that have been linked to emotional
processes [41,46]. As a result, both the CE and BNST could be expected to integrate viscerally
pertinent information from the NTS with stimulus information from the BLA in order to label
particular stimulus events as emotionally relevant. This illustrates one way that the extended
amygdala and its medullary noradrenergic inputs could be involved in reward dysregulation.
Support for this idea can be found in a number of studies that implicate the extended amygdala
in the affective disorders associated with drug withdrawal [12,21,29].

Previously we reported that after five weeks of morphine abstinence rats show enhanced
preferences for morphine-associated cues relative to placebo-pretreated (i.e., non-dependent)
subjects [22]. This enhanced preference correlated specifically in morphine-withdrawn animals
with elevated Fos expression in the ventral lateral BNST (VL-BNST) [23]. We also reported
that at this same withdrawal time-point, when morphine-abstinent animals show enhanced
preferences for morphine-associated cues, they also exhibit significantly decreased preferences
for food-associated cues [24]. The brain areas involved in this withdrawal-induced decreased
preference for natural reward-associated cues are unknown. Here, we sought to identify such
brain areas by comparing Fos expression (as a marker of neural stimulation) in several brain
areas during conditioned place preference (CPP) testing for food in five-week morphine
abstinent vs non-dependent rats. This paradigm is thought to reflect a conditioned approach
response to cues previously associated with reward. The brain areas examined included the
anterior cingulate cortex (Cg) and BLA (regions that we previously identified as being
correlated with the expression of conditioned place preference) [23], the dorsomedial
hypothalamus (DMH) (an area involved in both homeostatic regulation and feeding behavior)
[10,13], and the VL-BNST, CE and NTS (areas known to be associated with morphine
withdrawal aversion) [12,55].

2. Materials and Methods
2.1 Subjects

Male Sprague-Dawley rats (200–250 g) from Harlan (Indianapolis, IN) were used in all
experiments. Rats were group housed in accordance with NIH guidelines on a 12-h light/dark
cycle with food and water available ad libitum. All animal procedures were approved by the
Institutional Animal Care and Use Committee of the University of Pennsylvania. A total of 26
animals were used with individual group numbers of six to seven animals.

2.2 Chronic drug treatment
Two 75-mg morphine tablets (provided by the National Institute on Drug Abuse) were
subcutaneously implanted under halothane anesthesia to induce morphine dependence. Non-
dependent rats were implanted at the same time with two inert placebo pellets. Previous studies
have shown that morphine pellets are a reliable way to induce physical dependence [19,56].
Deprivation withdrawal (a model of abstinence) was induced by removing any remaining pellet
residue after 14 days. Somatic signs of withdrawal in this abstinence model were very mild
(slight weight loss, rhinorrhea, lacrimation), and disappeared within a few days.

2.3 Conditioned place preference procedure
The place preference procedure was carried out in a Plexiglas apparatus consisting of 2 distinct
compartments, as previously described [24]. 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.
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The apparatus was equipped with photocells to automatically record the time that animals spent
in each compartment (MED Associates, East Fairfield, VT). One week prior to conditioning,
animals were pre-exposed to the food (oat flavored Lucky Charms cereal) to avoid a neophobic
response. Because the food was highly desirable, it was not necessary to use food deprivation.
On the first day of the conditioned place preference procedure, animals were allowed to freely
explore all of the apparatus for 15 min, and the amount of time spent in each compartment was
recorded (n = 6 per group). None of the animals had a substantial initial bias for either
compartment, and therefore rats were randomly assigned to one compartment for food
conditioning in a balanced design. Animals were conditioned four weeks after pellet removal,
long after all somatic signs of opiate withdrawal had dissipated. For conditioning sessions,
animals were alternately placed into one compartment that contained 6 pieces of cereal, or the
other compartment which had no food but contained an empty plastic dish similar to the one
used to hold the cereal in the other compartment. Conditioning sessions occurred in the morning
and afternoon and the presentation of the food was alternated between the morning and
afternoon sessions on three separate days. Conditioning sessions were 20 min long and all rats
consumed all the food presented during the sessions. The preference test occurred five days
following conditioning during which the animals were given free access to the apparatus
without the plastic dishes or food for 15 min. The amount of time spent in each compartment
was recorded.

