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Abstract
Recent research suggests an involvement of pro-opiomelanocortin (POMC) gene products in
modulating cocaine reward and addiction-like behaviors in rodents. In this study, we investigated
whether cocaine-induced conditioned place preference (CPP) alters POMC gene expression in the
brain or pituitary of rats. Sprague-Dawley rats were conditioned with 4 injections of 0, 10 or 30
mg/kg cocaine (i.p.) over 8 days and tested 4 days after the last conditioning session. Another
group received the same pattern of cocaine injections without conditioning. POMC mRNA levels
in the hypothalamus (including arcuate nucleus), amygdala and anterior pituitary, as well as
plasma ACTH and corticosterone levels were measured. Cocaine place conditioning at 10 and 30
mg/kg doses increased POMC mRNA levels in a dose-dependent manner in the hypothalamus,
with no effect in the amygdala. Cocaine CPP had no effect on POMC mRNA levels in the anterior
pituitary or on plasma ACTH or corticosterone levels. In rats that received cocaine at 30 mg/kg
without conditioning, there was no such effect on hypothalamic POMC mRNA levels. Alteration
of POMC gene expression in the hypothalamus is region-specific after cocaine place conditioning,
and dose-dependent. The increased POMC gene expression in the hypothalamus suggests that it is
involved in the reward/learning process of cocaine-induced conditioning.
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Introduction
Pro-opiomelanocortin (POMC) is a large peptide precursor that gives rise to several
biologically active neuropeptides, including beta-endorphin, adrenocorticotropic hormone
(ACTH), beta-lipotropin and alpha-melanocyte-stimulating hormone. The presence of
POMC neurons was originally found to be mainly restricted to the rodent hypothalamus
(arcuate nucleus), nucleus of the solitary tract and pituitary [9]. The opioid peptide beta-
endorphin is distributed in the hypothalamus, and the dopaminergic mesocorticolimbic
regions, probably from hypothalamic POMC neuronal projections. Since activation of the
mu opioid receptor by beta-endorphin is rewarding and modulates dopamine release in the
nucleus accumbens [16], beta-endorphin may be involved in the reinforcing effects and
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motivational behaviors of several drugs of abuse [5,14]. For instance, intracerebroventricular
beta-endorphin administration has been shown to induce conditioned place preference (CPP)
in rats [1].

Opioid receptor antagonists (especially mu-opioid receptor selective antagonists) have been
shown to reduce both the rewarding action of cocaine using the CPP model [3,4,12,17], and
cocaine reinforcement using the self-administration model [13]. These findings raise the
possibility that cocaine may cause the release of endogenous opioid peptides and further
suggest that these neuropeptides play a functional role in the actions of cocaine. Of interest,
a recent study has demonstrated that cocaine-induced CPP is reduced in beta-endorphin
deficient mice, indicating a reduced rewarding effect of cocaine with less endogenous beta-
endorphin [10]. Together, these studies demonstrate a modulatory role for beta-endorphin in
cocaine reward and reinforcement.

Since the early 1990’s, our laboratory and others have investigated the effect of drugs of
abuse on opioid peptides and their receptors. Alterations of preprodynorphin (ppDyn),
preproenkephalin, kappa and mu opioid receptor gene expression in mesolimbic brain areas
of mice or rats after chronic cocaine exposure or across long-term withdrawal have been
broadly studied (see recent reviews [6,7]). However, it is unclear if POMC gene expression
in specific brain regions is altered by cocaine, particularly in the setting of cocaine-induced
place conditioning [20].

To extend our research to the effects on POMC gene expression, we here report a set of
experiments addressing the research question: are POMC mRNA levels in the
hypothalamus, amygdala (where POMC expression is relatively abundant [20]), or pituitary
(which produces peripheral beta-endorphin) altered after the development of cocaine CPP?
The inclusion of the amygdala was based on recent studies showing an involvement of
different amygdalar nuclei (basolateral and central nucleus) in cocaine CPP [e.g., 8]. On the
basis of evidence implicating POMC-derived beta-endorphin in the rewarding property of
cocaine in mice [10], we predicted that POMC gene expression would be elevated in
animals tested using cocaine CPP.

Materials and methods
Animals

Male Sprague–Dawley rats (190–220 g, Charles River Labs) were housed under a standard
12-h light/dark cycle (lights on from 7:00 h to 19:00 h) with free access to food and water
for 7 days, and habituated to the environment with daily handling for 5 days. The room
temperature was maintained at 22 ± 1 °C. The habituation, training, and testing were
conducted during the light phase of the cycle. The experimental procedures were approved
by the Committee on Animal Care and Use of the Rockefeller University. The Sprague–
Dawley rat was chosen based on our previous study, in which the rat showed significant
CPP for cocaine at 10 mg/kg [19].

