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Although it is well established that methadone can be an effective treatment for opiate addiction, it is not clear how methadone

maintenance affects cocaine use and cravings in individuals who self-administer both opiates and cocaine. In our attempt to explore the

effect of methadone maintenance on the effects of cocaine, we first assessed the locomotor stimulatory effects of cocaine in rats

maintained on methadone (0, 10, 20, or 30 mg/kg/day, via osmotic minipumps). Chronic methadone elevated baseline locomotion in a

dose-dependent manner and did not reduce the direct stimulatory effects of cocaine (5 mg/kg). We then investigated the effects of the

highest methadone maintenance dose (30 mg/kg/day) on heroin and cocaine seeking in extinction, and when it was precipitated by

exposure to heroin, cocaine, or foot-shock stress in rats trained to self-administer both drugs in the same experimental context (heroin

0.05 mg/kg/inf; cocaine 0.5 mg/kg/inf, eight 3-h sessions each). In tests of reinstatement, rats responded selectively on the appropriate

drug-associated lever after priming injections of heroin (0.25 mg/kg) or cocaine (20 mg/kg). Methadone maintenance blocked both

cocaine- and heroin-induced reinstatement, but not stress-induced reinstatement, which was not lever selective. These results suggest

that although methadone maintenance may not reduce the direct stimulatory effects of cocaine, it has the potential to reduce both

spontaneous and cocaine-primed cocaine-seeking behavior.
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INTRODUCTION

The use of cocaine by opiate addicts is common, and its
medical and social consequences are severe (Bux et al, 1995;
Grella et al, 1995, 1997; Hausser et al, 1999; Hunt et al, 1984;
Joe and Simpson, 1995; Kosten et al, 1986, 1987, 1988;
Kreek, 1992a; Leri et al, 2004; Rowlett et al, 1997; Schutz
et al, 1994; Strug et al, 1985; Torrens et al, 1991). Cocaine
use also complicates the treatment of opiate addiction
(Kleber, 1994; Kreek, 1997; Stark and Campbell, 1991) by
increasing the likelihood of discontinuation of treatment
and relapse (Broers et al, 2000; Dolan et al, 2001; Downey
et al, 2000; Gossop et al, 2002; Perez et al, 1997).

A possible additional complication occurs when cocaine-
abusing opiate addicts enter methadone maintenance
programs (Kolar et al, 1990). Methadone is a long-acting
mu-opioid receptor agonist that is widely used for the

treatment of opiate addiction (Kleber, 2003), and that has
been demonstrated repeatedly to reduce opiate cravings and
use (Greenwald, 2002; Joseph et al, 2000; Kling et al, 2000;
Kreek, 1992b; Maxwell and Shinderman, 1999; Stimmel and
Kreek, 2000).

Less clear, however, are the effects of methadone
maintenance on cocaine abuse (Dunteman et al, 1992). In
fact, clinical studies have reported that methadone
decreases, has no effect, or even increases cocaine use,
although differences in methadone dosage may account for
the discrepant results (Borg et al, 1999; Brands et al, 2002;
Chaisson et al, 1989; Condelli et al, 1991; Hartel et al, 1995;
Kidorf and Stitzer, 1993; Kleber, 1994; Kosten et al, 1987;
Magura et al, 1991; Maxwell and Shinderman, 1999; Strain
et al, 1994). Given these mixed findings, it is surprising that
few studies have investigated whether the motivational
properties of cocaine are modified by methadone main-
tenance. Two studies in poly-drug abusing patients have
reported that methadone increased responses to cocaine.
Foltin et al (1995) found that patients maintained on
methadone doses above 60 mg/day reported larger cocaine
effects on several measures, including ratings of cocaine
liking. Similarly, Preston et al (1996) found that 50 mg/day
methadone maintenance enhanced cocaine-induced in-
creases in subjective ratings of rush, good effects, liking,
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and desire for cocaine. Similar results have been obtained in
animal studies. In rats, it has been reported that acute
methadone injections (8 mg/kg) enhanced the reinforcing
effects of cocaine, as established by the conditioned place
preference paradigm (Bilsky et al, 1992). Finally, in non-
human primates, it has been found that the combination of
methadone and cocaine had greater reinforcing value than
cocaine alone, as established by oral self-administration of
these substances (Wang et al, 2001).

