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Abstract

We have previously shown that chronic treatment with the partial mu-opioid receptor agonist, buprenorphine, blocks the nucleus accumbens
dopamine response to an acute injection of heroin, whereas it potentiates the response to an acute injection of cocaine after 4–5 days of treatment.
Here we studied the effects of chronic exposure to buprenorphine via osmotic minipumps for up to 28 days (1.5 or 3.0 mg/kg/day) on responses to
acute injections of heroin and cocaine. Increases in locomotion induced by heroin (0.25 mg/kg, sc), given on the 5th, 15th or 25th day of treatment
were unaffected by buprenorphine, whereas increases induced by cocaine (20 mg/kg, ip) were enhanced early in treatment but not on the 15th or
25th days. Using in vivo microdialysis we found that both the suppression of the dopaminergic response in the nucleus accumbens to heroin and
the potentiation to cocaine seen early in treatment diminished over the 26–27 days, whereas basal dopamine levels remained elevated throughout.
Therefore, although these studies do not explain the mechanism whereby buprenorphine reduces heroin and cocaine intake, they do indicate that
there is little tolerance to the presence of chronic buprenorphine.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The primary drugs used in treatment of opioid addiction are the
full mu-opioid receptor agonist, methadone, and the partial mu-
opioid receptor agonist buprenorphine, both of which are slow to
dissociate from receptors and have long half-lives (Tzschentke,
2002). In studies with opioid addicts there are reports that cocaine
use is not significantly affected (Strain et al., 1996; Schottenfeld et
al., 1997). In one study, specifically examining concomitant
cocaine use in opioid addicts, significant decreases in cocaine use
were reported during buprenorphine treatment in a dose-
dependent manner (Montoya et al., 2004). Consistent with the
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latter finding, studies in monkeys have shown that intermittent or
daily injections of buprenorphine can reduce cocaine self-
administration under complex schedules of reinforcement
(Mello et al., 1992), as well as cocaine–heroin “speedball” and
heroin self-administration (Mello and Negus, 1998). In fact, in
one study it was found that buprenorphine significantly reduced
cocaine seeking for more than 120 days (Mello et al., 1992),
indicating little tolerance to the effects of repeated acute
buprenorphine treatment over time.

We have recently shown that chronic treatment with bupre-
norphine reduces cocaine, but not heroin, intake in rats trained to
self-administer both drugs on an FR1 schedule of reinforcement
(Sorge and Stewart, submitted), although it reduces responding in
extinction and reinstatement induced by either drug (Sorge et al.,
2005). In addition, we found that, in tests performed after less than
10 days of treatment, chronic buprenorphine attenuated the
nucleus accumbens (NAc) dopaminergic (DA) response to heroin
without affecting heroin-induced locomotor activity. In contrast,
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buprenorphine potentiated the locomotor and NAc DA responses
to cocaine (Sorge et al., 2005).

To determine whether these behavioral and neurochemical
responses to acute injections of heroin and cocaine would be
modified by longer exposure to buprenorphine, we examined
the locomotor and NAc DA responses to acute injections of
heroin (0.25 mg/kg, sc) or cocaine (20 mg/kg, ip) after either
13–15 or 25–27 days of chronic buprenorphine treatment
(sham, BUP1.5: 1.5 mg/kg/day and/or BUP3.0: 3.0 mg/kg/day).
In the experiment on locomotion, separate groups of rats were
tested on either the 5th, 15th or 25th day of buprenorphine
treatment with injections of either heroin or cocaine, and loco-
motor activity was assessed. In the microdialysis experiment,
heroin and cocaine injections were administered on the 13–14th
or 26–27th day of buprenorphine exposure (sham, BUP1.5 or
BUP3.0) to separate groups of rats.

