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Abstract
We have previously shown that the ability of buprenorphine to activate the opioid receptor-like
(ORL1) receptor compromises its antinociceptive effect. Furthermore, morphine has been shown to
alter the level of orphanin FQ/nociceptin (OFQ/N), the endogenous ligand of the ORL1 receptor,
raising the possibility that the endogenous OFQ/N/ORL1 receptor system may be involved in the
actions of these opioids. Thus, using mice lacking the ORL1 receptor and their wild-type littermates,
the present study assessed the role of the ORL1 receptor in psychomotor stimulant and rewarding
actions of buprenorphine and morphine. Morphine (5, 10 mg/kg) dose-dependently increased motor
activity and induced conditioned place preference. However, the magnitude of each response was
comparable for the mutant mice and their wild-type littermates. In contrast, buprenorphine (1 mg/
kg) induced greater motor stimulation in ORL1 receptor knockout mice as compared to their wild-
type littermates. Further, single conditioning with buprenorphine (3 mg/kg) induced place preference
in mutant mice but not in their wild-type littermates. The results of binding assay showed that
buprenorphine concentration-dependently (0–1000 nM) displaced specific binding of [3H]-orphanin
FQ/nociceptin (OFQ/N) in brain membrane of wild-type mice. Together, the present results suggest
that the ability of buprenorphine to interact with the ORL1 receptor modulates its acute motor
stimulatory and rewarding effects.
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Introduction
Buprenorphine, an opioid with mixed agonist/antagonist activity at the opioid receptors, is used
clinically as an analgesic (Finco et al., 1995; Picard et al., 1997) and for the treatment of opiate
dependency (Jasinski et al., 1978; Fudala et al., 1990; Johnson et al., 1995; Kuhlman, Jr. et al.,
1998; Greenwald et al., 1999; Heit and Gourlay, 2003; Johnson et al., 2003). Buprenorphine
is described as a partial agonist at the mu opioid receptor (Martin et al., 1976). While the sub-
maximal dose-response curve of buprenorphine can be explained by its ability to act as a partial
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agonist at the mu opioid receptor, its bell-shaped dose-response curves cannot be described by
this property of the drug. Thus, other mechanisms may be involved which need to be elucidated.

Previous studies have shown that buprenorphine interacts with the opioid receptor-like (ORL1)
receptor (Martin et al., 1976; Wnendt et al., 1999; Hawkinson et al., 2000; Bloms-Funke et al.,
2000; Huang et al., 2001; Lutfy et al., 2003). Interestingly, orphanin FQ/nociceptin (OFQ/N),
the endogenous agonist ligand of the ORL1 receptor (Reinscheid et al., 1995; Meunier et al.,
1995), is considered as an anti-opioid peptide in the brain (for review, see (Mogil and Pasternak,
2001), raising the possibility that the mu opioid receptor-mediated actions of buprenorphine
could be altered by its ability to interact with the ORL1 receptor. Consistent with this
hypothesis, we have previously shown that the antinociceptive effect of buprenorphine
mediated via the mu opioid receptor (Kamei et al., 1995; Kamei et al., 1997; Lutfy et al.,
2003) was enhanced in mice lacking the ORL1 receptor (Lutfy et al., 2003). We have also
demonstrated that the descending part of the bell-shaped dose-response curve of buprenorphine
disappeared in wild-type mice treated with J-113397, an ORL1 receptor antagonist (Lutfy et
al., 2003). Together, these results suggest that the activity of buprenorphine at the ORL1
receptor plays a functional role in the unique pharmacology of buprenorphine. However, it is
not known whether this modulatory role of the ORL1 receptor is limited to the antinociceptive
effect of buprenorphine or it could be generalized to other actions of the drug. Thus, using mice
lacking the ORL1 receptor and their wild-type littermates, the present study was designed to
determine the role of this receptor system in buprenorphine-induced motor stimulation and
conditioned place preference (CPP), an animal model of reward (Bardo and Bevins, 2000).