Non-conditioned control animals were also exposed to morphine or placebo pellets and
withdrawn for 4 weeks (n = 4 per group). These animals spent the same amount of time in each
of the place conditioning compartments as the conditioned animals but they had no exposure
to the cereal reward. On what would have been the conditioning test day, these animals were
allowed to freely explore both compartments. The amount of time spent in each compartment
was recorded.

2.4 Fos protein immunoreactivity
Two hours after the preference test animals were deeply anesthetized with sodium pentobarbital
(50 mg/kg, i.p.) and transcardially perfused with 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 5 days. Coronal sections (40 um) were cut using a freezing
microtome. Sections from placebo and morphine animals were processed together to equalize
staining between groups. Sections were placed in a solution of 0.1 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 with the addition of primary
antibody (rabbit antiserum against Fos-related antigens at 1:20,000, Oncogene Sciences,
Cambridge, MA). Sections were rinsed 3 times in PBS-Tx and then incubated for 2 hours with
the secondary antibody (biotinylated donkey anti-rabbit 1:1000, Jackson Immunoresearch
Laboratories, West Grove, PA). After 3 rinses in PBS-Tx, sections were transferred to an
avidin-biotin complex (1:1000, Jackson Immunoresearch Laboratories) for 1.5 hours. Sections
were again rinsed 2 times with PBS-Tx and once with 0.05 M Tris buffer. Fos related antigen-
positive (denoted here as simply Fos) cells were visualized by placing 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 3.5 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.

Sections from the NTS were counterstained with tyrosine hydroxylase (TH) to identify
noradrenergic neurons of the A2 group. For these sections, after completion of the Fos reaction
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described above, sections were placed in primary antibody against TH overnight at room
temperature (mouse antiserum at 1:6000, ImmunoStar, Hudson WI). The reaction was then
carried out the same as the Fos reaction (secondary anti-mouse 1:500, Jackson Immunoresearch
Laboratories), except without nickel intensification. Double-labeled cells were easy to identify
as TH cell bodies were stained brown and Fos-positive nuclei (nickel intensified) were stained
black.

Quantification of Fos 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
disc. The numbers of Fos-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 number of cells counted was available. Two
sections at each level were randomly selected from each animal. The levels chosen
corresponded to the following distances from bregma [45]: Cg (+2.20 mm), VL-BNST (−0.26
mm), CE, BLA and DMH (−2.80 mm) and NTS (−14.06) (Fig. 1). Fos-positive neurons in the
structures of interest from both the right and left hemispheres from the two sections were
counted by a blind observer and averaged into a single score. Because the analysis of Fos
staining in the NTS was confined to the region of TH positive cells, we analyzed the Fos levels
in this area as the percentage of Fos-positive TH cells.

2.5 Data analysis
Place conditioning data were analyzed by calculating the time spent in the food-paired
compartment minus the time spent in the other (non-rewarded) compartment. The resulting
difference (preference score) was compared between drug-treated and placebo groups using a
two-way analysis of variance (ANOVA; drug treatment (morphine vs placebo) and
conditioning (conditioned vs non-conditioned)). In the case of non-conditioned animals
alternating sides of the conditioning box were pre-selected prior to any treatment and randomly
assigned to be the reference compartment for calculating a preference score. Fos data were also
analyzed with a two-way ANOVA. Follow-up comparisons were done using Fisher’s PLSD.
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).

3. Results
3.1 Place conditioning

Fig. 2a shows the results of the food place conditioning. None of the groups were significantly
different from each other during the preconditioning test (F(1,22)=0.3, P=.82). After
conditioning, significant main effects for conditioning, drug treatment, and the conditioning
by drug treatment interaction were found. The F values for these results are presented in Table
1. Follow-up tests revealed that conditioned animals had significantly higher preference scores
than non-conditioned animals, and that placebo-pretreated conditioned animals showed
significantly greater preferences for the food-paired compartment (P<.01) than morphine-
pretreated conditioned animals. Fig. 2b shows the total amount of locomotor activity exhibited
by each group on the test day. No significant group differences were seen in locomotor activity
between the groups (F(1,22)= 0.2, P=.90).