The demonstration of additive or synergistic interactions
between methadone and cocaine is not surprising in light of
their synergistic actions on neural mechanisms underlying
incentive motivation. For example, acute doses of both
methadone and cocaine elevate dopamine levels in the
ventral striatum (Di Chiara and Imperato, 1988a, b; Pontieri
et al, 1995; Spampinato et al, 1983; Wise et al, 1995) albeit
via different mechanisms. When used in treatment settings,
however, methadone is administered to achieve chronic
exposure, not acute, and this is likely to modify its resulting
neurochemical actions and, possibly, its interactions with
cocaine (Bartoletti et al, 1983; Kling et al, 2000; Zhou et al,
1996). Furthermore, when maintained on appropriate doses,
patients might be expected to use neither heroin nor
cocaine if their desire for these drugs was effectively
reduced by methadone (Dole, 1988; Dole et al, 1966). In
other words, in theory, methadone should reduce drug
cravings, and if drugs are used, it might also reduce their
impact on subsequent drug-seeking behavior. Thus, a
suitable experimental approach to the question of whether
methadone can reduce cocaine abuse would employ a
chronic regimen of methadone exposure and measure the
effect of this treatment on spontaneous cocaine seeking and
on cocaine seeking precipitated by drugs or stressors.

In these studies performed in rats, we first explored
whether the direct psychomotor stimulatory effect of acute
cocaine was modified by chronic methadone exposure via
osmotic minipumps. In itself, methadone maintenance
elevated locomotor activity in a dose-dependent manner,
and did not reduce the stimulatory effects of cocaine. Then,
on the basis of this dose–response study, we selected the
highest dose of methadone for maintenance and determined
whether it affected spontaneous heroin and cocaine seeking
in rats trained to self-administer both drugs (Leri and
Stewart, 2001). Finally, in the same rats, we studied the
effect of methadone maintenance on extinction of respond-
ing for heroin and cocaine, and on heroin-, cocaine- and
stress-precipitated reinstatement of heroin- and/or cocaine-
seeking behaviors.

MATERIALS AND METHODS

Subjects

Male Long–Evans rats (300–350 g, Charles River, Quebec)
served as subjects. They were singly housed in a colony
room on a reverse light–dark cycle (lights on 2000, light off
0800) and had free access to food and water at all times. All
behavioral testing occurred between 0900 and 1700. The
experimental procedures followed the guidelines of the
Canadian Council on Animal Care and were approved by
the Animal Care Committee, Concordia University.

Surgery

Osmotic minipumps. Chronic methadone exposure was
achieved by implanting methadone-filled osmotic mini-
pumps (s.c.). Rats were anesthetized with isoflurane and a
small incision was made in the skin between the scapulae.
Using a hemostat, a small pocket was formed by spreading
the subcutaneous connective tissues apart. Osmotic mini-
pumps (Alzet model 2ML2, 0.5 ml/h for 14 days, Durect
Corporation, Cupertino, CA) were inserted into the pocket
with the flow moderator pointing away from the incision.
The skin incision was closed with wound clips. Using the
same protocol for anesthesia, the pumps were removed
upon completion of the delivery duration.

Intravenous catheterization. In the self-administration
study, rats were prepared with intravenous silastic catheters
(Dow Corning, Midland, MI) in the right jugular vein, under
sodium pentobarbital anesthesia (65 mg/kg i.p., MTC
Pharmaceutical, Cambridge, Ontario). Just before surgery,
rats were given atropine sulfate (0.6 mg/ml; 0.3 ml/rat s.c.,
MTC Pharmaceutical, Cambridge, Ontario) and, right after
surgery, penicillin B (300 000 IU, 0.2 ml/rat i.m., Wyeth-
Ayerst, Montreal, Quebec). The catheter was secured to the
vein with silk sutures and was passed s.c. to the top of the
skull where it exited into a connector (a modified 22-gauge
cannula; Plastics One, Roanoke, VA) mounted to the skull
with jeweler’s screws and dental cement. A plastic blocker
was placed over the opening of the connector during the
recovery period and at all other times when the rats were
not in a self-administration session. To prevent clogging,
the catheters were flushed daily with saline and every third
day with 0.1 ml of a saline–heparin solution (15 IU/ml
heparin, ICN Biochemicals, Cleveland, OH).