Previous studies have shown that intracerebroventricular OFQ/N administration blocks
morphine-induced CPP (Murphy et al., 1999; Ciccocioppo et al., 2000) and decreases the
ability of morphine to increase extracellular dopamine in the nucleus accumbens in rats (Di
Giannuario et al., 1999). Chronic morphine treatment has been shown to increase the level of
OFQ/N-immunoreactivity in some brain regions in the rat (Yuan et al., 1999), raising the
possibility that the endogenous OFQ/N/ORL1 receptor system may also be involved in the
rewarding and addictive properties of morphine. Thus, we also assessed the role of the ORL1
receptor in the motor stimulatory and rewarding actions of morphine.

Experimental Procedures
Animals and husbandry

Male ORL1 knockout (Nishi et al., 1997) and their wild-type littermates (3–4 months) were
the offspring of ORL1 heterozygous breeding pairs backcrossed on C57BL/6J mice for six
generations. Mice were housed 2–4 per cage with free access to food and water and maintained
under a 12-h light/12-h dark cycle. All experiments were conducted according to the National
Institute of Health (NIH) guideline for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23) revised 1996 and approved by the Institutional Animal Care and Use
Committee at Western University of Health Sciences (Pomona, CA, USA).

Drugs
Morphine sulfate and buprenorphine hydrochloride were purchased from Sigma/Aldrich (St
Louis, MO, USA) and dissolved in normal saline (0.9% NaCl in sterile water). The doses are
as the salt form of the drugs. The choice of the doses of each drug was based on our published
results showing that the antinociceptive effect of buprenorphine but not morphine was altered
in mice lacking the ORL-1 receptor (Lutfy et al., 2003).
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Motor activity test
Distance traveled (cm) was recorded using a Videomex-V system (Columbus Instruments,
Inc.; Columbus, Ohio, USA) and used as a measure of motor activity. To determine the role
of the ORL1 receptor in motor stimulation induced by buprenorphine, mice lacking ORL1
receptor and their wild-type littermates were habituated to motor activity chambers (14 cm
length × 14 cm width × 22 cm height) for one hour, injected with saline or buprenorphine (1
mg/kg, s.c.) and motor activity was recorded for one hour (4 × 15-min epochs). In a separate
set of experiments, the motor stimulatory action of morphine (0, 5 or 10 mg/kg, s.c.) was also
assessed.

CPP test
The description of the CPP apparatus is provided elsewhere (Marquez et al., 2006). In brief,
the CPP apparatus was a three-chambered compartment: a central smaller neutral grey chamber
(16.5 cm length × 16.5 cm width × 26.5 cm height) and two conditioning chambers (26.5 cm
length × 16.5 cm width × 26.5 cm height) distinguishable by visual (decorated with 1-inch
black and white horizontal or vertical stripes) and olfactory (almond or orange scent) cues.
Mice lacking the ORL1 receptor and their wild-type littermates were tested for baseline place
preference toward the CPP chambers on day 1. On this day, each mouse was individually placed
in the neutral central grey chamber and allowed to freely explore all three chambers of the CPP
apparatus for 15 minutes. The amount of time that the mice spent in each chamber was recorded.
On day 2, mice were injected with saline or buprenorphine (3 mg/kg, s.c.) and confined to the
vehicle-paired or drug-paired chamber for one hour, respectively. We used one hour
confinement to the conditioning chambers since our motor activity data revealed that the action
of both buprenorphine and morphine lasted at least for one hour. On day 3, mice were treated
with the alternate treatment and confined to the opposite conditioning chamber for one hour.
On each conditioning day, immediately following placement of the mice in the conditioning
chambers, 10 µL of pure almond or orange scent (McCormick, Hunt Valley, DM, USA) were
dispensed on a filter paper (2 cm × 2 cm) hanging on the upper corner (19 cm above the floor)
of the conditioning chambers. Every attempt was made to balance the assignment of the mice
to the treatments and conditioning chambers including the olfactory and visual cues. On day
4, mice were tested for postconditioning place preference in which each mouse was placed in
the neutral central grey chamber and allowed to freely explore all the CPP chambers for 15
minutes. The amount of time that the mice spent in the conditioning chambers was recorded
and used for data analysis. In a separate set of experiments, the rewarding action of morphine
(5 or 10 mg/kg, s.c.) was also determined.