2. General methods

2.1. Subjects

A total of 107 male Long-Evans rats (5–6 rats per group,
Charles River, St. Constant, QC) weighing 325–350 g at the
start of the experiments were used. Animals were singly housed
in reverse cycle rooms (lights OFF at 0800 h; ON at 2000 h)
with food (Rat Chow, Purina Foods) and water ad libitum. All
experimental procedures followed the guidelines of the Cana-
dian Council on Animal Care and were approved by the Animal
Care Committee at Concordia University.

2.2. Drugs

Chronic buprenorphine (3.0 mg/kg/day, buprenorphine HCl
purchased from Reckitt Benckiser Healthcare Limited, Hull,
UK) treatment was achieved via subcutaneous (sc) implantation
of osmotic, buprenorphine-filled, minipumps (Alzet model
2ML2, Durect Corp., Cupertino, CA). Surgical procedures,
using Isoflurane anesthesia (Vetoquinol N.A. Inc, Lavaltrie,
QC) have been previously described (Sorge et al., 2005). No
pump was implanted in the sham rats, though the same surgical
procedures were employed. (Preliminary results in our lab
showed no significant behavioral effects of saline-filled osmotic
minipumps on self-administration behavior so, to reduce expe-
rimental costs, the practice was discontinued.) Heroin (0.25 mg/
kg, sc, diacetylmorphine HCl) was purchased from Almat
Pharmachem Inc (Concord, ON) and cocaine (20 mg/kg, ip,
cocaine HCl) from Medisca Pharmaceutique (Montreal, QC).
The doses of heroin and cocaine chosen were those previously
used in our laboratory to elicit both locomotor activity (without
sedation or stereotypy) and a significant NAc DA response
(Sorge et al., 2005).

2.3. Apparatus

Locomotor activity and microdialysis chambers have been
described elsewhere (Sorge et al., 2005). Briefly locomotor
activity was monitored in a bank of 12 activity chambers by
dual infrared beams located on each of the long sides of the
rectangular chamber, positioned 3.5 cm from the stainless steel
bar floor and 10 cm from each other. Microdialysis chambers
were custom made hexagonal chambers with Plexiglas walls,
wooden ceilings and stainless steel bar floors. The microdialysis
probe, also described previously (Sorge et al., 2005), consisted
of a 2.5 mm length of semi-permeable dialysis membrane
(Fisher Scientific, 240 μm OD, 13,000 MW cutoff) connected
to a 21 mm long, 26 gauge piece of stainless steel tubing. This
tubing was connected to a variable speed electric syringe
infusion pump (Harvard Apparatus, South Natick, MA) that
delivered artificial cerebrospinal fluid (aCSF: 145 mM Na+,
2.7 mM K+, 1.2 mM Ca2+, 1.0 mM Mg2+, 150 mM Cl−,
0.2 mM ascorbate, 2 mM Na2HPO4, pH, 7.4±0.1) to the
system. Small diameter fused silica tubing extended internally
through the probe. The probes were inserted the day before the
start of microdialysis testing and, to prevent occlusion, aCSF
was perfused overnight at a rate of 1.0 μl/min.

2.4. Procedures

Microdialysis guide cannulae (Plastics One, Roanoke, VA)
were implanted under sodium pentobarbital (Somnotol™, MTC
Pharmaceuticals, Cambridge, ON; 65 mg/kg intraperitoneally
[ip]) anesthesia for rats in the microdialysis experiment. Cannulae
were targeted above the NAc (NAc: AP +1.6 mm,ML +2.8 mm,
DV −5.5 mm from bregma) at an angle of 10° (Paxinos and
Watson, 1986) and were fixed in place with dental acrylic. Rats
were placed in recovery following an injection of penicillin (Pen
G, Vetoquinol, Lavaltrie, QC; intramuscularly [im]).

For the experiment on locomotion, rats were given a baseline
test at day 0 for 120 min at either 0900 h or 1200 h. Groups were
matched on the basis of locomotor activity on this test and rats
received osmotic minipumps or sham surgery. The rats were left
in their home cages until testing on either day 5, 15 or 25.
Different groups of rats were tested at each time point such that
each rat had its exposure to heroin or cocaine at the time of test.

