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Abstract
We have previously shown that β-endorphin plays a functional role in the rewarding effect of
acute cocaine. Considering that β-endorphin has high affinity for the μ opioid receptor, we
determined the role of this receptor in the rewarding action of acute cocaine. For comparison, we
assessed the role of the μ opioid receptor in the rewarding effect of acute morphine. We also
examined the effect of intracerebroventricular (i.c.v.) administration of β-funaltrexamine (β-
FNA), an irreversible μ opioid receptor antagonist, on the rewarding action of acute cocaine as
well as that of morphine. Using the conditioned place preference (CPP) paradigm as an animal
model of reward, we first assessed the rewarding action of cocaine in mice lacking β-endorphin or
the μ opioid receptor and their respective wild-type littermates/controls. Mice were tested for
preconditioning place preference on day 1, conditioned once daily with saline/cocaine (30 mg/kg,
i.p.) or cocaine/saline on days 2 and 3, and then tested for postconditioning place preference on
day 4. We next studied the rewarding action of acute morphine in μ knockout mice and their wild-
type controls. The CPP was induced by single alternate-day saline/morphine (10 mg/kg, s.c.) or
morphine/saline conditioning. We finally determined the effect of β-FNA on CPP induced by
cocaine or morphine in wild-type mice, in which mice were treated with saline or β-FNA (9ug/3
μl; i.c.v.) a day prior to the preconditioning test day. Our results revealed that morphine induced a
robust CPP in wild-type mice but not in mice lacking the μ opioid receptor or in wild-type mice
treated with β-FNA. In contrast, cocaine induced CPP in μ knockout mice as well as in wild-type
mice treated with β-FNA. On the other hand, cocaine failed to induce CPP in mice lacking β-
endorphin. These results illustrate that β-endorphin is essential for the rewarding action of acute
cocaine, but the μ opioid receptor may not mediate the regulatory action of endogenous β-
endorphin.
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1. Introduction
Addiction is a chronic relapsing brain disorder that results from neuronal adaptive changes
along numerous brain circuits. These alterations are thought to lead to aberrant behaviors
characterized by compulsive drug-seeking and drug-taking behaviors despite negative
consequences associated with such behaviors. The mesolimbic dopaminergic neurons
mediate the acute rewarding and reinforcing actions of cocaine and other addictive drugs. In
fact, cocaine and other drugs abused by humans have been shown to increase extracellular
dopamine in the nucleus accumbens in rodents (Di Chiara and Imperato, 1988). Chronic use
of these drugs also brings about neuronal adaptive changes along the mesolimbic
dopaminergic neurons. These alterations are thought to play a critical role in the initiation,
development and maintenance of drug dependency [for a review, see (Thomas et al., 2008)].

The endogenous opioid system has also been implicated in the rewarding and reinforcing
actions of cocaine and other addictive drugs. For example, blockade of opioid receptors by
different approaches has been reported to reduce the rewarding action of cocaine (Bilsky et
al., 1992; Gerrits et al., 1995; Heidbreder et al., 1996; Houdi et al., 1989; Kim et al., 1997;
Menkens et al., 1992; Rademacher and Steinpreis, 2002; Schroeder et al., 2007; Thomas et
al., 2008). However, the role of each endogenous opioid peptide and their cognate receptor
in the rewarding and reinforcing action of acute cocaine is not fully characterized although
β-endorphin has been implicated in the rewarding action of acute cocaine. For example,
cocaine has been shown to cause the release of β-endorphin in the nucleus accumbens
(Olive et al., 2001), a brain region where local administration of opioids has been shown to
induce reward (Kelsey et al., 1989; Wise, 1989; Wise and Hoffman, 1992). Furthermore, we
have previously shown that cocaine-induced conditioned place preference (CPP), an animal
model of reward (Bardo and Bevins, 2000), was reduced in mice lacking β-endorphin
(Marquez et al., 2008a). However, which opioid receptor mediates the regulatory actions of
endogenous β-endorphin on CPP induced by acute cocaine is unknown. Given that β-
endorphin is considered as an endogenous ligand of the μ opioid receptors, the present study
determined the role of the μ opioid receptor in the regulatory actions of β-endorphin in CPP
induced by single conditioning with cocaine. Considering that compensatory developmental
changes may occur in knockout mice, we also assessed the effect of β-funaltrexamine (β-
FNA), an irreversible μ opioid receptor antagonist (Portoghese et al., 1980), on cocaine
CPP. For comparison, we examined the role of the μ opioid receptor in CPP induced by
single conditioning with morphine, which is known to exert its rewarding action via the μ
opioid receptor (Matthes et al., 1996; Nguyen et al., 2012). The selection of single
conditioning and doses of morphine and cocaine was based on our previous studies showing
that single conditioning with such a dose of morphine (10 mg/kg) or cocaine (30 mg/kg)
induces a robust CPP in wild-type mice (Marquez et al., 2008a; Marquez et al., 2009;
Marquez et al., 2008b).