Binding assay
Mice were sacrificed, their brain were removed and homogenized in Tris buffer (50 mM, pH
= 7.4). The homogenates were spun at 18,000 g for 15 min and the pellets were resuspended
in 40 volumes of buffer and spun again. The pellets were resuspended in 40 volumes of buffer
and incubated at 25°C for 30 min and spun for 15 min for the third time. The pellets were then
resuspended in 40 volumes of buffer and assayed in triplicates for 3H-OFQ/N (5 nM) binding
in the presence and absence of buprenorphine (0, 1, 10, 100 or 1000 nM). Non-specific binding
was defined in the presence of non-labeled OFQ/N (5 µM).

Statistical Analysis
Data are expressed as mean ± S.E.M. Dose-response data were analyzed using one- or two-
factor analysis of variance (ANOVA). Time-course data were analyzed using repeated
measures ANOVA. The post-hoc Student-Newman-Keuls or Tukey-Compromise test was
used to reveal significant differences between various groups. A p<0.05 was considered
statistically significant.
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Results
Motor activity test

Figure 1 illustrates the motor stimulatory action of buprenorphine in mice lacking the ORL1
receptor and their wild-type littermates. Although the saline-treated mice displayed a higher
level of basal motor activity as compared to buprenorphine-treated mice during habituation,
there was no significant difference in basal motor activity between wild-type and mutant mice
during habituation or in response to saline injection (compare saline-treated ORL1 knockout
mice to their wild-type littermates). Buprenorphine increased motor activity in both genotypes
(Fig. 1; compare buprenorphine-treated mice of each genotype to their respective saline-treated
controls). A two-factor (genotype and treatment) ANOVA of the total distance traveled during
the entire one hour test period revealed a significant effect of treatment (saline versus
buprenorphine; F1,35 = 36.63, p<0.001), but no significant effect of genotype (F1,35 = 1.81,
p>0.05) or interaction between treatment and genotype (F1,35 = 2.26, p>0.05). Further analysis
of the data showed that buprenorphine increased motor activity to a greater extent in mutant
mice as compared to their wild-type littermates (p<0.05). On the other hand, the motor
stimulatory action of morphine was not altered in ORL1 knockout mice (Fig. 2). There was no
difference in basal motor activity between the morphine-treated and saline-treated groups
during the habituation period. Also, there was no significant difference in basal motor activity
between the mutant mice and their wild-type littermates following saline injection Fig. 2;
(compare saline-treated ORL1 knockout mice to saline-treated wild-type mice). A two-factor
ANOVA (genotype and morphine dose) of the collapsed data (total distance traveled during
the entire one hour test period following saline or morphine) revealed a significant effect of
morphine dose (F2,39 = 38.71, p<0.001) but no significant effect of genotype (F1,39 = 0.12;
p<0.05) or interaction between time and genotype (F1,39 = 0.05; p>0.05). Further analysis of
the data showed that morphine dose-dependently increased motor activity in both mutant mice
and their wild-type littermates [(p<0.05; compare morphine (10 mg/kg) and morphine (5 mg/
kg) versus saline for each genotype as well as morphine (10 mg/kg) versus morphine (5 mg/
kg)]. However, the magnitude of this response was not altered in mice lacking the ORL1
receptor (p>0.05; compare mutant mice to their wild-type littermates at each morphine dose).

