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The hypothesis that prior cannabis exposure increases the likelihood of becoming addicted to other drugs can be evaluated by giving rats

a history of tetrahydrocannabinol (THC) exposure, then allowing them to self-administer other drugs. In Experiment 1, THC pre-

exposure did not alter the acquisition of cocaine self-administration or the amount of cocaine taken under a fixed-ratio 1 (FR1) schedule,

with one response required for each injection. Under a progressive-ratio schedule, with the response requirement increasing

exponentially with each injection, cocaine-seeking was significantly reduced in THC-exposed rats, suggesting that the regimen of THC

exposure used in the present study caused cocaine to be devalued as a reinforcer. In contrast, in an earlier study that used the same

regimen, a history of THC exposure did not alter the value of heroin as a reinforcer under the progressive-ratio schedule, but it increased

heroin self-administration under the FR1 schedule. Experiment 2 examined how this regimen of THC pre-exposure alters the locomotor

effects of cocaine and heroin. THC pre-exposure produced cross-tolerance to the motor-depressant effects of heroin; this may explain

the shortened post-injection pauses exhibited by THC-exposed rats under FR1 heroin self-administration. When given cocaine, THC-

exposed rats exhibited normal increases in locomotion, but they avoided the center of the open field, suggesting that this THC pre-

exposure regimen enhances the anxiogenic effects of cocaine. This enhanced anxiogenic effectFwhich was verified in Experiment 3

using another model of anxiety, the light–dark testFmay explain the reduced reinforcing value of cocaine observed in THC-exposed

rats in Experiment 1.
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INTRODUCTION

The possibility that cannabis use can increase the likelihood
of becoming addicted to other drugs has long been debated,
but there is still a need for objective evaluation of this
‘gateway’ hypothesis (Ellickson et al, 1992; Kandel, 1975;
Kandel and Faust, 1975; Lynskey et al, 2003). Although
supportive correlational evidence has been obtained (Fer-
gusson and Horwood, 2000; Kandel, 2003), causal relation-
ships between drug exposure and subsequent addiction are
difficult to establish in humans because of the many
historical, environmental, and social variables that cannot
be controlled (Baumrind, 1983). Therefore, it has been

suggested that experiments using animal models of drug
abuse may provide the best means of testing the gateway
hypothesis (Kandel, 2003).

To this end, we recently evaluated the effects of
tetrahydrocannabinol (THC) exposure on subsequent self-
administration of heroin in rats (Solinas et al, 2004). Using
a regimen of THC pre-exposure that had earlier been shown
to enhance the locomotor-activating effects of THC or
morphine (Cadoni et al, 2001), rats were injected six times
with THC or vehicle over 3 days. Beginning 1 week after
the last injection of THC, rats were tested for acquisition
of heroin self-administration under a fixed-ratio 1 (FR1)
schedule, in which only one response is required for each
injection. THC exposure did not affect the likelihood of
acquiring the heroin self-administration response, but
THC-exposed rats took significantly more heroin injections
per session than vehicle-exposed rats. Next, a progressive-
ratio schedule (see Arnold and Roberts, 1997; Griffiths et al,
1975; Stafford et al, 1998) was instituted to assess the
reinforcing efficacy of self-administered heroin in the same
rats. Under this schedule, the response requirement
increases exponentially with each successive injection. The
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behavior of THC-exposed and vehicle-exposed rats did not
differ under the progressive-ratio schedule, indicating that
THC pre-exposure did not alter the reinforcing efficacy of
heroin (Solinas et al, 2004). Thus, these results suggest that
individuals with a history of THC exposure might take
heroin more frequently if it were freely available, but they
would not work harder than non-exposed individuals to
obtain heroin if the cost were increased.

A number of previous studies have demonstrated that
cannabinoid ligands can modulate the reinforcing effects
(Caille and Parsons, 2003; DeVries et al, 2003; Navarro et al,
2001; Norwood et al, 2003; Solinas et al, 2003, 2005) and
locomotor effects (Cadoni et al, 2001; Lamarque et al, 2001;
Pontieri et al, 2001; Rubino et al, 2003) of opioid agonists.
In the case of psychomotor stimulants, there is some
evidence that exposure to THC or cannabinoid agonists
may lead to behavioral sensitization with amphetamine
(Gorriti et al, 1999; Lamarque et al, 2001). In addition, it has
recently been reported that one (Gorriti et al, 2005) or
several (Moreno et al, 2005) injections of cannabinoid
agonists render rats more sensitive to the effects of direct
dopamine receptor agonists. Several studies have examined
the ability of pharmacological or genetic blockade of
cannabinoid receptors to alter the behavioral effects of
cocaine (Caille and Parsons, 2003; Cossu et al, 2001; Martin
et al, 2000; Soria et al, 2005; Tanda et al, 2000). For example,
acute administration of the CB1 receptor agonist
WIN55,202-5 can decrease cocaine self-administration
(Fattore et al, 1999), and mice lacking the CB1 receptors
show reduce reinforcing efficacy of cocaine (Soria et al,
2005). On the other hand, others have found that
administration of the cannabinoid CB1 receptor antagonist
rimonabant (SR141716A) did not affect self-administration
of cocaine in squirrel monkeys (Tanda et al, 2000) or rats
(Caille and Parsons, 2003) and that mice lacking the CB1
receptor show normal cocaine reinforcement in self-
administration and conditioned place preference paradigms
(Cossu et al, 2001; Martin et al, 2000). However, there have
been no studies to our knowledge that have assessed the
validity of the gateway hypothesis in experimental animals
by determining whether a history of THC exposure affects
the subsequent self-administration of cocaine.