2. Materials and Methods
2.1. Subjects

Male mice lacking μ opioid receptor (Matthes et al., 1996) or β-endorphin (Rubinstein et al.,
1996) and their respective wild-type littermates/controls, aging 2–3 months, fully
backcrossed on a C57BL/6 mouse background were bred in-house from heterozygous
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breeding pairs and used for all experiments. Mice were maintained in a temperature (21 ±
3°C)-controlled room with free access to water and food. All experiments were carried out
during the light phase of a 12-h light/12-h dark cycle and approved by the Institutional
Animal Care and Use Committee at Western University of Health Sciences (Pomona,
California, USA).

2.2. Drugs
Cocaine hydrochloride and morphine sulfate, obtained from Sigma (St. Louis, MO), were
dissolved in normal saline and injected intraperitoneally (i.p.) and subcutaneously (s.c.),
respectively, in a volume of 0.1 ml per 10 g of body weight. β-FNA was generously
supplied by the National Institute on Drug Abuse Drug Supply program (Research Triangle
Park, NC).

2.3. Experimental procedures
2.3.1. The role of endogenous β-endorphin in CPP induced by acute cocaine—
The CPP procedure was performed according to our published results (Marquez et al.,
2008a) and conducted over a 4-day period. Briefly, mice were tested for baseline preference
toward the CPP chambers on day 1. On days 2 and 3, mice received single alternate-day
saline/cocaine or cocaine/saline conditioning. On day 4, mice were tested for
postconditioning preference toward the CPP chambers. On test days, each mouse was placed
in the central gray chamber of the CPP apparatus and allowed to freely explore the CPP
chambers via this central chamber for 15 min. The amount of time that the mouse spent in
each chamber was recorded. On the conditioning days, mice were treated with either saline
or cocaine (30 mg/kg, i.p.) and confined respectively to the vehicle- or cocaine-paired
chamber for 30 min. The following day, mice were injected with the alternate treatment and
confined to the opposite conditioning chamber for 30 min. The assignment of mice to the
conditioning chambers was counterbalanced. The choice of the dose of cocaine, and
duration of conditioning were based on our previous studies (Marquez et al., 2008a;
Marquez et al., 2008b).

2.3.2. The role of μ opioid receptor in CPP induced by cocaine—Mice lacking the
μ opioid receptor and their wild-type littermates/controls were tested for preconditioning
place preference on day 1, received conditioning on days 2 and 3, and then tested for
postconditioning place preference on day 4, as described above. For comparison, the role of
the μ opioid receptor in the rewarding action of acute cocaine was also studied. Naïve mice
lacking the μ opioid receptor and their wild-type littermates/controls were tested for baseline
place preference, as described above. Mice were then conditioned with morphine (10 mg/kg,
s.c.) for 60 min. The choice of the dose of morphine, and the duration of conditioning were
based on our previous study (Marquez et al., 2009).