CPP test
Figure 3 illustrates the amount of time that the mutant mice and their wild-type littermates
spent in conditioning chambers prior to (Day 1) and following (Day 4) a single alternate-day
saline/buprenorphine conditioning session. A two-factor ANOVA with repeated measures on
the amount of time that the mice spent in the drug-paired chamber on day 4 versus day 1 showed
a significant interaction between genotype and time (F1,16 = 6.53; p<0.02). Further analysis of
the data revealed that ORL1 receptor knockout mice spent significantly greater time in the
drug-paired chamber on day 4 as compared to day 1 (p<0.05), showing that mutant mice
expressed CPP. In contrast, buprenorphine failed to induce CPP in wild-type mice, which was
evident as no change in the amount of time that the wild-type mice spent in the drug-paired
chamber on day 4 as compared to day 1 (Fig. 3; p>0.05). Additionally, mutant mice as compared
to their wild-type littermates spent significantly greater amount of time in the drug-paired
chamber on day 4 (p<0.05) but not on day 1 (p<0.05). Figure 4 depicts the amount of time that
mutant mice and their wild-type littermates spent in conditioning chambers prior to (Day 1)
and following (Day 4) single alternate-day saline/morphine conditioning. There was no initial
preference toward the drug-paired as compared to vehicle-paired chamber in mutant mice or
in their wild-type littermates (p>0.05). Conditioning in the presence of a lower dose of
morphine (5 mg/kg) failed to induce CPP (Fig. 4A). On the other hand, a higher dose of
morphine (10 mg/kg) induced a significant CPP (Fig. 4B). A two-factor ANOVA with repeated
measures on the amount of time that the mice spent in the drug-paired chamber prior to and
following conditioning with this dose of morphine revealed a significant effect of time (F1,16
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= 19.79; p<0.001) but no significant effect of genotype (F1,16 = 0.01; p>0.05) or interaction
between genotype and time (F1,16 = 0.11; p>0.05), showing that both genotypes expressed
CPP. However, the magnitude of this response was not different between mutant mice and
their wild-type littermates (p>0.05).

Binding assay
Buprenorphine concentration-dependently displaced specific binding of [3H]-OFQ/N in mouse
brain homogenates (Fig. 5). One-way ANOVA revealed a significant effect of buprenorphine
concentration (F4,10 = 52.44; p<0.001). The post-hoc test showed that buprenorphine at
concentrations ≥ 10 nM significantly displaced the specific binding of [3H]-OFQ/N.
Furthermore, the inhibitory effect of buprenorphine was significantly greater at the highest
concentration (1000 nM) as compared to all other concentrations of the drug tested (p<0.05).

Discussion
The main finding of the present study is that the psychostimulant and rewarding actions of
buprenorphine were enhanced in mice lacking the ORL1 receptor as compared to their wild-
type littermates. However, these actions of morphine were not altered in mutant mice.
Buprenorphine was found to concentration-dependently displace specific binding of [3H]-
OFQ/N in brain homogenate of wild-type mice. Together, the present results suggest that the
ability of buprenorphine to interact with the ORL1 receptor compromises its acute motor
stimulatory and rewarding actions.

Buprenorphine, an opioid with mixed agonist/antagonist activity, has a high affinity for the
mu opioid receptor (Sadee et al., 1982; Richards and Sadee, 1985; Negus et al., 1989; Huang
et al., 2001; Negus et al., 2002; Lutfy et al., 2003). Previous studies have shown that
buprenorphine also interacts with the ORL1 receptor (Wnendt et al., 1999; Hawkinson et al.,
2000; Bloms-Funke et al., 2000; Huang et al., 2001; Lutfy et al., 2003; Hou et al., 2004;
Yamamoto et al., 2006; Ciccocioppo et al., 2007). We have recently shown that the motor
stimulatory and rewarding actions of buprenorphine are mediated primarily via the mu opioid
receptor (Marquez et al., 2007). We have also shown that the mu opioid receptor-mediated
antinociceptive effect of buprenorphine was enhanced in ORL1 receptor knockout mice (Lutfy
et al., 2003), raising the possibility that the mu opioid receptor-mediated actions of
buprenorphine could be modulated by its ability to interact with the ORL1 receptor. The results
of the present study provide further support for this notion by demonstrating that the motor
stimulatory action of buprenorphine (1 mg/kg) was enhanced in mice lacking the ORL1
receptor as compared to their wild-type littermates. The increase in motor stimulatory action
of buprenorphine in ORL1 receptor knockout mice was rather selective because basal motor
activity was comparable between the mutant mice and their wild-type littermates (compare
saline-treated ORL1 knockout mice to their wild-type littermates). Importantly, morphine (5
or 10 mg/kg) produced comparable motor stimulation in mutant mice and their wild-type
littermates. An earlier report also demonstrated that the motor stimulatory action of heroin was
not altered in ORL1 receptor knockout mice (Murphy et al., 2002), suggesting that the
endogenous OFQ/N/ORL1 receptor system may not be involved in the acute actions of opioid.
However, our data cannot rule out the possibility that the actions of morphine and other opioids
could be altered following their chronic administration since the level of OFQ/N was shown
to increase after repeated but not single morphine administration (Yuan et al., 1999). Thus,
further studies are needed to assess this possibility.