Thus, to determine whether a history of THC pre-
exposure alters the reinforcing effects of cocaine, we applied
the same general procedure used earlier to study heroin
self-administration (Solinas et al, 2004). Thus, in Experi-
ment 1, rats were exposed to THC or vehicle for 3 days,
ending 1 week before they were trained to self-administer
cocaine under an FR1 schedule. They were then tested
under a progressive-ratio schedule over a range of doses of
cocaine. Experiment 2 evaluated whether a history of THC
exposure would alter the locomotor effects of cocaine or
heroin in an open field. Starting 1 week after the last THC
exposure, measures were taken of both general locomotor
activity and entries into the center of the field, a measure
that has recently been reported to reveal anxiety-related
effects of cocaine (Carey et al, 2005a, b; see also Ramos et al,
1998, 2003; Vendruscolo et al, 2003). Anxiety-related effects
observed in Experiment 2 were confirmed and extended in
Experiment 3 using the light–dark test, a different animal
model of anxiety (Costall et al, 1989a; Hascoët and Bourin,
1998; Onaivi and Martin, 1989; Pich and Samanin, 1989).

MATERIALS AND METHODS

Subjects

Experimentally naive Sprague–Dawley rats (Charles River,
Wilmington, MA, USA) were 3–4 months old and weighed
300–325 g at the start of the study. Rats were individually
housed in a temperature- and humidity-controlled room on
a 12-h light/dark cycle. Experiments were conducted during
the light phase. Water was available on an ad libitum basis
in the home cage, and laboratory chow was provided in an
amount (15–20 g/day) that maintained approximately con-
stant body weights throughout the experiment. The total
numbers of rats used in each experiment were 30 in
Experiment 1, 31 in Experiment 2, and 39 in Experiment 3.
All rats in Experiment 1 (self-administration) were used
only in that experiment. Rats tested with heroin in
Experiment 2 (open-field test) were used only in that
experiment. The 15 rats that received cocaine in Experiment
2 (open-field test) were also tested subsequently with
cocaine in Experiment 3 (light–dark test), and 24 addi-
tional, experimentally naive rats were also studied in
Experiment 3. The facilities were fully accredited by the
American Association for the Assessment and Accreditation
of Laboratory Animal Care. All procedures were approved
by the Institutional Care and Use Committee of the
Intramural Research Program, National Institute on Drug
Abuse (NIDA) and conducted in accordance with the
Guidelines for the Care and Use of Mammals in
Neuroscience and Behavioral Research (National Research
Council, 2003).

THC pre-exposure. In each experiment, rats were randomly
divided into two groups. THC-exposed rats received
intraperitoneal (i.p.) injections of THC twice a day for 3
days. The dose of THC was 2 mg/kg/injection on the first
day, 4 mg/kg/injection on the second day, and 8 mg/kg/
injection on the third day. Vehicle-exposed rats received an
injection of an equivalent volume of vehicle. This level of
THC pre-exposure has been shown to enhance the
locomotor-activating effects of THC as well as morphine
(Cadoni et al, 2001), and it is also the same regimen used in
our earlier study examining the effects of THC pre-exposure
on subsequent heroin self-administration (Solinas et al,
2004).