Microdialysis testing was begun 13 or 26 days following
intracranial cannulation and buprenorphine minipump or sham
surgery. Probes were inserted on days 12 or 25 and rats were
taken to the microdialysis chambers where they were connected
to the infusion pumps overnight. The next day (starting at
0900 h) samples were collected at 20-min intervals and 10 μl of
dialysate was injected and analyzed using one of two similar
HPLC systems with electrochemical detection (HPLC-EC).
Once baseline levels were stable (less than 10% variability in
three consecutive samples) rats were injected (between 1100 h
and 1300 h) with either heroin (0.25 mg/kg, sc) or cocaine
(20 mg/kg, ip) and samples were taken for another 120 min.
Rats remained connected overnight and were tested the fol-
lowing day with the opposite drug in a counterbalanced fashion
such that each rat was tested with both heroin and cocaine, but at
only one time point.

The HPLC-EC apparatus has been previously described
(Sorge et al., 2005). The currents for DA were measured
independently of those for DOPAC and HVA using separate
channels and were quantified by EZChrom Chromatography
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Data System (Scientific Software Inc, San Ramon, CA) such
that two rats were analyzed simultaneously on two identical
systems.

Following microdialysis sampling, rats were anesthetized and
perfused intracardially with saline and formaldehyde (Formalin
10%V/V, Anachemia, Montreal, QC) before brain removal. To
identify placements of the cannula tract and probes, coronal
frozen sections were taken using a cryostat, mounted and stained
with cresyl violet.

2.5. Data analysis

All data were analyzed using the analysis of variance
(ANOVA) with Fisher's LSD comparisons conducted as post-
hoc analysis. The alpha level was set to 0.05.

3. Results

Fig. 1a shows the effect of chronic buprenorphine treatment
on the locomotor response to an acute injection of heroin for the
different groups of rats (n=5–6) tested for the first time at one of
the three time points after buprenorphine treatment. It can be
seen that heroin increased locomotion over baseline (dotted line)
in buprenorphine-treated and untreated rats to a similar
magnitude. An ANOVA conducted on the activity counts during
the Baseline andHeroin Tests revealed a significant effect of Test
(i.e. Baseline vs. Heroin Test) (F(1, 29)=216.67, p<0.001), but
no effect of Buprenorphine treatment (F(2, 29)=0.001, ns) and
no Buprenorphine treatment by Time of Test interaction (F(2,
29)=0.27, ns).

Fig. 1b shows the locomotor response to an acute injection of
cocaine in different groups of rats (n=5–6). It can be seen that
buprenorphine enhanced the response to cocaine only on day 5;
Fig. 1. The effect of chronic buprenorphine on the locomotor response to an acute
injection of (a) heroin (0.25 mg/kg, sc) or (b) cocaine (20 mg/kg, ip) after 5, 15 or
25 days of treatment. The graphs display the mean (±sem) locomotor counts with
the baseline locomotion indicated by the dotted line (heroin: sham; Day 5, n=6,
Day 15, n=6, Day 25, n=6; BUP1.5, Day 5, n=6, Day 15, n=6. Day 25, n=5;
Cocaine; sham; Day 5, n=5, Day 15, n=6, Day 25, n=6; BUP1.5, Day 5, n=6,
Day 15, n=6. Day 25, n=6). ∗∗p<0.01.