Apparatus
The place conditioning apparatus (model ENV-013MD, Med Associates, VT) was a PVC
plastic rectangular chamber that consisted of three compartments. Two conditioning
compartments were separated by a smaller middle one. One of the conditioning
compartments had white walls and a stainless steel mesh floor; the other had black walls and
a ‘grid’ floor, which consisted of stainless-steel rods. The middle compartment had gray
walls and a plain gray floor. Animals could access the entire apparatus when the guillotine
doors were removed. Through a computer interface, time spent in each compartment was
recorded by sets of infrared beams located near the floor of each compartment.
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Cocaine CPP procedure
The place conditioning procedure consisted of three phases: pre-conditioning, conditioning
and post-conditioning tests, as previously described [19].

Pre-conditioning—Before the onset of the place conditioning, rats were placed in the
middle compartment with the guillotine doors removed, allowing free access to two
conditioning compartments for a 30 min period daily for 3 consecutive days. The time spent
in each conditioning compartment was recorded on the third day. The conditioning
compartments occupied for more and less time were designated as the preferred and non-
preferred sides, respectively. All animals were included, including the ones that showed
differences in preference for each conditioning compartment in the pre-conditioning test.
The rats were then assigned to two experimental groups (saline and cocaine), resulting in
each group with approximately equal mean times spent for each conditioning compartment
in the pre-conditioning test. During drug conditioning sessions, assignment for cocaine
conditioning compartment was made in a counterbalanced manner.

Conditioning—The conditioning phase began on the day following the baseline testing.
During conditioning, rats were injected intraperitoneally (i.p.) with 10 or 30 mg/kg of
cocaine (Sigma Chemical Co, St. Louis, MO, dissolved in 0.9% saline) once, and
immediately confined to one conditioning compartment for 30 min. On alternate days, rats
received saline injections and were confined to the other compartment for 30 min. The
conditioning phase, with cocaine and saline on alternative days, lasted for 8 days. Control
animals received saline injections in both conditioning compartments.

Post-conditioning test—Four days after the last conditioning trial, animals were placed
in the middle compartment with free access to both conditioning compartments for 30 min.
The time spent in each compartment was recorded. Thirty min following the post-
conditioning test, tissues were collected for subsequent mRNA or plasma hormone analysis.

Procedure of cocaine administration in CPP regimen without conditioning
The dose of drug exposure (10 or 30 mg/kg of cocaine or saline), and the pattern, route and
timing of injections were identical to those of cocaine administration in CPP conditioning
groups. The only difference from CPP conditioning groups was that the rats received
injections in the home cage, without conditioning procedures. Four days after the last
injection, the tissues were collected for subsequent mRNA or plasma hormone analysis.

Experiment I. Rats with 10 mg/kg of cocaine with or without conditioning—One
group of rats were trained in this CPP paradigm with cocaine conditioning at 10 mg/kg of
cocaine or saline on alternate days (n = 13). The control group received saline in both
compartments (n = 8). In parallel, two groups of the SD rats were injected in this CPP
pattern regimen with cocaine at 10 mg/kg (n = 7) or with saline (n = 7) without conditioning.

Experiment II. Rats with 30 mg/kg of cocaine with or without conditioning—
One group of rats were trained in this CPP paradigm with cocaine conditioning at 30 mg/kg
of cocaine or saline on alternate days (n = 10). The control group received saline in both
compartments (n = 10). In parallel, two groups of the SD rats were injected in this CPP
pattern regimen with cocaine at 30 mg/kg (n = 6) or with saline (n = 6) without conditioning.
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Preparation of RNA extracts
In each experiment, 30 min following the post-conditioning test or identical time point after
cocaine or saline injections, all rats were immediately sacrificed and each rat brain was
prepared for RNA extracts (Supplementary Information [SI] section).

Solution hybridization ribonuclease (RNase) protection-trichloroacetic acid (TCA)
precipitation assay

The solution hybridization RNase protection-TCA precipitation protocol has been described
in detail in an earlier report [19]. See SI Methods section.

Radioimmunoassays
See SI Methods section for details.

Data analysis
Differences from pre-conditioning to post-conditioning test (time spent in each
compartment) were analyzed using a two-way analysis of variance (ANOVA), Drug side
(cocaine, saline) by Phase (pre-conditioning, post-conditioning test) with repeated measures,
followed by Newman-Keuls post-hoc tests. Group differences in mRNA levels, plasma
ACTH and corticosterone levels were analyzed using a two-way ANOVA, Experiment
(Experiment I, Experiment II) by Drug (cocaine, saline), followed by Newman-Keuls post-
hoc tests. In other comparisons, differences between two groups were analyzed using a two-
tailed Student’s t-test. To determine the correlation between measured variables, linear
regression analysis was performed. The accepted level of significance for all tests was p <
0.05. All statistical analyses were performed using Statistica (version 5.5, StatSoft Inc.).