Apparatus

Locomotion chambers. Locomotor activity was monitored
in a bank of 12 activity boxes. Each box (20� 41� 25 cm3)
was constructed of white pressed wood (rear and two side
walls), a wire screen ceiling, a Plexiglas front hinged door,
and a tubular stainless-steel floor. Two photocells, posi-
tioned 3.5 cm above the floor and spaced evenly along the
longitudinal axis of each box, were used to estimate
horizontal locomotion. The activity boxes were kept in a
room dimly lit with red lights, and they were controlled by a
computer located in an adjacent room, running custom-
made software.

Self-administration chambers. In all, 18 Plexiglas operant
chambers (27� 27� 27 cm3, custom made, Concordia
University) were used in the self-administration experi-
ment. Each chamber was enclosed in a larger
(87� 54� 43 cm3, custom made, Concordia University)
sound-attenuating plywood chamber. Each operant cham-
ber had four levers (Med Associates, Lafayette, IN) located
10 cm above the floor: two retractable and two stationary.
One of each type was located on opposite walls of the
chamber, 10 cm apart from each other. The retractable
levers (active levers) were connected to two infusion pumps
for the delivery of drugs (Razel Scientific Instruments,
Stamford, CT) positioned outside the sound-insulating
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chamber. The stationary levers served to control for
baseline, nonreinforced, operant behavior; depression of
these levers had no consequences (inactive levers), but all
presses were recorded. There were two white light stimuli
3 cm above each active lever that came on for 30 s at the
beginning of the session, and for the duration of each drug
infusion, thus serving as discrete conditioned stimuli (CS)
for drug delivery. Throughout the experiment, each self-
administration session was started by the activation of a red
house light, which remained on for the duration of the
session. Each self-administration chamber was fitted to
deliver constant-current, intermittent, inescapable, electric
foot-shock through a scrambler to the grid floor (Med
Associates).

Drugs and Dosages

Heroin (diacetylmorphine HCl) was obtained from Health
and Welfare Canada, cocaine HCl was obtained from DBH
Chemicals (Toronto, Ontario), and methadone HCL was
obtained from Pharmascience (Montreal, Quebec); all drugs
were dissolved in physiological saline.

For the locomotor activity study, four doses of methadone
were used: 0, 10, 20, and 30 mg/kg/day. In rats, it has been
demonstrated that 20 mg/kg/day via osmotic minipumps
results in 200 ng/ml serum methadone concentration (Zhou
et al, 1996). In humans, a dose of 100 mg/day results in an
average hourly concentration of about 240 ng/ml (Kreek,
2000). Thus, the methadone doses chosen for our experi-
ment were within therapeutic range (Dole, 1988; Maxwell
and Shinderman, 1999). The dose chosen for the cocaine
challenge was 5 mg/kg (i.p.), and the decision was based on
previous studies indicating that, at this dose, cocaine
induces significant elevations in locomotor activity in rats
chronically exposed to heroin (Leri et al, 2003).

The highest maintenance dose of methadone tested in the
activity study (30 mg/kg/day) was used in the self-administra-
tion experiment because it was well tolerated and it did not
depress locomotor activity. More importantly, clinical studies
have indicated that high methadone doses must be used in
order to reduce both opiate and cocaine use (Borg et al, 1999).
The doses used for self-administration were 0.05 mg/kg/inf of
heroin and 0.5 mg/kg/inf of cocaine. These were selected on
the basis of our findings, indicating that animals trained to
self-administer both heroin and cocaine, at these doses, will
display comparable levels of heroin- and cocaine-seeking
behaviors when tested in extinction conditions (Leri and
Stewart, 2001). For reinstatement, doses of 0.25 mg/kg (s.c.) of
heroin and 20 mg/kg (i.p.) of cocaine were selected on the
basis of studies showing that they can effectively reinstate
heroin- and cocaine-seeking behavior in animals trained to
self-administer both (Leri and Stewart, 2001).