Fig. 2. The mean (±sem) percent change from baseline in extracellular DA in the
NAc following an acute injection of heroin (0.25 mg/kg, sc) after (a) 13–14 or (b)
26–27 days of chronic buprenorphine treatment. Insert in b shows the peak values
for rats tested at days 4–5 of treatment from an earlier report (Sorge et al., 2005)
(Day 13–14: sham, n=4, BUP1.5, n=5, BUP3.0, n=5; Day 26–27: sham, n=6,
BUP1.5, n=4, BUP3.0, n=6).
although cocaine increased activity above baseline on days 15
and 25, the groups did not differ. The ANOVA revealed signif-
icant effects of Test (Baseline vs. Cocaine) (F(1, 29)=279.21,
p<0.001), Buprenorphine treatment (F(1, 29)=7.75, p<0.01),
and Time of Test (F(2, 29)=15.24, p<0.001) as well as a
significant Test by Buprenorphine treatment interaction (F(1,
29)=9.00, p<0.01). Post-hoc analysis revealed that BUP1.5
rats differed from sham rats only at Day 5 ( p<0.01). These
findings show that cocaine significantly increased locomotion
in both buprenorphine-treated and untreated rats and that
buprenorphine treatment significantly enhanced the locomotor
response to cocaine but only early in treatment. In addition, the
ANOVA revealed a significant Test by Time of Test interaction
(F(2, 29)=11.23, p<0.001). Groups tested for the first time at
the late time point (day 25) were less responsive to cocaine
regardless of buprenorphine treatment. We cannot explain the



Fig. 3. The mean (±sem) percent change from baseline in extracellular DA in the
NAc following an acute injection of cocaine (20 mg/kg, ip) after (a) 13–14 or (b)
26–27 days of chronic buprenorphine treatment. Insert in b shows the peak values
for rats tested at day 4–5 of treatment from an earlier report (Sorge et al., 2005)
(Day 13–14: sham, n=5, BUP1.5, n=5, BUP3.0, n=5; Day 26–27: sham, n=4,
BUP1.5, n=2, BUP3.0, n=4).

Fig. 4. Mean (±sem) basal levels of DA in the NAc at various levels anterior to
bregma for rats with similar probe placements after (a) 13 or (b) 26 days of chronic
buprenorphine treatment (Day 13: +1.2 mm; sham, n=1, BUP1.5, n=2, BUP3.0,
n=1; +1.6 mm; sham, n=2, BUP1.5, n=2, BUP3.0, n=2; +1.7 mm; sham, n=3,
BUP1.5, n=3, BUP3.0, n=3; Day 26; +1.6 mm; sham, n=2, BUP1.5, n=1,
BUP3.0, n=4; +1.7 mm; sham, n=4, BUP1.5, n=2, BUP3.0, n=2). ∗p<0.05.
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reduced responsiveness to the locomotor stimulatory effect of
cocaine, however, this reduction was consistent in rats in both
treatment conditions.

Fig. 2(a and b) shows the change in extracellular DA levels
in the NAc following an acute injection of heroin after 13–14
(Fig. 2a) or 26–27 (Fig. 2b) days of chronic BUP treatment
(n=5–7/group). The mean of four baseline samples was used
to calculate the percent change in DA around the mean before
and following the injection of heroin. It can be seen that
although heroin caused an increase in DA levels over baseline
in all groups, this increase was less in buprenorphine-treated
groups at both time points. This effect of buprenorphine is
reflected in the significant Post-Injection Time by Buprenor-
phine treatment interaction (F(12, 174)=1.92, p<0.05) in the
ANOVA carried out on the post-injection scores. There was
also an unexpected Post-Injection Time by Time of Test inter-
action (F(6, 174)=2.25, p<0.05) reflecting the greater DA
response in all groups at the later time point. The main effect of
Buprenorphine treatment was marginally significant ( p=0.06).
Thus after 13–14 and 26–27 days of chronic buprenorphine,
the blockade seen previously (Sorge et al., 2005) was atten-
uated though buprenorphine continued to elevate basal levels
of DA at day 26 (see Fig. 4b).