Experiment 1: Cocaine Self-Administration

Catheterization. One day after the last THC or vehicle
injection, rats in Experiment 1 were implanted with
catheters in the right jugular vein under aseptic conditions
using i.p. ketamine (60 mg/kg) and xylazine (10 mg/kg)
anesthesia as previously described (Solinas et al, 2003).
When rats developed a blocked catheter in an advanced
phase of the experiment, a second catheter was implanted in
the left jugular vein. During experimental sessions, the
catheter was connected to an injection pump (Med
Associates, St Albans, VT, USA) that delivered cocaine
solution (3 mg/ml) from a 10-ml syringe at a rate of 3.19 ml/
min through tubing passed through a metal spring.
Catheters were flushed before and after each session with
0.1 ml of saline solution.
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Cocaine self-administration apparatus. Experimental
chambers (30� 24� 29 cm; Coulbourn Instruments, Allen-
town, PA) enclosed in sound-attenuation chests had a metal
grid floor. On one wall, there were two nose-poke holes,
with a shielded white light and a speaker in the center of the
wall, above the holes. The light was illuminated at all times
except during injection and time-out periods, when the light
and a 4500 Hz tone were pulsed at a rate of 5 Hz with one
stimulus on while the other was off. Experimental events
were controlled by microcomputers using Med Associates
interfaces and software (Med Associates, East Fairfield, VT,
USA).

Cocaine self-administration procedure.
Fixed-ratio 1 schedule: Self-administration sessions

under an FR1 schedule began 1 week after the last i.p.
THC or vehicle injection. During 3-h daily sessions, a single
response in the left nose-poke hole (the active hole)
immediately delivered an intravenous (i.v.) injection of
cocaine (0.3 mg/kg/injection) and caused the house light
and tone to pulse for 5 s. During this 5-s time-out period,
responding had no programmed consequences. Responses
in the nose-poke hole on the right side (the inactive hole)
were recorded but had no programmed consequence.
Acquisition of self-administration responding was evaluated
over 10 consecutive sessions. The criterion for cocaine self-
administration was met if a rat obtained at least 10 cocaine
injections in each of the last three sessions. Rats that self-
administered less than 10 injections during the eighth
session but 10 or more injections during the ninth and tenth
sessions were trained for one additional session (11 total
sessions). Data collected under the FR1 schedule included
the number of injections per session and the number of
nose-pokes per session in the active and inactive holes
(including reinforced responses and responses during
injections and time-out periods). After the FR1 phase, rats
that met the criterion for acquisition of cocaine self-
administration were sequentially switched to (1) a variable-
dose schedule for two sessions, (2) a progressive-ratio
schedule for a total of eight sessions, (3) back to the FR1
schedule for two sessions, and finally (4) back to the
variable-dose schedule for two sessions. One rat in the
THC-exposed group that had met the acquisition criterion
but had not been tested under the progressive-ratio
schedule was dropped from the study because of catheter
failure. Eleven rats in each group completed all phases of
Experiment 1.

Variable-dose schedule of cocaine self-administration:
This schedule was used to rapidly obtain a dose–effect curve
for cocaine under the FR1 schedule. The dose per injection
was manipulated from injection to injection by varying the
duration of syringe-pump activation (approximately 0.5–
2 s). Three different doses of cocaine (0.1, 0.3, and 1.0 mg/
kg) were made available in a pseudo-random order, with a
total of 24 injections available per session. After the first two
injections, which were always 0.3 mg/kg and were not
included in the analysis, the doses were arranged as four
sets of six injections. Within each set, doses were
determined by sampling without replacement from a list
in which each dose occurred twice. The primary datum was
the amount of time between consecutive injections. This

latency measure (ie, the inter-injection interval or post-
injection pause) typically varies as a direct function of dose,
allowing a dose–effect curve to be obtained within a single
session (Gerber and Wise, 1989; Panlilio and Schindler,
2000; Solinas et al, 2004). Data were analyzed for the second
of the two variable-dose sessions before the progressive-
ratio phase of Experiment 1 and also for the second of
the two variable-dose sessions after the progressive-ratio
phase.

Progressive-ratio schedule of cocaine self-administra-
tion: Under this schedule, the response requirement
increased exponentially with each successive injection.
The progression of response requirements was the same
as those previously described in our parallel study with
heroin (Solinas et al, 2004). Sessions ended after 30 min had
passed without a response; on the rare occasion that this did
not occur, the session ended after 5 h. Rats were initially
trained for two sessions under this schedule with a cocaine
dose of 0.3 mg/kg/injection, but these data were not
included in the analysis. Then, they were given two
consecutive sessions at each of three different doses of
cocaine in the following order: 0.3, 0.3, 0.1, 0.1, 1.0, and
1.0 mg/kg/injection. Response rate data, including all
responses emitted during the session, were averaged for
the two sessions at each dose.