PROCEDURES

Locomotor Activity Experiment

Three locomotor activity tests were given, and in each test
behavior was monitored for 2 h. The first test (Baseline) was
given before implantation of the minipumps. Following this
test, the rats were assigned to four groups (n¼ 18 per
group) matched on baseline activity. Groups received

minipumps releasing 0, 10, 20, or 30 mg/kg/day of
methadone immediately after the baseline test. The second
test (Vehicle Test) occurred 6 days after implantation of the
minipumps. Rats were brought to the activity chambers and
injected with vehicle (ie physiological saline). The third test
(Cocaine Test) occurred 13 days after implantation of the
minipumps. For this test, nine rats from each group
received a vehicle injection and the other nine rats an
injection of 5 mg/kg of cocaine, 5 min before being placed in
the activity chambers.

Self-Administration Experiment

For this experiment, which was conducted in two replica-
tions done several months apart, rats (n¼ 23 in total) were
trained to self-administer both heroin (0.05 mg/kg/inf) and
cocaine (0.5 mg/kg/inf), but in separate self-administration
sessions. Heroin and cocaine were available on alternative
days, and each drug was associated with a particular lever
and its associated light CS. Hence, over a total of 16 self-
administration sessions, each rat experienced eight sessions
with heroin and eight sessions with cocaine.

For the 3-h self-administration sessions, the rats were
moved from their home cages to the operant chambers and
their connectors were attached to the infusion lines. At 10 s
following the activation of a red house light, one of the two
retractable levers was introduced, and the light CS
associated with that lever was illuminated for 30 s. Presses
on the extended lever led to infusions of either heroin or
cocaine, on a fixed ratio 1 (FR1) schedule of reinforcement.
Drug was infused at a volume of 64 ml during a 10-s period.
During an infusion, the appropriate light CS was illumi-
nated for 10 s. For each rat, one lever (delivering either
heroin or cocaine in a session) was associated with
continuous illumination of the light CS, and the other lever
(delivering the alternate drug) was associated with a light CS
flashing at a rate of 1/s. Active lever presses during these
10-s periods were recorded but did not lead to further
infusions. Drug concentrations were adjusted for differ-
ences in body weight. The drug experienced first and the
specific lever/light–drug associations were counterbalanced
across rats. Responses on the inactive levers had no
consequences, but all presses were recorded.

The day following the last self-administration session, 13
animals were implanted with methadone-filled minipumps
(30 mg/kg/day), and the remaining 10 rats received sham
surgery. The animals were then left undisturbed in their
home cages for 5 days before the beginning of extinction.

For the extinction sessions, rats were returned to the
operant chambers and their connectors were attached to the
swivels, but not to the infusion lines. During these 3-h daily
sessions, 10 s after the activation of the red house light, both
retractable levers were introduced and the lights above them
were illuminated for 30 s. The rats were then free to press
either of these levers or the inactive levers. Presses on the
previously active levers activated the appropriate light CS,
but no infusions were delivered. A total of six extinction
sessions were given in 6 consecutive days.

Reinstatement sessions took place once a day, over a 3-
day period, and were similar to the extinction sessions, in
that rats were free to respond on all levers, and presses on
the previously active levers led to the activation of the
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appropriate light CSs, but not to the delivery of drug
infusions. For the drug reinstatement sessions, rats were
given priming injections of 0.25 mg/kg heroin (s.c.) or
20 mg/kg cocaine (i.p.), 5 min before the beginning of the
session. On the first reinstatement test, half of the rats from
each group (sham or methadone) received the heroin prime
and the other half received the cocaine prime. On the
second test day, half of the rats from each group received
the alternate drug prime. Finally, on the third and last day
of reinstatement, rats were exposed to 15 min of inter-
mittent foot-shock stress (0.8 mA, 0.5 s ON, a mean OFF
period of 40 s; Shaham et al, 2000)) and, immediately after
the termination of foot-shock, the reinstatement session
began with onset of the house light, the illumination of the
light CSs, and the introduction of the active levers. All
reinstatement sessions were 1 h long.