Fig. 3 shows the effects of chronic buprenorphine on the NAc
DA response to acute injections of cocaine after 13–14 (Fig. 3a)
or 26–27 days of treatment (Fig. 3b). It can be seen that cocaine
enhanced DA levels in all groups. The ANOVA revealed signif-
icant main effects of Post-Injection Time (F(6, 156)=30.69,
p<0.001) and Time of Test (F(1, 26)=4.37, p<0.05), but no
effect of Buprenorphine treatment (F(2, 26) =0.41, ns).
Subsequent analyses of buprenorphine-treated groups alone,
revealed a significant effect of Time of Test (F(1, 17)=5.03,
p<0.05), whereas there was no difference in the response of
the untreated groups at the two time points (F(1, 9)=0.09, ns).
These data reveal that the ability of buprenorphine treatment to
potentiate the NAc DA response to acute cocaine reported
previously (Sorge et al., 2005) is absent and slightly attenuated
after long-term chronic treatment.

Fig. 4 shows the mean basal levels of DA as determined from
the last four samples before heroin or cocaine injections in
buprenorphine-treated and untreated groups on the first day of
microdialysis sampling (Fig. 4a, day 13; Fig. 4b, day 26). It can be
seen that basal DA levels, at each of the locations anterior to
bregma, were higher in buprenorphine-treated groups on both
days 13 and 26. The ANOVA revealed a significant main effect of
BUP treatment (F(2, 19)=10.08, p<0.01) and post-hoc analysis
confirmed that the sham group was significantly different from
the BUP1.5 ( p<0.01) and BUP3.0 groups ( p<0.001) when the
groups were collapsed across probe location. At each location
there were significant differences seen between the BUP3.0 and
sham rats at +1.6 mm from Bregma on Day 13 ( p<0.05) and at
+1.6 mm and +1.7 mm onDay 26 ( p<0.05). There was no effect
of Length of Treatment (F(1, 19)=2.95, ns), although there
appeared to be a trend towards higher levels later in treatment.
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4. Discussion

These experiments were carried out to determine whether
responses to acute injections of heroin and cocaine would
change as a function of duration of exposure to buprenorphine
delivered chronically via osmotic minipump. In the case of
heroin, it was found that the locomotor response was elevated at
all time points in treatment and that buprenorphine neither
enhanced nor reduced this response. There was, however, a
change in the effect of heroin on the NAc DA response such that
the complete blockade of the response seen previously (Sorge et
al., 2005) was diminished in tests made after 13–14 or 26–
27 days of treatment. In the case of cocaine, it was found that the
locomotor response was consistently elevated and that bupre-
norphine enhanced this response only at the early time point
(Day 5). Similarly, the enhanced NAc DA response seen
previously (Sorge et al., 2005) was no longer evident at 13–
14 days and was below the control levels after 26–27 days.
Despite these changes in response to heroin and cocaine, bupre-
norphine continued to elevate basal levels of DA in the NAc
throughout treatment. Furthermore, we have recently found that
the level of buprenorphine in plasma, in rats with osmotic
minipumps (3.0 mg/kg/day), is stable (approximately 10 ng/ml)
over the course of 28 days of chronic treatment (Sorge and
Stewart, submitted). Thus, although aspects of these data sug-
gest modest tolerance to some of the effects of buprenorphine,
others were unaffected by long-term exposure.

Acute administration of heroin or cocaine results in an
increase in extracellular DA within the NAc (Di Chiara and
Imperato, 1988). Heroin is thought to increase DA cell firing by
acting primarily at mu-opioid receptors located on GABA in-
terneurons in the ventral tegmental area (VTA) (Johnson and
North, 1992), whereas cocaine blocks the DA transporter (DAT)
preventing reuptake of DA (Heikkila et al., 1975). Buprenor-
phine would be expected to enhance extracellular levels of DA
in the NAc (Brown et al., 1991) by acting in a manner similar to
heroin at mu-opioid receptors in the VTA and, indeed, we found
that chronic treatment with buprenorphine raised basal DA
levels in NAc. Such chronic elevation of DA might in turn
increase or up-regulate the functioning of the DAT in a manner
similar to that seen after repeated infusions of cocaine (Letch-
worth et al., 2001), thereby attenuating the effect of cocaine on
extracellular DA. Furthermore, the chronic presence of
buprenorphine would be expected to compete with heroin for
the mu-opioid receptor as it has been shown to induce with-
drawal from morphine (Gmerek, 1984). Combined, these two
effects could help account for the reduction of heroin-induced
DA release and the reduction of the enhanced DA response to
cocaine under prolonged buprenorphine treatment.