Experiment 2: Locomotor Activity in the Open Field

Locomotor activity apparatus. Locomotor chambers (Med
Associates, East Fairfield, VT, USA) were enclosed in
sound-attenuation chests, with two chambers in each chest.
Chambers (41� 41� 32 cm) were composed of clear acrylic
and had sawdust bedding on the floor. Eight chambers were
used in both the cocaine and heroin studies. However, data
for the heroin study were lost from two of the chambers
(including two rats from each heroin group) because
of an equipment failure. Activity was measured with a
16� 16 array of photobeams. Med Associates Open
Field Activity Software recorded the distance traveled
during the session and the number of entries into an
unmarked square (defined by the software) in the center of
the field (‘center zone’), covering one-ninth of the total area.
No illumination was provided when the chamber was
closed. Four groups were tested: a THC-exposed group
tested with cocaine (n¼ 7); a vehicle-exposed group tested
with cocaine (n¼ 8); a THC-exposed group tested with
heroin (n¼ 6); and a vehicle-exposed group tested with
heroin (n¼ 6).

Locomotor activity procedure. To determine whether THC
exposure alters baseline levels of locomotor activity, two 30-
min locomotor sessions were conducted: the first was 1 day
before THC or vehicle exposure was started, and the second
was 1 week after exposure had ended. In each of the next 10
sessions, cocaine (20 mg/kg) or heroin (1 mg/kg) was
injected i.p. immediately before the rat was placed in the
chamber for 30 min (cocaine) or 3 h (heroin). These i.p.
doses of cocaine and heroin are within the range commonly
used in studies of locomotor sensitization and conditioned
place preference. These drug sessions were conducted
Monday–Friday for 2 weeks, for a total of 10 sessions.
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Experiment 3: Light–Dark Test

Light–dark test apparatus. Four clear acrylic shuttle boxes
(MED-Associates, model ENV-010MC) were individually
enclosed in sound-attenuation chests in a darkened room
illuminated only by the screen of the computer. Shuttle
boxes measured 40� 16� 21 cm and had an opaque black
wall (2.5 cm thick) with a doorway (measuring 9� 12 cm)
between the compartments, such that the lighted compart-
ment was 20 cm long and the dark compartment was
17.5 cm long. One compartment was lit by a light bulb
(100 mA, 28 V) covered by a white lens on the center of the
wall at the far end of the compartment, 14.5 cm above the
floor. The other compartment was unlit and had an opaque
black covering around the outside of the box. The
illuminance (measured with a Sekonic light meter, model
L308-B) was approximately 2600 lux in the light side
(directly in front of the light) and approximately 5 lux in
the dark side (facing the doorway). Each compartment had
four photobeams spaced 5 cm apart, starting 5 cm from the
center of the box. The rat was considered to be in a specific
compartment once it broke the third or fourth beam in that
compartment. The rat was considered to be between the
compartments (ie, part in the light and part in the dark)
when it broke the first or second beam of the other
compartment; once the rat was between compartments, it
was not considered to be entirely in one compartment or
the other until it broke the third or fourth beam of that
compartment. Locomotion was measured as the number of
activity counts (ie, beam breaks), excluding consecutive,
repeated breaks of the same beam.

Light–dark test procedure. The two groups of rats (THC-
exposed and vehicle-exposed) that had been tested with
cocaine in the locomotor chamber in Experiment 2 were
also tested with cocaine (20 mg/kg) in the light–dark test in
Experiment 3; this light–dark test was conducted 3 months
after their 3-day exposure to THC or vehicle. In addition,
four new groups of rats were given the light–dark test in
Experiment 3: a THC-exposed group tested with cocaine
(n¼ 6); a THC-exposed group tested with saline (n¼ 6); a
vehicle-exposed group tested with cocaine (n¼ 6); and a
vehicle-exposed group tested with saline (n¼ 6). These rats
were tested 1 week after THC or vehicle exposure. On the
day of the test, rats were transported to the darkened room
and left in their home cages for at least 1 h. Rats were then
injected with saline or 20 mg/kg cocaine and returned to
their home cages for 15 min before testing. To start the test,
a rat was placed in the light compartment, facing the corner
of the wall with the light. Two measures were taken during
the 5-min test: (1) percentage of time spent in the light
compartment, not counting time spent between the
compartments; and (2) the level of activity in counts/min.

Drugs

D-9-THC (National Institute on Drug Abuse, Baltimore,
MD, USA), 50 mg/ml in ethanol, was dissolved in a 40% w/v
solution of cyclodextrin (RBI/SIGMA, Natick, MA, USA).
THC was given i.p. in a volume of 2 ml/kg for the doses of 2
and 4 mg/kg and in a volume of 4 ml/kg for the 8 mg/kg dose
because of solubility constraint. Ethanol concentrations in

THC solutions were between 2 and 4% v/v. Corresponding
amounts of ethanol were added to vehicle solutions.
Cocaine and heroin (National Institute on Drug Abuse,
Baltimore, MD, USA) were dissolved in saline solution and
distilled water, respectively, and were given in a volume of
1 ml/kg when injected i.p.

