
Rimonabant-Induced �9-Tetrahydrocannabinol Withdrawal in
Rhesus Monkeys: Discriminative Stimulus Effects and Other
Withdrawal Signs

Jennifer L. Stewart and Lance R. McMahon
Department of Pharmacology, The University of Texas Health Science Center, San Antonio, Texas

Received March 23, 2010; accepted April 6, 2010

ABSTRACT
Marijuana-dependent individuals report using marijuana to
alleviate withdrawal, suggesting that pharmacotherapy of
marijuana withdrawal could promote abstinence. To identify
potential pharmacotherapies for marijuana withdrawal, this
study first characterized rimonabant-induced �9-tetrahydro-
cannabinol (�9-THC) withdrawal in rhesus monkeys by using
drug discrimination and directly observable signs. Second,
drugs were examined for their capacity to modify cannabi-
noid withdrawal. Monkeys receiving chronic �9-THC (1 mg/
kg/12 h s.c.) discriminated the cannabinoid antagonist
rimonabant (1 mg/kg i.v.) under a fixed ratio schedule of
stimulus-shock termination. The discriminative stimulus ef-
fects of rimonabant were dose-dependent (ED50 � 0.25 mg/
kg) and accompanied by head shaking. In the absence of
chronic �9-THC treatment (i.e., in nondependent monkeys), a
larger dose (3.2 mg/kg) of rimonabant produced head shak-
ing and tachycardia. Temporary discontinuation of �9-THC
treatment resulted in increased responding on the rimon-
abant lever, head shaking, and activity during the dark cycle.

The rimonabant discriminative stimulus was attenuated fully
by �9-THC (at doses larger than mg/kg/12 h) and the can-
nabinoid agonist CP 55940 [5-(1,1-dimethylheptyl)-2-[5-
hydroxy-2-(3-hydroxypropyl)cyclohexyl]phenol], and par-
tially by the cannabinoid agonist WIN 55212-2 [(R)-(�)-[2,
3-dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-
de]-1,4-benzoxazin-6-yl]-1-naphthalenylmethanone mesy-
late] and the �2-adrenergic agonist clonidine. In contrast, a
benzodiazepine (diazepam) and monoamine agonist (co-
caine) did not attenuate the rimonabant discriminative stim-
ulus. Head shaking was attenuated by all test compounds.
These results show that the discriminative stimulus effects of
rimonabant in �9-THC-treated monkeys are a more pharma-
cologically selective measure of cannabinoid withdrawal
than rimonabant-induced head shaking. These results sug-
gest that cannabinoid and noncannabinoid (�2-adrenergic)
agonists are potentially useful therapeutics for marijuana
dependence inasmuch as they attenuate the subjective ex-
perience of �9-THC withdrawal.

Pharmacotherapy is a viable strategy for treating depen-
dence on some drugs (e.g., opioid agonists and tobacco). Mari-
juana-dependent individuals are seeking treatment in increas-
ing numbers, and there is an emerging consensus that a
pharmacotherapy could help promote abstinence from mari-
juana (Compton et al., 2004; Elkashef et al., 2008; Vandrey and
Haney, 2009), although currently there are no Food and Drug
Administration-approved pharmacotherapies for marijuana de-
pendence. To facilitate identification of a suitable pharmaco-
therapy, preclinical assays of marijuana (i.e., cannabinoid) de-

pendence are needed. Many people report using marijuana to
alleviate withdrawal that emerges upon discontinuation of
marijuana use; therefore, a pharmacotherapy could specifically
target withdrawal to promote abstinence (Budney et al., 1999).
The goals of this study were to use drug discrimination and
directly observable signs to characterize cannabinoid with-
drawal in rhesus monkeys and, further, to examine cannabi-
noids and noncannabinoids for their capacity to modify canna-
binoid withdrawal.

Dependence and withdrawal to �9-tetrahydrocannabinol
(�9-THC), the cannabinoid primarily responsible for the
abuse and dependence liability of marijuana, has been exam-
ined in rodents, dogs, and monkeys. In rhesus monkeys,
abrupt discontinuation of chronic �9-THC treatment resulted
in a withdrawal syndrome, evidenced by increased gross
movement, eye contact, and tooth baring (Fredericks and
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Benowitz, 1980) and disruptions in operant responding for
food (Beardsley et al., 1986). However, withdrawal was not
always detected after discontinuation of chronic �9-THC
treatment (Harris et al., 1974). Failure to detect withdrawal
after discontinuation of chronic �9-THC could be caused by
the long duration of action and slow elimination of �9-THC
(Grotenhermen, 2003). With the availability of the CB1 an-
tagonist rimonabant, previous studies were able to demon-
strate that rimonabant induces a cannabinoid withdrawal
syndrome in rodents and dogs (see Lichtman and Martin,
2002 for review). The directly observable effects of rimon-
abant in �9-THC-treated rodents, including paw tremors and
head shaking, were attenuated not only by �9-THC but also
by clonidine (Lichtman et al., 2001), suggesting that some
noncannabinoids have therapeutic potential as treatments
for marijuana withdrawal.