3.2 Fos measurements
In each of the brain areas where Fos measurements were analyzed significant main effects for
conditioning, drug treatment, and conditioning X drug treatment were found (see Table 1). Fos
counts for the non-conditioned animals were very low in each of the brain areas chosen for
analysis except for the DMH. No significant group differences in Fos counts in the DMH were
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found (F(1,22)=0.69, P=.40, group means ranged from 51 to 41 cell counts with a standard
error of 4).

Fig. 3 shows the average Fos counts for each brain area in which group differences were found
to be significant together with one representative photograph of the Fos staining from one
animal in each of the conditioned groups. The Fos results in the Cg and BLA mirrored the place
conditioning data (Fig. 3). The post-hoc analysis revealed that Fos expression in each of these
areas was significantly greater in conditioned animals pretreated with placebo pellets than in
morphine-withdrawn conditioned animals (P<.01 for each).

For the VL-BNST, CE and A2 (NTS), a completely different pattern of results was seen (Fig.
3). Significantly greater Fos expression in all three brain areas was observed in the morphine-
withdrawn conditioned group compared to the placebo conditioned group (P<.01). Fos counts
in these areas for non-conditioned morphine-withdrawn animals tended to be higher than non-
conditioned placebo animals, but these results were not significant. For the NTS Fos expression
was primarily seen in TH positive cells (A2 group, Fig 3); these data are presented as
percentages of TH+ neurons that were also Fos+.

3.3 Correlations
Table 2 shows the brain areas and the significant R values for correlations between Fos levels
and preference scores. Significant correlations were only found in the conditioned groups and
not in the non-conditioned groups. Both conditioned groups showed strong positive
correlations between the numbers of Fos+ neurons in Cg and BLA and the corresponding
preference scores. The morphine withdrawn conditioned group was unique in showing robust
negative correlations between Fos activation in the CE, VL-BNST and A2 and preference
scores. Therefore, the higher the Fos levels in these areas, the less likely morphine abstinent
subjects were to prefer the food-paired compartment. The only brain area in which Fos levels
did not show a significant correlation with behavior was the DMH (R values <.23, P>.1).
Furthermore, no significant correlations were found between Fos and locomotor activity in any
brain area (R values <.40, P values >.1).

4. Discussion
The main findings of this study were that the morphine withdrawn conditioned group showed
significantly less preference for food-associated cues, and correspondingly less Fos expression
in the Cg and BLA, than conditioned animals that were pretreated with placebo pellets. Fos
expression in these areas showed significant positive correlations with the level of preference
seen for food-associated cues. It is unlikely that these findings reflect an altered interest in the
food reward in withdrawn animals, as both abstinent and placebo-pretreated subjects consumed
the food during conditioning. Furthermore, the abstinent animals had similar weights as
placebo-treated animals, indicating that they had recovered from the withdrawal experience.
In addition, we found that morphine-withdrawn conditioned animals showed higher Fos
activation in stress-associated brain areas including CE, VL-BNST and A2 than placebo
conditioned animals or withdrawn non-conditioned subjects. Interestingly, preference scores
and Fos activation in CE, VL-BNST and A2 were strongly negatively correlated in morphine-
withdrawn conditioned animals, indicating that enhanced Fos activation in these areas
predicted lower food preferences.

The changes in Fos in all brain areas except the DMH only occurred in conditioned animals
exposed to conditioned cues; non-conditioned animals did not show elevations in Fos despite
similar drug exposure, withdrawal, handling and activity. All groups, on the other hand, showed
similar levels of Fos expression in DMH. The DMH is known to be critical for the regulation
of feeding, body weight, and energy consumption as well as the expression of a variety of
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behaviors and physiological events controlled by circadian rhythms [2,10,13]. Our results
indicate that the DMH is most likely not involved in the expression of a food CPP although
recent results have reported its involvement in the entraining of feeding behavior [20]. In that
study [20], Fos levels in the DMH were highest at a scheduled meal time and correlated with
the entraining of feeding behavior.

The Fos levels were not found to correlate with the activity levels on the test day in any of the
brain areas examined. This indicates that Fos expression in these areas was not simply related
to locomotor activation. In further support of this notion, non-conditioned groups had similar
overall activity levels to the conditioned groups on the test day but, unlike the conditioned
groups, did not show significant elevations in Fos expression in the Cg, BLA, VL-BNST, CE
or A2.