Previous studies have shown that activation of the mu opioid receptor increases extracellular
dopamine in the nucleus accumbens (Di Chiara and Imperato, 1988). On the other hand,
stimulation of the ORL1 receptor reduces extracellular levels of dopamine in this brain region
(Murphy et al., 1996; Di Giannuario et al., 1999; Murphy and Maidment, 1999). Likewise,
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OFQ/N reduces the ability of morphine to increase accumbal dopamine (Di Giannuario et al.,
1999) or to induce CPP (Murphy et al., 1999; Ciccocioppo et al., 2000), showing that the ORL1
and mu opioid receptors represent two opposing mechanisms on hedonic homeostasis. Thus,
we determined whether the rewarding action of buprenorphine (3 mg/kg) would be altered in
ORL1 receptor knockout mice as compared to their wild-type littermates. As tolerance and/ or
sensitization could develop following repeated opioid administration, we assessed CPP
following a single alternate-day saline/buprenorphine conditioning session. ORL1 knockout
mice expressed a robust CPP following this treatment. However, wild-type mice failed to
display CPP, indicating that the rewarding action of buprenorphine is compromised by its
ability to interact with the ORL1 receptor. On the other hand, morphine (10 mg/kg) induced a
comparable CPP in mice lacking the ORL1 receptor and their wild-type littermates, suggesting
that the "rewarding" effect of buprenorphine is under the control of the endogenous OFQ/N/
ORL-1 receptor system. However, it should be kept in mind that we are studying a constitutive
knockout; thus, any genotype-dependent differences in the magnitude of expressed CPP could
be due to differences in acquisition of CPP (e.g. "reward", associative learning) or differences
in expression of CPP (e.g. expression of autoshaped responses, incentive motivation, memory
recall, etc.), which could theoretically be specific to particular drugs (see also below).

We have previously shown that buprenorphine and OFQ/N each activates mitogen-activated
protein (MAP) kinase in CHO cells expressing ORL1 receptors (Lutfy et al., 2003). In the
present study, we also demonstrated that buprenorphine concentration-dependently displaced
specific binding of [3H]-OFQ/N in mouse brain membrane homogenates (Fig. 5), providing
support that buprenorphine interacts with the mouse brain ORL1 receptor. Thus, our current
results indicate that the ability of buprenorphine to concomitantly activate the ORL1 receptor
compromises its motor stimulatory and rewarding actions. It is of interest to note that the
affinity of buprenorphine for the mu opioid receptor is about 100 folds higher than its affinity
for the ORL1 receptor (Huang et al., 2001; Lutfy et al., 2003). Thus, it is not known how this
weak action of buprenorphine at the ORL1 receptor compromises its mu opioid receptor-
mediated actions.

Previous studies have implicated the OFQ/N/ORL1 receptor system in learning and memory
(Yu et al., 1997; Sandin et al., 1997). Interestingly, enhanced learning and memory has been
reported in mice lacking the ORL1 receptor (Mamiya et al., 1999). However, the present data
cannot be explained by alterations in memory performance or other compensatory changes in
the knockout mice because the motor stimulatory and rewarding actions of morphine were not
altered in mutant mice. Thus, further studies are needed to elucidate whether the direct
interaction of buprenorphine with the ORL1 receptor leads to this enhancement or other
mechanisms may be involved. Although the results of our binding assay suggest a direct
interaction of buprenorphine with the ORL1 receptor, it is tempting to propose that
buprenorphine, but not morphine, may also cause the release of OFQ/N following its single
administration. Alternatively, buprenorphine may interact with a mu-ORL1 receptor
heterodimer (Pan et al., 2002) in wild-type mice but only with the mu opioid receptor in ORL1
knockout mice. On the other hand, morphine, which has negligible affinity for the ORL1
receptor (Lutfy et al., 2003), acts on the mu opioid receptor in both mutant mice and their wild-
type littermates and therefore its actions are comparable between the wild-type and mutant
mice.