Data Analysis

Data were analyzed using Proc Mixed (SAS Institute, Cary,
NC). Paired comparisons were conducted using the Tukey–
Kramer procedure with a 0.05 significance level for each set
of tests. For the acquisition phase of Experiment 1, response
rates were analyzed with pre-exposure (THC-exposed vs
vehicle-exposed), session number (1–10), and response type
(active vs inactive hole) as factors. For the variable-dose
schedule, response latencies (inter-injection intervals) for
the active hole were analyzed with pre-exposure, session
(before vs after the progressive-ratio phase of the study),
and dose of cocaine as factors. For the progressive-ratio
schedule, response rates were analyzed with pre-exposure,
dose of cocaine, and response type as factors. For
Experiment 2, distance traveled and the number of center-
zone entries were analyzed with pre-exposure (THC vs
vehicle) and session number (1–10) as factors. For heroin,
each 3-h session was divided into 30-min periods, so an
additional factor (time in session) was included in the
analysis. For Experiment 3, the percentage of time spent in
the light compartment and the level of locomotor activity
were analyzed. For the two groups of rats in Experiment 3
that had previously been exposed to cocaine in Experiment
2, data from the light–dark test were analyzed using
Student’s t-test. For the four groups of rats tested only in
Experiment 3, data were analyzed as a 2� 2 factorial design,
with pre-exposure (THC vs vehicle) and acute treatment
(cocaine vs saline) as factors.

RESULTS

Experiment 1: Cocaine Self-Administration

Acquisition of cocaine self-administration. Pre-exposure
to THC did not affect the acquisition of cocaine self-
administration. Figure 1 shows that response and injection
rates were similar for both THC-exposed and vehicle-
exposed rats throughout training. Statistical analysis of
response rates confirmed that there were no significant
main or interaction effects involving THC exposure
(p’s40.6). The interaction of response type and session
was significant (F(9,399)¼ 2.28, po0.05), with response
rates for both groups significantly higher in the active hole
than the inactive hole during the ninth and tenth sessions.
The proportion of rats meeting the acquisition criterion was
similar in both groups (THC-exposed: 12/15; vehicle-
exposed: 11/15).

Variable-dose schedule of cocaine self-administration.
Pre-exposure to THC also did not affect the cocaine dose–
effect functions obtained with the variable-dose schedule
(see Figure 2). There were no significant main or interaction
effects involving THC exposure (p’s40.5). Response
latencies increased monotonically as a function of dose
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per injection, with latencies at each dose significantly
different from each other dose (p’so0.05). When dose–
effect curves from the variable-dose procedure were
compared before and after the rats were trained with the
progressive-ratio schedule, it was found that latencies for
the two higher doses of cocaine had become shorter, but
this shift was equivalent in THC- and vehicle-exposed rats.
Thus, the interaction of dose and session (variable-dose
sessions before vs after the progressive-ratio phase) was
significant (F(2,94)¼ 7.97, po0.05), with latencies for the
highest dose of cocaine becoming significantly shorter
(po0.05) in the later session, indicating more rapid intake.

Progressive-ratio schedule of cocaine self-administration.
THC-exposed rats emitted fewer responses and took fewer
injections of cocaine than vehicle-exposed rats under the

progressive-ratio schedule (see Figure 3). The interaction of
response type and group was significant (F(1,100)¼ 4.38,
po0.05), with THC-exposed rats emitting significantly
fewer responses than vehicle-exposed rats in the active
hole. This responding was dose-dependent within each
group, with each dose differing significantly from each
other dose (p’so0.05). THC-exposed and vehicle-exposed
rats did not differ in their inactive-hole responding
(p40.9).

Experiment 2: Locomotor Activity in the Open Field

Locomotor effects of cocaine. Pre-exposure to THC did not
affect baseline levels of locomotion or center-zone entry,
either within subjects (before vs after pre-exposure) or
between groups (THC vs vehicle; all p’s40.9). Figure 4a
shows that THC-exposed and vehicle-exposed rats exhibited
similar levels of locomotor activity when given cocaine.
Although these levels of activity were slightly lower on
average in THC-exposed rats, there was considerable
overlap in the two groups, and they did not differ
significantly (main effect of pre-exposure: p40.25; interac-
tion of pre-exposure and session number: p40.65). Overall,
distance traveled increased gradually over successive
cocaine sessions. The main effect of session number was
significant (F(9,117)¼ 3.29, po0.01), and distance traveled
during the ninth session was significantly longer than in the
first, fourth, and fifth cocaine sessions (p’so0.05). Thus,
pre-exposure to THC did not alter the initial effects of
cocaine or the development of sensitization to the effects of
cocaine on distance traveled. In contrast to this lack of
effect on general activity, THC exposure did have a
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profound effect on the number of entries into the center of
the field. Figure 4c shows that cocaine significantly elevated
the number of center-zone entries in vehicle-exposed rats,
but this effect was virtually eliminated in THC-exposed rats.
Center-zone entries did not show sensitization over the 10
cocaine sessions. The main effect of pre-exposure on center-
zone entries was significant (F(1,13)¼ 5.56, po0.05), but
there was no significant effect of session number (p40.98)
or the interaction of session number and pre-exposure
(p40.72).