The finding that Fos expression in Cg and BLA showed significant positive correlations with
preference scores in both abstinent and placebo-pretreated conditioned groups is consistent
with what we previously reported for morphine place preference conditioning [23]. Thus, our
current and previous results indicate that the Cg and BLA are associated with the expression
of the positive reinforcing aspects of both food and drugs. In view of the positive correlation
between Fos activation in these two areas and preference behavior, it also seems possible that
the amount of Fos we observed was influenced by the amount of time spent in the presence of
the reward-associated conditioned cues.

The Cg and BLA are both thought to be important for assigning emotional significance to
stimuli associated with reinforcement [30,47]. The BLA is known to be important for stimulus-
controlled behaviors, and lesions or chemical inactivation of this structure can result in the loss
of both CPP acquisition [16,18,59] and cue-induced reinstatement of drug self-administration
[17,50,57]. Lesions of the Cg do not impair reward seeking or consumption of rewards per se,
but instead disrupt the ability to discriminate between a rewarded stimulus (CS+) and an
unrewarded stimulus (CS-), causing an animal to approach both stimuli in an equal manner
[5–7,43].

One of the major findings of this study was the significant increase in Fos expression in the
NTS, CE and VL-BNST of the withdrawn conditioned group relative to placebo-pretreated
conditioned, or withdrawn non-conditioned, animals. Previously we found that morphine-
withdrawn animals exhibited more anxiety-like behaviors [25], and greater retention of
learning in fear-related paradigms, than placebo-pretreated subjects [24]. As NTS A2
(noradrenergic), CE, and BNST neurons are associated with fear and anxiety [8,48,52,53], and
with the aversion that accompanies morphine withdrawal [12,42,55], it is perhaps not
surprising that Fos is elevated in these brain areas after morphine withdrawal. What is more
surprising is that the Fos responses in these areas were significantly elevated in morphine-
withdrawn animals only during CPP testing. This finding may indicate that withdrawn animals
experience more frustration and stress than normal in response to the lack of an expected reward
(e.g., as on the test day). This is consistent with our prior observation that enhanced anxiety
responses are seen in withdrawn animals (compared to placebo-pretreated subjects) [24,25].
Previous studies have found that anxiety associated with protracted morphine withdrawal can
decrease responding for food (e.g., in a conditioned suppression paradigm; ref. 24). These
findings lead us to hypothesize that increased anxiety during protracted withdrawal may
diminish the reward associated with the food-paired compartment and thus produce lower
preference scores. This would explain why higher Fos expression in these areas strongly predict
lower preference scores.

The CE and BNST are very similar in that both receive noradrenergic input from A2 neurons
in the NTS [12,51,58], and both are involved in naloxone-induced opiate withdrawal associated
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aversions [21,29,42,55] in addition to stress-induced reinstatement of drug seeking [15]. These
findings indicate that the BNST and CE may be more susceptible to alterations by morphine
exposure than other brain areas. Our data indicate that these areas may continue to be altered
even after 5 weeks of morphine abstinence. The noradrenergic input to the VL-BNST has been
shown to be involved in the aversive affective components of opiate withdrawal [12], and to
be an important area for stress-induced reinstatement of both morphine CPP [54] and cocaine
self-administration [38]. The common noradrenergic input to the BNST and CE from the NTS
A2 neurons could be an important link between CE and VL-BNST and their roles in drug
dependence.

Previously we found that elevated Fos levels in the VL-BNST of morphine withdrawn animals
were positively correlated with enhanced morphine preference [27], whereas in the present
study elevated Fos levels in the VL-BNST were negatively correlated with food preference.
Thus, the BNST may be a site where aversive responses to environmental stressors help to
drive drug seeking behavior that can alleviate stress while decreasing the desire for natural
rewards that are not effective in alleviating stress.