Statistical Analyses

Data were analyzed using two-way analysis of variance
(ANOVA) with independent measures, two-way ANOVA
with one repeated measure, and three-way ANOVA with two
repeated measures, as well as t-tests for paired samples. Post
hoc tests for differences between individual means were
carried out using the Fisher’s PLSD test for multiple
comparisons (po0.05).

RESULTS

Locomotor Activity

No group differences were found at baseline (means7SEM:
0 mg/kg/day¼ 690.3742.3; 10 mg/kg/day¼ 711.4739.1; 20 mg/
kg/day¼ 689.9739.8; 30 mg/kg/day¼ 692.6742.1), indicat-
ing that the groups were successfully equated for initial
locomotor activity. It can be seen in Figure 1a, however, that
on the test for locomotor activity given 6 days after
minipump implantation (Vehicle Test), chronic exposure
to methadone dose dependently elevated locomotor activity
(F(3,68)¼ 9.2, po0.0001).

Figure 1b shows the results of the test given 13 days after
implantation of the minipumps following either a vehicle or
a cocaine challenge. Cocaine (5 mg/kg) elevated locomotion
in all groups, and the ANOVA revealed significant main
effects of both injection (F(1,64)¼ 29.05, po0.0001) and
group (F(3,64)¼ 10.80, po0.0001). The lack of significant
interaction indicated that the increase in locomotor activity
induced by acute injections of cocaine was similar in all
groups, adding to the already existing elevation induced by
chronic exposure to methadone. These data suggest that
chronic methadone exposure did not modify the acute
stimulatory effect of cocaine on locomotor activity.

Self-Administration

Rats developed reliable heroin and cocaine self-administra-
tion over the 16 training sessions. Figure 2a compares
responses made on the active and inactive levers on these
sessions when animals self-administered heroin (0.05 mg/
kg/inf). The ANOVA revealed a significant main effect of
lever (F(1,44)¼ 36.23, po0.0001), and multiple compar-
isons indicated that rats responded significantly more on

the active lever on all heroin sessions. Figure 2b compares
responses made on the alternative active and inactive levers
on these sessions when the same animals self-administered
cocaine (0.5 mg/kg/inf). The ANOVA revealed a significant
main effect of lever (F(1,44)¼ 62.07, po0.0001), and
multiple comparisons indicated that rats responded sig-
nificantly more on the active lever on all cocaine sessions.
At the conclusion of the self-administration period,
methadone-filled minipumps (30 mg/kg/day) were im-
planted in 13 rats and the remaining 10 rats were subjected
to sham surgery. The animals were left undisturbed in their
home cages for 5 days before the beginning of the extinction
sessions.

Figure 1 (a) Mean (SEM) locomotor activity in rats (n¼ 18 in each dose
group) tested 6 days after implantation of minipump releasing methadone
(0. 10, 20, and 30 mg/kg/day). (b) Mean (SEM) locomotor activity in rats
tested 13 days after implantation of the methadone-filled minipumps.
Before the test, nine rats in each group received a vehicle injection, while
the other nine rats received a cocaine injection (5 mg/kg).