Locomotor effects of heroin. THC-exposed rats exhibited
significantly higher levels of activity than vehicle-exposed
rats during the first 30 min after receiving heroin (Figures
4b and 5). This group difference was maintained across the
10 sessions of testing with heroin. Locomotion in THC-
exposed rats tended to be highest during the first 30-min

period, and it declined monotonically for the remainder of
the session. Locomotion in vehicle-exposed rats tended to
be low at the beginning of the session, then increased to
near or slightly above the levels in THC-exposed rats during
the middle periods of the session, and finally decreased
during the final two periods. For distance traveled, the
interaction of pre-exposure and time within the session was
significant (F(5,406)¼ 10.35, po0.0001), and paired com-
parisons indicated that THC-exposed rats had significantly
higher levels of activity than vehicle-exposed rats during the
first 30 min (po0.05). With regard to center-zone entries
(Figures 4d and 6), THC-exposed rats showed significantly
more entries than vehicle-exposed controls (mean7
SEM¼ 129.9716.0 entries/session vs 81710.0, respec-
tively), an effect opposite to that observed with cocaine.
For center-zone entries, the only significant effect was the
main effect of pre-exposure (F(1,14)¼ 6.49, po0.05).
Heroin’s effects on center-zone entries and distance traveled
showed different time courses. While THC-exposed rats
showed the highest levels of activity during the first 30 min
after receiving heroin, center-zone entries were highest
during the middle of the session in these rats. Thus,
increased entries into the center zone when the THC-
exposed group was given heroin were not a simple by-
product of their higher levels of locomotor activity. This
dissociation between distance traveled and center-zone
entries during heroin treatment is confirmed by the low
correlation between the two measures in rats given heroin
(r¼ 0.073). A higher correlation was observed in rats given
cocaine (r¼ 0.48).

Experiment 3: Light–Dark Test

The results obtained with cocaine in the light–dark test in
Experiment 3 were consistent with the findings obtained
with the open-field test in Experiment 2, suggesting that
THC pre-exposure enhanced cocaine’s anxiogenic effects
without significantly altering its general locomotor effects.
When the rats that had previously received cocaine in the
locomotor chamber during Experiment 2 were given
cocaine and tested in the light–dark test in Experiment 3
(see Figure 7), the THC-exposed group spent significantly
less time in the lighted compartment (t(13)¼ 2.58, po0.05),
consistent with an anxiogenic effect. These two groups did
not differ in locomotor activity during the light–dark test
(p40.74). In the four groups of rats that were tested only
in Experiment 3 (see Figure 8), THC pre-exposure
(F(1,44)¼ 4.02, po0.05) and acute cocaine exposure
(F(1,44)¼ 6.48, po0.05) each produced a decrease in time
spent in the lighted compartment, but paired comparisons
revealed that this measure was only significantly affected
(suggesting an anxiogenic effect) in one group, the THC-
exposed rats that were given cocaine (po0.05). Cocaine
significantly increased locomotor activity in both the THC-
exposed and vehicle-exposed groups (p’so0.05).

DISCUSSION

The regimen of THC pre-exposure used in this study did
not affect the likelihood of rats acquiring cocaine self-
administration, nor did it affect their rates of cocaine taking
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under the FR1 schedule. However, the reinforcing efficacy
of cocaine was reduced in THC-exposed rats, as indicated
by the fact that they emitted significantly fewer ‘cocaine-
seeking’ responses than THC-naive rats under the progres-
sive-ratio schedule. These results contrast sharply with our
previous study of heroin self-administration, where the
same regimen of THC pre-exposure increased the rate of
heroin taking under FR1 but had no effect on heroin’s

reinforcing efficacy under the progressive-ratio schedule
(Solinas et al, 2004). Although the use of a single dosage
regimen of THC in these studies may limit the generality of
their conclusions, these results clearly indicate that (1) THC
exposure can produce long-lasting alterations in the
behavioral effects of cocaine and heroin and (2) these
alterations can be quite different with heroin vs cocaine, but
(3) THC exposure does not appear to increase the likelihood
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of repeatedly using or becoming addicted to either heroin or
cocaine.