2.3.3. Effects of β-FNA on cocaine-induced CPP—Wild-type mice were injected
with saline or β-FNA (9 μg/3 μl; i.c.v.), according to earμier reports (Marquez et al., 2009;
Yoburn et al., 1990; Yoburn et al., 1991), and tested for preconditioning place preference 24
h later. The following day, mice then received single alternate-day saline/cocaine (30 mg/kg,
i.p.) or cocaine/saline conditioning, and then tested for postconditioning place preference 24
h later. For comparison, the effect of i.c.v. administration of β-FNA on CPP induced by
morphine (10 mg/kg, s.c.) was also assessed. The choice of β-FNA dose was based on our
pilot studies demonstrating that this dose of β-FNA (9 μg per 3 μl; i.c.v.) abolished the
analgesic effect of morphine in the hot plate test in mice (Borse and Lutfy, unpublished
data).
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2.4. Data Analysis
Data are presented as mean (±S.E.M.) and analyzed using repeated measures analysis of
variance (ANOVA). The between factors were genotype or treatment (saline vs. β-FNA)
and the amount of time that mice spent in the drug-paired chamber on the pre- and
postconditioning test days. The within factor was pre- vs. postconditioning test day. The
post-hoc Bonferroni multiple comparison test was used to reveal significant differences
between various groups. P<0.05 was considered significant.

3. Results
3.1. Cocaine-induced CPP was attenuated in β-endorphin deficient mice

Figure 1 illustrates the amount of time that mice lacking β-endorphin and their wild-type
littermates spent in the cocaine-paired chamber on the test days. Repeated measures
ANOVA revealed a significant interaction between genotype and the amount of time that
mice spent in the conditioning chambers on the test days (F1,14 = 6.49; P<0.05). Post-hoc
analysis of the data showed that wild-type mice spent more time in the drug-paired chamber
on the post- compared to preconditioning test day (P<0.001). However, β-endorphin
deficient mice spent a comparable amount of time in the cocaine-paired on the pre- and post-
conditioning test days (P>0.05). This result suggests that acute cocaine failed to induce CPP
in β-endorphin null mice at a dose that induced a significant CPP in their wild-type
littermates.

3.2. CPP induced by cocaine was not altered in mice lacking the μ opioid receptor
Figure 2 illustrates the amount of time that wild-type and μ null mice spent in the cocaine-
paired chamber on the pre- and postconditioning test days. Repeated measures ANOVA
revealed no significant interaction between genotype and time (F1,14 = 0.15; P>0.05); but,
there was a significant effect of time (F1,12 = 48.08; P<0.001). Post-hoc analysis of the data
showed that both wild-type and knockout mice spent more time in the cocaine-paired
chamber on the post- compared to preconditioning test day. This result illustrates that
cocaine induced a significant CPP in both wild-type and μ knockout mice.

3.3. Morphine-induced CPP was abolished in mice lacking the μ opioid receptor
The amount of time that mice lacking the μ opioid receptor and their wild-type littermates/
controls spent in the morphine-paired chamber on the pre- and postconditioning test days is
shown in figure 3. Repeated measures ANOVA revealed a significant interaction between
genotype and time (F1,12 = 5.19; P<0.05). Post-hoc analysis of the data demonstrated that
wild-type mice spent significantly more time in the morphine-paired chamber on the post-
compared to preconditioning test day (P<0.05). However, mice lacking the μ opioid receptor
spent approximately the same amount of time in the morphine-paired on the pre- and
postconditioning test days (P>0.05). This finding suggests that morphine induced a
significant CPP in wild-type but not μ knockout mice.

3.4. The rewarding action of acute cocaine was not altered in wild-type mice treated with β-
FNA

Figure 4 illustrates the amount of time that mice treated with saline or β-FNA (9 μg/3 μl;
i.c.v.) spent in the cocaine-paired chamber prior to and following single alternate-day saline/
cocaine (30 mg/kg) or cocaine/saline conditioning. Repeated measures ANOVA revealed no
significant time by treatment interaction (F1,13 = 0.01; P>0.05); but, there was a significant
effect of time (F1,13 = 14.25; P<0.01). Post-hoc analysis of the data showed that mice spent
significantly more time in the cocaine-paired chamber on post- compared to preconditioning
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test day (P<0.05). However, this response was not altered in mice treated with β-FNA. This
result reveals that cocaine induced CPP but this response was not altered by β-FNA.