Results
Cocaine CPP expression at 10 or 30 mg/kg

In Experiment 1, one group of rats was trained in a CPP paradigm with cocaine conditioning
at 10 mg/kg of cocaine. The mean time spent in the cocaine-paired and saline-paired
compartment on the pre-conditioning and post-conditioning test days is shown in Fig. 1A. A
two-way ANOVA showed a significant effect of the drug side x phase interaction [F(1,48) =
5.31, p < 0.05]. While rats spent similar amounts of time in each compartment in the pre-
conditioning test, rats conditioned with cocaine displayed a preference for the cocaine-
paired compartment in the post-conditioning test [Newman-Keuls post-hoc tests: cocaine
post-conditioning vs. saline post-conditioning, p < 0.05; cocaine post-conditioning vs.
cocaine pre-conditioning, p = 0.05]. As control, another group of rats conditioned with
saline showed no preference (data not shown).

In Experiment 2, one group was trained with cocaine conditioning at 30 mg/kg of cocaine.
As shown in Fig. 1B, a two-way ANOVA identified a significant main effect of drug side
[F(1,36) = 21.5, p < 0.001], and the drug side x phase interaction [F(1,36) = 23.6, p < 0.001].
Rats conditioned with cocaine displayed a significant preference for the cocaine-paired
compartment in the post-conditioning test [cocaine post-conditioning vs. cocaine pre-
conditioning, p < 0.001; cocaine post-conditioning vs. saline post-conditioning, p < 0.001].
As control, another group conditioned with saline showed no preference (data not shown).

POMC mRNA levels in the medial hypothalamus or amygdala
In the medial hypothalamus, a two-way ANOVA showed a significant effect of cocaine
conditioning [F(1,35) = 11.0, p < 0.005]. Newman-Keuls post-hoc tests revealed that: (1) in
the rats trained with cocaine conditioning at 10 mg/kg, there was no significant increase; and
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(2) with 30 mg/kg cocaine conditioning, there was a significant increase in POMC mRNA
levels when compared with the saline control group (p < 0.005) or the group treated with 10
mg/kg cocaine conditioning (p < 0.01) (Fig. 2A). However, the POMC mRNA levels in the
amygdala were unaltered by either dose of cocaine with CPP expression (Table S1). There
was no significant effect on POMC mRNA levels after cocaine administration at either 10 or
30 mg/kg dose in a pattern identical to the CPP regimen (Fig. 2B). Furthermore, the POMC
mRNA levels in the amygdala were unaltered by either dose of cocaine without CPP
conditioning (Table S1).

In each experiment, there was no significant difference in the POMC mRNA levels in the
medial hypothalamus between the saline control group with conditioning (Fig. 2A) and
without conditioning (Fig. 2B) (Student’s t-test). The relationship between POMC mRNA
levels in the medial hypothalamus and CPP expression (difference in time spent in cocaine-
paired and saline-paired compartments) was examined, and a significant positive correlation
between POMC mRNA levels and CPP expression was found in the animals after cocaine
conditioning at 30 mg/kg (r2 = 0.64, n = 13, p < 0.01) (Fig. 2C).

POMC mRNA levels in the anterior pituitary and HPA hormones after cocaine conditioning
As shown in Fig S1A, there was no significant effect on POMC mRNA levels in the anterior
pituitary after cocaine conditioning at either 10 or 30 mg/kg dose. Plasma levels of ACTH
(Fig S1B) and corticosterone (Fig S1C) showed a similar pattern to that seen in POMC
mRNA in the anterior pituitary, especially after cocaine conditioning at 30 mg/kg. However,
neither change was significant.