In summary, the present data demonstrate that the motor stimulatory and rewarding actions of
buprenorphine, mediated by the mu opioid receptor (Marquez et al., 2007), were enhanced in
mice lacking the ORL1 receptor. In contrast, these actions of morphine were not altered in
mutant mice. Taken together, the present results indicate that the ability of buprenorphine to
interact with the ORL1 receptor compromises its mu opioid receptor-mediated actions.
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Abbreviations
ORL1, the opioid receptor-like; OFQ/N, orphanin FQ/nociceptin; CPP, conditioned place
preference; ORL1 (+/+), wild-type mice; ORL1 (−/−), ORL1 receptor knockout mice.
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Fig. 1. The motor stimulatory action of buprenorphine was enhanced in mice lacking the ORL1
receptor
Mice lacking the ORL1 receptor [ORL1 (−/−)] and their wild-type littermates [ORL1 (+/+)]
were habituated to motor activity chambers for one hour, then injected with saline (n = 7 mice/
genotype) or buprenorphine (1 mg/kg, s.c.; n = 12–13 mice/genotype) and motor activity was
recorded for an additional one hour (4 ×15-min bins). Data are presented as mean (±SEM) of
total distance traveled (cm) by the mutant mice and their wild-type littermates during the entire
one hour test period. *indicates a significant increase as compared to its respective saline-
treated control group (p<0.05); †indicates a significant increase as compared to all other groups
(p<0.05).
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Fig. 2. The motor stimulatory action of morphine was not altered in mice lacking the ORL1 receptor
Mice lacking the ORL1 receptor [ORL1 (−/−)] and their wild-type littermates [ORL1 (+/+)]
were habituated to motor activity chambers for one hour, then injected with morphine (0, 5 or
10 mg/kg, s.c.) and motor activity was recorded for an additional one hour (4 × 15-min bins;
Fig. 2A). Data are presented as mean (±SEM) of the entire one hour test period of 7–8 mice
per genotype. *indicates a significant increase as compared to their respective saline-treated
groups (p<0.05). †indicates a significant increase as compared to saline- and morphine (5 mg/
kg)-treated groups (p<0.05).
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Fig. 3. Buprenorphine induced CPP in ORL1 receptor knockout mice but not in their wild-type
littermates
Mice lacking the ORL1 receptor [ORL1 (−/−)] and their wild type littermates [ORL1 (+/+)]
were tested for baseline place preference on day 1. Mice then received alternate-day saline/
buprenorphine (3 mg/kg) or buprenorphine/ saline conditioning sessions on days 2 and 3. Mice
were then tested for postconditioning preference on day 4. Data are expressed as mean (±SEM)
of 9 mice per genotype. *indicates a significant increase in the amount of time that the mice
spent in the drug-paired chamber on day 1 (p<0.05).
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Fig. 4. Morphine-induced CPP was not altered in mice lacking the ORL1 receptor
Mice lacking the ORL1 receptor [ORL1 (−/−)] and their wild-type littermates [ORL1 (+/+)]
were tested for baseline preference on day 1. Mice then received alternate-day saline/morphine
[5 mg/kg (4A) 10 mg/kg (4B)] or morphine/saline conditioning sessions on days 2 and 3 and
tested for post-conditioning preference on day 4. Data are expressed as mean (±SEM) of 6–9
mice per genotype. *indicates a significant increase in the amount of time that the mice spent
in the drug-paired chamber on day 1 (p<0.05).
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Fig. 5. Buprenorphine concentration-dependently displaced specific binding of [3H]-OFQ/N in
mouse brain homogenates
Wild-type mice (n = 3) were euthanized under isoflurane anesthesia, their brains removed and
homogenized in Tris buffer (50 mM; pH = 7.4). Brain membrane homogenates were prepared
(for details, see Method section) and assayed in triplicates for 3H-OFQ/N (5 nM) binding in
the presence and absence of buprenorphine (0, 1, 10, 100 or 1000 nM). Non-specific binding
was defined in the presence of non-labeled OFQ/N (5 µM). *indicates a significant increase
as compared to control (p<0.05). †indicates a significant increase as compared to all other
groups (p<0.05).
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