Comparing the present results to those obtained in earlier
studies that used the same regimen of THC exposure
(Cadoni et al, 2001; Solinas et al, 2004), rats pre-exposed to
THC exhibited higher levels of locomotor activity than
THC-naive rats when they were subsequently treated with
heroin (Experiment 2 of the present study) or morphine
(Cadoni et al, 2001), but not cocaine (Experiments 2 and 3
of the present study). These findings are consistent with
those of studies that used different regimens of cannabinoid
treatment (eg, with the cannabinoid agonist WIN55212.2)
but still found enhanced levels of locomotor activity in
cannabinoid-exposed rats when they were given heroin
(Lamarque et al, 2001; Pontieri et al, 2001) but not cocaine
(Arnold et al, 1998). These results could potentially be

described as either cross-sensitization to the locomotor-
activating effects of heroin or cross-tolerance to the
locomotor-depressant effects of heroin. The present results
suggest that tolerance is the more likely explanation,
because THC-exposed rats exhibited higher levels of activity
immediately after the heroin injection, a period in which
activity is suppressed in rats that have never received THC
(Amalric and Koob, 1985; Pontieri et al, 2001).

The fact that THC-exposed rats are more active following
i.p. heroin administration suggests a straightforward
explanation for why they also self-administer i.v. heroin at
a faster rate than THC-naive rats under an FR1 schedule.
Because heroin has a shorter-lived activity-suppressant
effect in rats with a history of THC exposure, these rats are
able to respond sooner after a self-administered injection.
Drug intake under an FR1 schedule of self-administration is
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determined largely by the duration of the effect of each
injection (Gerber and Wise, 1989; Panlilio et al, 2003;
Tsibulsky and Norman, 1999), but drug-seeking under
progressive-ratio schedules is essentially independent of
duration of effect (Panlilio and Schindler, 2000; see also Ko
et al, 2002). Thus, cross-tolerance to heroin’s locomotor-
suppressant effects would be expected to increase heroin
intake under the FR1 schedule, but it should not alter the
reinforcing efficacy of heroin under the progressive-ratio
schedule.

THC pre-exposure had quite different effects on locomo-
tor activity when rats were given cocaine rather than heroin.
First, a history of THC exposure did not significantly alter
the general locomotor activation produced by cocaine.
Second, a history of THC exposure significantly decreased
the number of entries into the center of the field when rats
were given cocaine, an effect that suggests enhanced
anxiety. Similar decreases in center-zone activity have been
demonstrated in the open field with rats given anxiogenic
drugs (Prut and Belzung, 2003) or electric shock (Grossen
and Kelley, 1972) immediately before the test. The
possibility that a history of THC exposure increases
sensitivity to the anxiogenic effects of cocaine was further
supported by the results obtained with the light–dark test, a
procedure that has been well-validated as being sensitive to
both anxiolytic and anxiogenic effects of drugs (Costall
et al, 1989a; Hascoët and Bourin, 1998; Onaivi and Martin,
1989; Pich and Samanin, 1989).

Cannabinoid agonists and cocaine are both known to
have effects in a variety of animal models of anxiety.
McLaughlin et al (2005) found that a cannabinoid agonist
decreased center-zone activity in an open field, an effect
they interpreted as anxiogenic. In the elevated plus maze,
cannabinoid agonists generally produce anxiogenic effects
at high doses and anxiolytic effects at low doses (Arevalo
et al, 2001; Berrendero and Maldonado, 2002; Marin et al,
2003; Marco et al, 2004). In the social interaction test
(File, 1992; File and Seth, 2003; Genn et al, 2004) and
defensive withdrawal test (Rodriguez de Fonseca et al,
1996; Yang et al, 1992), cannabinoid agonists and psycho-
motor stimulants can both produce anxiogenic effects.
Acute administration of cocaine has been found to be
anxiogenic in the light/dark test (Costall et al, 1989b),
elevated plus maze (DeVries and Pert, 1998; Paine et al,
2002; Rogerio and Takahashi, 1992; Yang et al, 1992),
drinking conflict test (Fontana and Commissaris, 1989),
pentylenetetrazol drug discrimination (Shearman and Lal,
1981), and runway self-administration procedures (Etten-
berg, 2004).