Figure 2 (a) Mean (SEM) responses made on the active and inactive
levers in 180 min, on sessions when animals self-administered heroin
(0.05 mg/kg/inf). (b) Mean (SEM) responses made on the active and inactive
levers in 180 min, on sessions when animals self-administered cocaine
(0.5 mg/kg/inf).
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Extinction

Figure 3a shows the mean number of responses made by the
sham- and the methadone-treated subjects on each of the
180-min extinction sessions, on both the heroin- and the
cocaine-associated lever. A three-way ANOVA with group
as the between factor and lever and extinction session as
repeated measures indicated that, as expected given the
doses of heroin and cocaine used (Leri and Stewart, 2001),
there was no difference in the number of responses made on
the two levers, although a significant decline was observed
over extinction sessions (F(5,105)¼ 10.86, po0.001). This
analysis also found no group differences in the number of
responses made in the 180-min-long extinction sessions.
However, interesting differences were noted when group
comparisons were performed on responding that occurred
within the initial period of each extinction session, a period
that best reflects the motivation of the animals to seek drugs
(Fuchs et al, 1998; Markou et al, 1993).

Figure 3b shows the mean number of responses made by
the sham- and methadone-treated groups on the active lever

associated with heroin infusions in the first 15 min of each
extinction sessions. The ANOVA revealed a main effect of
session (F(5,105)¼ 8.19, po0.0001), but no significant
group difference. Close inspection of the data suggested,
however, that most animals treated with methadone showed
less responding on the first extinction session than the
sham-treated subjects, and that the large variability in the
methadone group (see Figure 3b, session 1) was caused by
one animal (number of responses on first session¼ 89;
group mean on first session without that animal¼
9.9272.6). An ANOVA performed on the data with this
rat removed revealed a significant group by session
interaction (F(5,100)¼ 6.12, po0.0001) and multiple com-
parisons indicated that, on the first extinction session,
methadone-treated rats responded significantly less than
sham-treated rats on the heroin-associated lever.

Figure 3c shows the mean number of responses made by
the sham- and methadone-treated groups on the active lever
associated with cocaine infusions in the first 15 min of each
extinction sessions. The ANOVA revealed a significant
group by session interaction (F(5,105)¼ 9.67, po0.0001)
and multiple comparisons indicated that, on the first
extinction session, methadone-treated rats responded sig-
nificantly less than sham-treated rats on the cocaine-
associated lever. No significant group differences were
observed in responses made on the inactive levers during
extinction.

Reinstatement

A three-way ANOVA with group as the between factor and
lever and reinstatement as repeated measures was per-
formed to assess whether heroin injections, cocaine
injections, and foot-shock stress led to lever-selective
reinstatement, and whether methadone maintenance modi-
fied the response to these stimuli. A significant group
� lever� reinstatement interaction was found (F(2,48)¼
4.81, po0.05), and multiple comparisons indicated that
priming injections of heroin reinstated responding selec-
tively on the heroin-associated lever, and that priming
injections of cocaine reinstated responding selectively on
the cocaine-associated lever; the reinstatement induced by
foot-shock was not lever selective (see Figures 4a and b).
Multiple comparisons also indicated that both heroin- and
cocaine-induced reinstatement was reduced in the metha-
done-treated group, but that methadone maintenance had
no effect on stress-induced reinstatement. No significant
group differences were observed in responses made on the
inactive levers during reinstatement.

Separate analyses were performed to verify that heroin,
cocaine, and foot-shock did indeed induce significant
reinstatement in the sham-treated group. Responding on
the heroin- or cocaine-associated lever induced by priming
injections of heroin, cocaine, or foot-shock stress
was compared to responding on the same lever during
the first hour of the last extinction session. Statistical
analyses confirmed that all treatments induced significant
reinstatement of responding (heroin: t(9)¼ 2.19, po0.05;
cocaine: t(9)¼ 2.31, po0.05; foot shock on heroin lever:
t(9)¼ 2.33, po0.05; foot-shock on cocaine lever: t(9)¼ 2.22,
po0.05).