3.5. The rewarding action of acute morphine was blunted in wild-type mice treated with β-
FNA

The amount of time that mice spent in the morphine-paired chamber on the pre- and
postconditioning test days is depicted in figure 5. Repeated measures ANOVA revealed a
significant effect of time X treatment interaction (F1,14 = 5.24; P<0.05). Post-hoc analysis of
the data showed that mice treated with vehicle and conditioned with morphine spent
significantly more time in the morphine-paired chamber on the post- compared to
preconditioning test day (P<0.05). However, this response was blunted in mice treated with
β-FNA 48–72 h prior to morphine conditioning. This result suggests that single conditioning
with morphine induced CPP but this response was blocked by β-FNA, an irreversible μ
opioid receptor antagonist.

4. Discussion
The main finding of the present study is that CPP induced by acute cocaine was attenuated
in β-endorphin deficient mice but not in mice lacking the μ opioid receptor or in wild-type
mice treated with β-FNA, an irreversible μ opioid receptor antagonist. On the other hand,
the rewarding action of acute morphine was abolished in mice lacking the μ opioid receptor
as well as in wild-type mice treated with β-FNA. Together, the present results reveal that β-
endorphin plays a functional role in the rewarding action of acute cocaine, but deletion or
blockade of the μ receptor was without a significant effect on this action of cocaine.

Previous studies have implicated the endogenous opioids in the rewarding and addictive
effects of cocaine. For example, we have previously shown that cocaine-induced CPP was
significantly reduced in mice lacking β-endorphin (Marquez et al., 2008a), suggesting that
endogenous β-endorphin plays a functional role in the rewarding actions of acute cocaine. In
the present study, we confirmed these findings and demonstrated that CPP induced by single
cocaine conditioning was blunted in β-endorphin deficient mice. This observation
corroborates previous findings implicating endogenous β-endorphin in the rewarding and
reinforcing actions of acute cocaine (Marquez et al., 2008a; Olive et al., 2001; Roth-Deri et
al., 2006; Roth-Deri et al., 2004).

Given that β-endorphin is considered as an endogenous agonist of the μ opioid receptor
(Akil et al., 1984), we tested the possibility that the regulatory action of endogenous β-
endorphin on cocaine CPP would be mediated via the μ opioid receptor. Thus, we assessed
CPP induced by acute cocaine in mice lacking the μ opioid receptor and their wild-type
littermates. Considering that compensatory developmental changes could occur in knockout
mice, we also examined the effect of β-FNA, an irreversible μ opioid receptor antagonist
(Portoghese et al., 1980), on cocaine CPP. As a positive control, we assessed whether
morphine CPP would be altered in mice lacking the μ opioid receptor compared to their
wild-type littermates or in wild-type mice treated with β-FNA compared to their saline-
treated controls. Our results illustrated that cocaine induced a comparable CPP in mice
lacking the μ opioid receptor and their wild-type littermates/controls. Furthermore, we
found a comparable cocaine CPP in mice treated with β-FNA and their saline-treated
controls. In contrast, as expected, morphine failed to induce CPP in mice lacking the μ
opioid receptor or in wild-type mice treated with β-FNA, provide further support that the
rewarding action of morphine is mediated via the μ opioid receptor (Matthes et al., 1996;
Nguyen et al., 2012). These results also confirm that the μ opioid receptor was not
functional in μ knockout mice or wild-type mice treated with β-FNA because morphine
failed to induce CPP in either group of mice.
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The results of the present study appear in contrast with a number of reports showing that the
μ opioid receptor is involved in the rewarding and reinforcing actions of cocaine (Becker et
al., 2002; Hall et al., 2004; Hummel et al., 2004; Hummel et al., 2006; Mathon et al., 2005;
Rademacher and Steinpreis, 2002; Schroeder et al., 2007). However, one should interpret the
data with caution because we used a higher dose of cocaine compared to previous studies
(Becker et al., 2002; Hall et al., 2004). Interestingly, cocaine CPP induced by a lower (5 mg/
kg), but not higher (10 mg/kg), dose of cocaine was blunted in μ-deficient mice compared to
wild-type controls (Becker et al., 2002). On the other hand, Hall and colleagues reported a
blunted CPP in μ knockout mice with either dose of cocaine (Hall et al., 2004); but, these
authors used a biased CPP paradigm. Nevertheless, the motor stimulatory effect of cocaine
(20 and 40 mg/kg) was not altered in mice lacking the μ opioid receptor compared to their
wild-type controls (Becker et al., 2002). Likewise, the ability of this dose of cocaine (20 mg/
kg) to increase dopamine was not altered in mice lacking the μ opioid receptor compared to
their wild-type controls (Chefer et al., 2004). The other variable between the present and
previous studies (Becker et al., 2002; Hall et al., 2004) was the duration of conditioning. We
utilized single alternate day conditioning with a relatively higher dose of cocaine because we
have previously shown that single conditioning with lower doses of cocaine fail to induce
CPP in wild-type mice (Marquez et al., 2008a; Marquez et al., 2008b). Thus, the present
data illustrating that CPP induced by acute cocaine was reduced in mice lacking β-
endorphin, but not in μ knockout mice, suggest that β-endorphin functions as a facilitator of
the rewarding action of acute cocaine. However, the μ opioid receptor may not be essential
for the development of this response. An alternative explanation may be that β-endorphin
interacts with a subtype of μ opioid receptor that may be still functional in mice lacking the
μ opioid receptor or in wild-type mice treated with β-FNA. Although our finding that the
rewarding action of morphine was abolished in μ receptor knockout mice as well as in wild-
type mice treated with β-FNA argues against this possibility, there is evidence showing that
the effect of morphine and β-endorphin was differentially affected by pertussis toxin (Tseng
and Collins, 1995). Furthermore, the ability of β-endorphin to stimulate GTP-γ-S binding is
reduced but not completely abolished in mice lacking the μ opioid receptors (Mizoguchi et
al., 2002). Additionally, β-endorphin is known to exert some of its actions via receptor other
than μ opioid receptors (Tseng, 2001). Thus, further research is needed to characterize the
receptor mechanism involved in the regulatory action of endogenous β-endorphin on
cocaine reward.