Discussion
The main objective of these experiments was to investigate the effects of cocaine place
conditioning on POMC mRNA level in two rat brain regions: hypothalamus and amygdala,
as well as in the anterior pituitary. POMC mRNA level modulation by cocaine CPP
expression was primarily found in the hypothalamus, whereas that in the amygdala or
anterior pituitary was not affected, suggesting that hypothalamic POMC gene expression is
altered by cocaine-conditioned behaviors in a region-specific manner. The POMC mRNA
increase suggests an enhanced biosynthesis in the POMC neurons in the arcuate nucleus,
although it cannot be determined from assays of mRNA levels alone which steps (gene
transcription, processing, and/or degradation of mRNA) are affected. In line with our finding
of the POMC mRNA increases, it has been demonstrated that either experimenter-delivered
or self-administered cocaine stimulates the release of beta-endorphin in the rat arcuate
nucleus [14]. Although the stimulatory factors influencing elevation of POMC mRNA level
are not fully elucidated in the present study, it is possible that the increased beta-endorphin
release by cocaine is responsible for the increase in mRNA to compensate for cocaine-
induced peptide depletion. Together, these results suggest that the POMC gene in the
neurons of the hypothalamic arcuate nucleus, but not in the amygdala or anterior pituitary,
responds to cocaine-induced CPP.

Place preference occurs following administration of beta-endorphin, while CTOP (a
selective mu receptor antagonist) induces place aversion [11]. This implies putative
endogenous tonic opioid regulation of the reward system, mediated by mu opioid receptors.
Of the endogenous opioids, beta-endorphin is the preferred ligand for mu receptors, and thus
is a possible candidate for regulating and/or mediating drug-induced reward and
reinforcement. In fact, when injected directly into the brain of rats, beta-endorphin has
rewarding and reinforcing properties [1,2,18], further suggesting that this opioid peptide
could serve as a neuromodulator of the effects of cocaine reward. Furthermore, a recent
study demonstrated that cocaine produced attenuated CPP in beta-endorphin knockout mice,
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which indicates a reduced rewarding effect, providing direct evidence that beta-endorphin
has a modulatory role in cocaine reinforcement [10]. Here, using the CPP model, we found
an increase in hypothalamic POMC mRNA levels in rats after cocaine CPP expression in a
dose-dependent manner. When rats received cocaine administration in a pattern identical to
the CPP regimen, but without cocaine conditioning, the POMC mRNA levels were not
altered. In Experiment 2, we observed that a large proportion of the rats (8 out of 10)
established cocaine CPP expression at 30 mg/kg of cocaine and spent at least 25% more
time in the cocaine-paired compartment than the saline-paired one. However, two rats did
not reach this criterion [15], and the hypothalamic POMC mRNA levels in these non-
responders to cocaine CPP were not different from the saline controls. Therefore, our data
suggest that although cocaine conditioning was necessary, the strong expression of
conditioned responses to the cocaine-paired environment at 30 mg/kg dose was associated
with increased POMC mRNA expression in the hypothalamus. Our results also indicate that
increased POMC gene expression (and therefore possibly increased processing and release
of POMC peptides, such as beta-endorphin) may contribute to the expression of cocaine
CPP.

In summary, the data presented here show that expression of cocaine CPP was associated
with a region-specific increase in hypothalamic POMC expression in rats. Because the
POMC-derived opioid peptide beta-endorphin is known to positively modulate brain reward
functions, our results suggest that the hypothalamic POMC system is a component of the
neural circuitry underlying cocaine CPP.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Effect of cocaine on POMC gene expression was studied with or without
conditioning;

• POMC mRNA levels were measured in rat hypothalamus, amygdala and
pituitary;

• Cocaine CPP but not cocaine alone increased hypothalamic POMC mRNA
levels.
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Figure 1.
Expression of conditioned place preference (CPP) induced by cocaine in Sprague-Dawley
rats. Mean (SEM) seconds spent in the saline- and cocaine-paired compartments were
recorded on a 30-min CPP test 4 days after the last cocaine conditioning test and compared
to the 30-min pre-conditioning test 1 day before the cocaine conditioning phase. During
conditioning, animals received cocaine at 10 mg/kg (A, Experiment I) or 30 mg/kg (B,
Experiment II) (The data of control rats conditioned with saline in both compartments were
not included). In the post-conditioning test, rats conditioned with cocaine displayed a
preference for the cocaine-paired compartment. Data shown in graphs are treatment group
mean + SEM. Significant differences are indicated: * p < 0.05 or *** p < 0.001.
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Figure 2.
Effects of cocaine on POMC mRNA levels (pg/μg total RNA) in the medial hypothalamus
of cocaine (0, 10 or 30 mg/kg) with conditioning (A) or without conditioning (B) in
Sprague-Dawley rats in Experiment I and Experiment II. Data shown in graphs are treatment
group mean + SEM. Significant differences are indicated: * p < 0.01 or ** p < 0.005. (C) In
Experiment 2, regression of POMC mRNA levels in the medial hypothalamus and CPP
expression during 30 min post-conditioning test in the rats (n=10) after 30 mg/kg cocaine
conditioning. There was a significant positive correlation between the POMC mRNA level
and CPP expression (difference in time spent in cocaine-paired and saline-paired
compartments).
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