Figure 3 (a) Mean (SEM) responses made by the sham- and
methadone-treated subjects in each 180-min-long extinction session, on
both the heroin- and cocaine-associated levers. (b) Mean (SEM) responses
made by the sham- and methadone-treated groups in the first 15 min of
each extinction session, on the active lever associated with heroin infusions.
(c) Mean (SEM) responses made by the sham- and methadone-treated
groups in the first 15 min of each extinction session, on the active lever
associated with cocaine infusions.
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DISCUSSION

The main finding of the present study is that methadone
maintenance, at a relatively high dose, but one that did not
reduce locomotor activity, attenuated heroin- and cocaine-
seeking assessed during extinction and after priming
injections of heroin and cocaine. In the same animals,
however, methadone was not effective in reducing the
reinstatement of drug seeking induced by foot-shock stress.
These results suggest that at sufficiently high doses,
methadone maintenance has the potential to reduce both
heroin and cocaine seeking, possibly by reducing the
incentive value of drug-related cues, and if drugs are used,
by reducing the impact of their use on subsequent drug-
seeking behavior (Leri and Stewart, 2002; Marlatt, 2002).
For drug-seeking activated by stressful experiences, how-
ever, methadone appears to be ineffective, even at a
relatively high dose.

The finding that methadone maintenance (30 mg/kg/day)
reduced responding on both heroin- and cocaine-associated
levers selectively during the initial period of the first
extinction session most likely reflects an increased latency
to respond to drug-related cues (Fuchs et al, 1998) and not a
methadone-induced impairment of general activity. In fact,
when other rats were tested while maintained on this dose
of methadone, they displayed increases in general activity
relative to the sham-treated rats. Neither can the finding of
reduced responding during the initial period of extinction
be explained by interactions between drugs inasmuch as
heroin and cocaine were not available. Therefore, based on
previous interpretation of operant behavior during extinc-
tion (Markou et al, 1993; Fuchs et al, 1998; Mueller and
Stewart, 2000; Leri and Stewart, 2001), we postulate that
chronic mu-opioid receptor occupancy by methadone may
have reduced the incentive motivational properties of

heroin- and cocaine-related cues (ie levers and CSs
associated with them), and thus reduced the tendency of
rats to approach and make contact with these stimuli. The
question remains, however, whether this suppression is due
to specific effects on drug-related cues or to some more
general motivational effect. It has been found, in fact, that
chronic methadone treatment reduces the break point for
food in rats responding on a progressive ratio schedule
(Macenski et al, 1994), and this effect could not be
explained by methadone-induced suppression of locomotor
activity (Rudski et al, 1992). Future studies, therefore,
should investigate the effect of chronic methadone main-
tenance on extinction of sucrose-motivated responding to
determine whether the initial reduction in responding,
which in the present study was replicated in two groups of
animals run on separate occasions, is selective to heroin and
cocaine seeking.

In the reinstatement tests, it was found that methadone
decreased heroin-induced heroin seeking and cocaine-
induced cocaine seeking. This effect of methadone main-
tenance on heroin-induced reinstatement replicates a
previous finding showing that chronic exposure to heroin,
via osmotic minipumps, reduced the effectiveness of heroin
priming injections (Shaham et al, 1996). The effect of
chronic methadone exposure on cocaine-induced reinstate-
ment was somewhat surprising and, to our knowledge, it
has not been reported before. It is known that acute
administration of opioid agonists with activity at mu
receptors such as butorphanol, etonitazene, and buprenor-
phine can attenuate cocaine-induced reinstatement (Comer
et al, 1993; Lynch et al, 1998). These latter results, however,
have been difficult to interpret because of the possibility
that cocaine reinstatement was reduced by the depressant
effects of acute opiate injections (Shalev et al, 2002). Our
findings that locomotion was increased by methadone
maintenance, and that acute injections of cocaine further
enhanced locomotion, would appear to rule out this
possibility and to support the conclusion that mu-opioid
receptors agonists can indeed block cocaine-induced
reinstatement. To our knowledge, it appears that chronic
methadone maintenance is the only pharmacological
manipulation capable of reducing, in the same animal, both
heroin- and cocaine-induced reinstatement of drug seeking
(Shaham et al, 2003; Shalev et al, 2002).