Another possibility is a down-regulation ofmu-opioid receptor
over time in rats treated chronically with buprenorphine. Acute or
chronic administration of buprenorphine has been shown to re-
duce mu-opioid receptor number in the frontal cortex, thalamus,
hippocampus striatum and brainstem (Belcheva et al., 1996;
Debruyne et al., 2005). A reduction inmu-opioid receptor number
and/or affinity might explain the attenuated NAc DA response to
the acute injection of heroin during buprenorphine treatment. This
reduction in binding would not, however, explain why the loco-
motor response to heroin was unaffected during buprenorphine
treatment.

Chronic buprenorphine would be expected to lead to adap-
tations within other opioid receptor systems. It has been shown
that chronic treatment with morphine (Rady et al., 2000) or me-
thadone (Rady et al., 2002) pellets shifts the mediation of the
antinociceptive effect of heroin frommu to delta-opioid receptors,
where heroin is a potent agonist. Interestingly, delta-opioid ago-
nists are self-infused into the VTA (Devine andWise, 1994), lead
to increases in extracellular DA in the NAc (Devine et al., 1993)
and, importantly, increase locomotion (Michael-Titus et al.,
1989). Thus, heroin may have retained its stimulatory and DA-
elevating effects through delta-opioid receptor activation during
chronic buprenorphine treatment. If this were the case, it would be
relevant that intra-VTA infusions of the mu-opioid receptor
agonist, DAMGO, have been found to induce greater DA release
in the NAc than similar infusions of the delta-opioid receptor
agonist, DPDPE (Devine et al., 1993). This might account for the
change in the NAc DA response to heroin over the duration of
BUP treatment. Initially buprenorphine completely blocked the
DA response (Sorge et al., 2005), whereas after long-term chronic
treatment acute injections of heroin induced a modest, but lower,
rise in DA in the buprenorphine-treated groups possibly due to
delta-opioid receptor activation.

Finally, concerning the interaction between cocaine and bupre-
norphine, additive effects of opioids and psychostimulants have
been demonstrated using different experimental procedures. For
example, synergistic effects have been seen on acquisition of a
conditioned place preference (Brown et al., 1991) and in en-
hanced locomotor activity (Smith et al., 2003). Therefore, it was
expected that treatment with buprenorphine would potentiate the
locomotor activity to an acute injection of cocaine. As discussed
above, however, there was an attenuation of this response with
chronic buprenorphine treatment that might be accounted for by
up-regulation of the DAT.

In summary, for up to 25–27 days of chronic administration of
buprenorphine there was no change in the locomotor activity
induced by acute injections of heroin, whereas the blockade of the
heroin-induced increase in extracellular DA in the NAc seen in a
previous experiment (Sorge et al., 2005) was reduced. These data
were discussed in terms of increased activity at the delta-opioid
receptor and reduced activity at the mu-opioid receptor. In the
case of cocaine, the potentiation of the locomotor and NAc DA
responses seen early in treatment was no longer evident during
prolonged chronic treatment. In addition, although these data
suggest that after acute injections or early chronic exposure to
buprenorphine responses to cocaine may be enhanced (Brown et
al., 1991), with chronic treatment this enhancement is no longer
evident. Paradoxically, however, rats treated chronically with
buprenorphine maintained significantly elevated basal extracel-
lular DA levels in the NAc throughout long-term treatment.
Although these studies do not shed direct light on how bupre-
norphine acts to reduce self-administration of heroin and cocaine,
they are consistent with findings in monkeys that there is little
tolerance to the suppressant effect of buprenorphine on self-
administration (Mello et al., 1992). Thus, from the perspective
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treatment drug abuse, it is encouraging that there seems little
reason to be concerned that the useful effects of buprenorphine
will show tolerance.
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