Although cocaine is known for its powerful reinforcing
effects, its anxiogenic effects can be detected in the runway
even when it is self-administered (Ettenberg and Geist,
1991, 1993; see also Spealman, 1979). In contrast, self-
administered heroin, amphetamine, and non-drug reinfor-
cers exhibit no indication of anxiogenic effects in the
runway (Ettenberg, 2004). The fact that cocaine can have
both appetitive and aversive effects suggests that its
reinforcing efficacy may represent the sum of these
influences. Therefore, an enhancement of the anxiogenic
effects of cocaine may reduce the net effectiveness of
cocaine as a reinforcer in rats that have previously been
exposed to THC, as indicated by testing with the

progressive-ratio schedule in Experiment 1 of the present
study. It should be noted that in most of the studies showing
anxiogenic effects of cocaine (cited above), there was a delay
of 10 min or more between the injection of cocaine and the
beginning of the test. This fact is important because there
is evidence that the reinforcing effects of cocaine are
immediate (Panlilio et al, 1998), but the aversive effects are
delayed (Ettenberg et al, 1999). This delay may allow
cocaine to function as a reinforcer despite its aversive
effects.

The results of the present study are consistent with the
preponderance of evidence that cocaine has anxiogenic
effects. This suggests that cocaine-induced increases in
center-zone activity (Carey et al, 2005a, ) might represent a
false positive for an anxiolytic effect in the open-field test.
Although drugs can alter general locomotor activity and
center-zone activity independently (Treit and Fundytus,
1988), in the present study there was a higher correlation
between distance traveled and center-zone entries with
cocaine than with heroin, suggesting that cocaine-induced
increases in center-zone entries in THC-naive rats might
have resulted from a general increase in locomotor activity.
If so, THC exposure may have prevented cocaine from
increasing center-zone entries because it enhanced co-
caine’s anxiogenic effects. Thus, when THC-exposed rats
were given cocaine, they showed normal increases in
general activity, but they avoided entering the center of
the field. This avoidance may indicate either cross-
sensitization to the anxiogenic effects of cocaine or the
summation of anxiogenic effects of prior THC exposure and
acute cocaine administration.

Acute or repeated exposure to THC or other cannabinoid
agonists can produce a number of alterations at the
molecular, cellular, and functional levels. For example,
there is evidence that chronic cannabinoid exposure alters
the electrophysiological functions of rat (Hoffman et al,
2003) and mouse nucleus accumbens (Mato et al, 2005).
Other studies have shown that in rats made tolerant to THC,
administration of the cannabinoid antagonist rimonabant
led to increased levels of corticotrophin-releasing factor in
the central nucleus of the amygdala (Rodriguez de Fonseca
et al, 1997), decreased levels of dopamine in the nucleus
accumbens (Tanda et al, 1999), and decreased firing of
dopaminergic cells in the ventral tegmental area (Diana
et al, 1998). However, it should be noted that these studies
were performed in vitro or used different regimens of THC
exposure or different time frames to assess the conse-
quences of THC exposure. As they mostly measured the
effects of early withdrawal from THC, a time when
compensating mechanisms can confound the long-lasting
consequences of exposure to THC, it is not clear whether
these changes may have played a role in the altered effects
of cocaine we measured in this study. On the other hand,
Rubino et al (2003) investigated the molecular effects of
a treatment of cannabinoid agonist similar to that used in
this study, measuring changes that occurred after longer
withdrawal from THC. They found that exposure to the
cannabinoid CB1 agonist CP 55,940 produces long-lasting
changes in the number of CB1 receptors in the cerebellum
and in the activity of CB1 receptors in the caudate putamen
and cerebellum (Rubino et al, 2003). It is not clear at this
moment whether such molecular changes are implicated in

THC pre-exposure alters the effects of cocaine and heroin
LV Panlilio et al

654

Neuropsychopharmacology



the alterations of cocaine’s reinforcing and anxiogenic
effects found in the present study.

CONCLUSIONS

With both self-administration and locomotor activity, we
find that a history of THC exposure differentially affects
behavior related to cocaine vs heroin. These effects are long
lasting, with observable differences detectable 1–2 weeks
(Experiments 2 and 3) or even months (Experiment 1) after
the last THC exposure. The effects of THC exposure on
locomotor activity, anxiety, and self-administration of
cocaine and heroin may be functionally related. In the case
of heroin, THC pre-exposed rats are more active when they
receive heroin, which may allow them to self-administer the
next injection of heroin sooner than THC-naive rats. In the
case of cocaine, THC pre-exposure appears to enhance the
aversive effects of cocaine, reducing its effectiveness as a
reinforcer. This potential anxiety-related interaction be-
tween THC exposure and subsequent reinforcing effects of
cocaine will require further confirmation in rats (eg, using
cannabinoid treatment regimens that more closely mirror
various patterns of human cannabinoid use), as well as a
direct evaluation of whether these effects generalize to
humans. Nonetheless, these results are clearly consistent
with the existing evidence that cocaine and cannabinoids
can have both reinforcing and aversive effects.
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