In the present study, it was also found that chronic
methadone had no effect on foot-shock-induced reinstate-
ment of responding, suggesting that methadone mainte-
nance, in itself, may not be enough to protect against
relapse induced by stress. The lack of effect of methadone
maintenance on stress-induced reinstatement is in agree-
ment with an early finding from this group, demonstrating
that ‘heroin maintenance’ had no effect on foot-shock-
induced reinstatement of heroin-seeking behavior (Shaham
et al, 1996). Also, the present data are in agreement with
previous reports that foot-shock-induced reinstatement is
not blocked by opiate antagonists (Shaham and Stewart,
1996; Le et al, 1999; Liu and Weiss, 2002). Finally, it should
be noted that the findings of the present study replicate our
previous one showing drug priming-selective reinstatement
of responding (Leri and Stewart, 2001), and further suggests
that foot-shock stress reinstates responding in a nondrug-
specific manner. This may be a reflection of the fact that

Figure 4 (a) Mean (SEM) responses made by the sham- and
methadone-treated groups on each reinstatement session (60 min each),
on the active lever associated with heroin infusions. (b) Mean (SEM)
responses made by the sham- and methadone-treated groups on each
reinstatement session (60 min each), on the active lever associated with
cocaine infusions. #A significant difference between responding on the
heroin- and the cocaine-associated levers. *A significant difference between
responding displayed by the sham- and the methadone-treated groups.
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different neural systems mediate relapse induced by drugs
and induced by stress (Stewart, 2000, 2003).

In our laboratory, we have examined pharmacological
interactions between chronic heroin exposure (via mini-
pump) and acute injections of cocaine (Leri et al, 2003). In
both the heroin study and the present study with
methadone, we have consistently observed that chronic
exposure to opiate drugs elevates locomotor activity in a
dose-dependent manner and that the stimulatory effects of
cocaine summate with those of the opiate drugs. It should
not be surprising to find an additive effect of cocaine on
locomotion induced by chronic opiate exposure in light of
the known synergistic interactions between dopaminergic
agonists (cocaine and amphetamine) and mu agonists on 6-
hydroxydopamine-induced rotation behavior (Kimmel and
Holtzman, 1997), drug reinforcement (Bilsky et al, 1992;
Duvauchelle et al, 1998; Mattox et al, 1997; Ranaldi and
Munn, 1998; Rowlett et al, 1997; Wang et al, 2001), drug
discrimination (Green-Jordan et al, 2001; Spealman and
Bergman, 1992, 1994; Suzuki et al, 1997), elevation of
dopamine concentration in the ventral striatum (Gerasimov
and Dewey, 1999; Hemby et al, 1999), analgesia (Gatch et al,
1995; Kauppila et al, 1992; Misra et al, 1987; Nott, 1968;
Shimada et al, 1988; Sierra et al, 1992), and drug toxicity
(Blumberg and Ikeda, 1978; Leander and Lucot, 1977;
Plunkett et al, 1989). It is surprising, however, that although
chronic methadone maintenance did not reduce cocaine-
induced stimulation of locomotion, it did reduce cocaine-
induced reinstatement of cocaine seeking. This would not
be the first demonstration of dissociation between neuronal
events underlying cocaine-induced reinstatement and neu-
ronal events involved in the acute reinforcing and the
stimulatory effects of cocaine (Shalev et al, 2002). We are
currently performing in vivo microdialysis studies to
explore how dopamine activity in the ventral striatum is
affected by cocaine administration in methadone main-
tained rats. Nevertheless, the present results suggest the
interesting possibility that methadone maintenance may not
reduce, and may even enhance, the direct stimulatory and/
or motivational properties of cocaine (Foltin et al, 1995;
Preston et al, 1996) while, at the same time, it may reduce
the priming effects of cocaine exposure on cocaine-seeking
behavior, which may in turn reduce further cocaine use
(Borg et al, 1999). In order to test this hypothesis, we are
currently investigating the effects of methadone mainte-
nance on the intravenous self-administration of cocaine,
exploring how different doses of methadone modulate the
self-administration of different doses of cocaine, and
whether methadone prevents increases in drug-seeking
behavior caused by ‘lapses’ to cocaine use (Leri and Stewart,
2002). Taken together, with our current results, it is hoped
that these studies in animals will shed light on the clinical
issue of whether appropriate methadone doses may reduce
both opiate and cocaine abuse.
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