5. Conclusion
The results of the current study illustrate that the rewarding action of acute cocaine was
attenuated in β-endorphin but not in μ opioid receptor knockout mice or in wild-type mice
treated with β-FNA. In contrast, the rewarding action of acute morphine was abolished in
mice lacking the μ opioid receptor as well as in wild-type mice treated with β-FNA.
Collectively, the present results reveal that endogenous β-endorphin plays a modulatory role
in the acute rewarding actions of cocaine, a response that may be mediated via receptor
other than the μ opioid receptor.
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Fig. 1.
Cocaine induced CPP was blunted in mice lacking β-endorphin (betaend-) compared to their
wild-type littermates (betaend+). The data represent mean (±S.E.M.) of the amount of time
that mice (n = 8 mice per genotype) spent in the drug-paired chamber on pre- and
postconditioning test day. ***P<0.001 compared to its respective preconditioning test day.
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Fig. 2.
Cocaine-induced CPP was not altered in mice lacking the μ opioid receptor [MOP (−/−)]
compared to their wild-type littermates/controls [MOP (+/+)]. The data represent mean
(±S.E.M.) of the amount of time that mice (n = 7 mice per genotype) spent in the drug-
paired chamber on each test day. **P<0.01; ***P<0.001 compared to its respective
preconditioning test day.
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Fig. 3.
Morphine-induced CPP was blunted in mice lacking the μ opioid receptors [MOP (−/−)]
compared to their wild-type littermates/controls [MOP (+/+)]. The data represent mean
(±S.E.M.) of the amount of time that mice (n = 7 mice per genotype) spent in the drug-
paired chamber on each test day. *P<0.05 compared to its respective preconditioning test
day.
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Fig. 4.
Cocaine induced a comparable CPP in wild-type mice treated with β-FNA and their vehicle-
treated controls. The data represent mean (±S.E.M.) of the amount of time that mice (n = 7–
8 mice per treatment) spent in the drug-paired chamber on each test day. *P<0.05 compared
to its respective preconditioning test day.
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Fig. 5.
Morphine-induced CPP was abolished in wild-type mice treated with β-FNA. The data
represent mean (±S.E.M.) of the amount of time that mice (n = 8 mice per treatment) spent
in the drug-paired chamber on each test day. *P<0.05 compared to its respective
preconditioning test day.
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