In conclusion, these results indicate that even at 5 weeks post-withdrawal there is evidence of
hypersensitive brain stress systems. This may direct behavior away from natural rewards and
relatively increase the attractiveness of drug reward, thereby helping to perpetuate the cycle
of addiction. In support of this view, clinical observations of former opiate addicts found a
prolonged hyper-responsiveness to stress and an altered hypothalamic-pituitary-adrenal axis,
causing augmented release of stress hormones like corticotropin-releasing factor (CRF) and
adrenocorticotropin [36]. This altered responsiveness to stress is hypothesized to facilitate
relapse in human addicts [9,34–36]. Better understanding of the brain mechanisms that underlie
these changes in affective processing could lead to the development of more successful
treatments for opiate addiction.
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Fig. 1.
Schematic frontal representations of regions analyzed for Fos-positive neurons. Gray-shaded
regions indicate the areas where Fos+ neurons were counted. a. anterior cingulate cortex (Cg).
b. ventral lateral portion of the bed nucleus of the stria terminalis (VL-BNST) c. central (CE)
and basolateral (BLA) nuclei of the amygdala and dorsomedial hypothalamus (DMH). d.
nucleus of the solitary tract (NTS). Numbers in the upper right-hand corner of each brain section
represent the distance from bregma. Drawings were adapted from Paxinos and Watson (1998).
ac– anterior commissure, AP-area postrema, BM- basomedial amygdala, Cpu- caudate
putamen, CU- nucleus cuneatus, Gr- nucleus gracilis, IL- infralimbic cortex, LD-BNST- lateral
dorsal portion of the bed nucleus of the stria terminalis, La- lateral amygdala, LS- lateral
septum, Me- medial amygdala, NAc- nucleus accumbens, oc- optic chiasm, opt- optic tract,
Pir- piriform cortex, PrL– prelimbic cortex, cortex, VP– ventral pallidum.
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Fig. 2.
a. Preference scores pre- and post-conditioning for food-conditioned and non-conditioned
groups expressed as the mean time in seconds spent in the food-paired or pre-selected reference
compartment (in the case of the non-conditioned group) minus the mean time in seconds spent
in the other compartment on the test day. *significantly different from preconditioning scores
and from non-conditioned animals (P<.01). +denotes significant differences between
conditioned groups (P<.01). b. Mean activity scores on the test day ± SEM for conditioned and
non-conditioned groups.
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Figure 3.
The left panels depict mean counts of Fos-activated neurons for placebo and morphine
withdrawn animals in conditioned and non-conditioned groups. Data are mean ± SEM counts
of Fos+ neurons in the anterior cingulate cortex (Cg), basolateral amygdala (BLA),
ventrolateral portion of the bed nucleus of the stria terminalis (BNST), and central amygdala
nucleus (CE), and percentages of TH+ neurons that were also Fos+ in the nucleus of the solitary
tract (NTS), as indicated . tsignificantly different from non-conditioned groups (P<.01).
*depicts significant differences between conditioned groups (P<.01). The right panels contain
photomicrographs of frontal sections from corresponding brain areas showing Fos responses
from one animal in each of the two conditioned groups (the placebo group is on the right and
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morphine withdrawn group is on the left). In all cases medial is on the right-hand side of the
photograph. Arrows on the NTS photomicrograph indicate cells that were double labeled for
Fos and tyrosine hydroxalase.
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Table 1
ANOVA results

drug treatment main effect conditioning main effect interaction

CPP F=8, P<.01 F=123,P<.01 F=7, P<.05
Cg F=6, P<.05 F=49, P<.01 F=7, P<.05
BLA F=14,P<.01 F=187,P<.01 F=19,P<.01
VL-BNST F=25,P<.01 F=220,P<.01 F=6, P<.05
CE F=8, P<.01 F=45, P<.01 F=6, P<.05
NTS F=23,P<.01 F=187,P<.01 F=6, P<.05

DF=(1,22) CPP=conditioned place preference, Cg=anterior cingulate cortex, BLA=basolateral amygdala, VL-BNST=ventral lateral bed nucleus of the
stria terminalis, CE=central nucleus of amygdala, NTS=nucleus of the solitary tract
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Table 2
CPP and Fos correlation results.

Placebo Morphine
Conditioned Non-conditioned Conditioned Withdrawn Non-

conditioned

Cg .90* −.22 .86* .21
BLA .90* .36 .83* −.22
VL-BNST .18 −.31 −.99* −.18
CE .11 .55 −.87* −.02
NTS .23 −.53 −.91* .48
DMH .44 .41 .44 .53

Correlation coefficients (R values)

*
P<.01
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