Drug discrimination assays have been used to character-
ize withdrawal from a variety of drug classes (Gellert and
Holtzman, 1979; Emmett-Oglesby et al., 1990). Drug dis-
crimination generally is highly sensitive to the effects of
drugs and could be uniquely sensitive to cannabinoid with-
drawal inasmuch as marijuana withdrawal in humans is
evidenced primarily by symptoms (i.e., mood disturbances)
and few directly observable signs (Haney et al., 1999b;
Budney et al., 2004). One goal of the current study was to
treat monkeys with a sufficiently large dose (1 mg/kg/12 h
s.c.) of �9-THC to produce dependence and, in turn, char-
acterize rimonabant-induced withdrawal by using drug
discrimination and directly observable signs. Signs mea-
sured in the present study were chosen, in part, from those
reported in other species (e.g., head shaking in rodents;
Cook et al., 1998) and from previous studies in rhesus
monkeys. �9-THC decreased heart rate and locomotor ac-
tivity in rhesus monkeys (Fredericks and Benowitz, 1980;
Stark and Dews, 1980; Fredericks et al., 1981; Vivian et
al., 1998). Consequently, heart rate and locomotor activity
were measured in the current study to examine whether
rimonabant-induced withdrawal includes tachycardia and
hyperactivity. To help clarify whether the effects of rimon-
abant during chronic �9-THC treatment were related to
withdrawal, the effects of rimonabant in nondependent
monkeys were examined. Moreover, �9-THC treatment
was abruptly discontinued in the current study to compare
spontaneous withdrawal signs with rimonabant-induced
withdrawal signs. A second goal was to examine pharma-
cologic manipulation of rimonabant-induced cannabinoid
withdrawal. Cannabinoid agonists CP 55940 [5-(1,
1-dimethylheptyl)-2-[5-hydroxy-2-(3-hydroxypropyl)cyclo-
hexyl]phenol] and WIN 55212-2 [R)-(�)-[2,3-dihydro-5-
methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-
benzoxazin-6-yl]-1-naphthalenylmethanone mesylate]
were studied to examine the role of cannabinoid receptors
in �9-THC withdrawal. Clonidine was studied to evaluate
�2-adrenergic receptors as targets for pharmacotherapy
(Lichtman et al., 2001; Haney et al., 2008), and a benzo-
diazepine agonist (diazepam) was studied because it re-
duces anxiety, a symptom of cannabinoid withdrawal
(Haney et al., 1999b). Deficits in mesolimbic dopamine
neurotransmission were reported in cannabinoid-with-
drawn animals (Diana et al., 1998); cocaine was included
to test the hypothesis that an indirect-acting dopamine
agonist attenuates cannabinoid withdrawal. The results

with cocaine and diazepam demonstrate that head shaking
and discriminative stimulus effects differ in their pharma-
cologic selectivity and sensitivity to the withdrawal-
reversing effects of drugs.

Materials and Methods
Subjects. One male and four female rhesus monkeys (Macaca

mulatta) discriminated rimonabant (1 mg/kg i.v.) from vehicle while
receiving 1 mg/kg/12 h �9-THC subcutaneously. Three of these mon-
keys previously discriminated rimonabant (1 mg/kg i.v.) from vehicle
while receiving 0.32 mg/kg/day �9-THC intravenously as described
previously (McMahon, 2006a). Before treatment with 1 mg/kg/12 h
�9-THC, treatment with the smaller dose (0.32 mg/kg/day) had been
discontinued for at least 1 year and, during this period, the effects of
rimonabant in the absence of �9-THC treatment were determined.
Two other monkeys were experimentally naive before they were
treated with 1 mg/kg/12 h �9-THC subcutaneously and trained to
discriminate rimonabant. The five monkeys discriminating rimon-
abant were used to generate all of the data reported in this article,
with the exception of head shaking data measured in the absence of
chronic �9-THC treatment, which was measured in a separate group
of five rhesus monkeys (one female and four males) discriminating a
relatively small dose (0.1 mg/kg) of �9-THC (McMahon, 2006b). In
those monkeys, rimonabant-induced head shaking was measured at
least 48 h after �9-THC was administered.

All monkeys were housed individually in stainless-steel cages (33
inches wide � 27 inches deep � 32 inches high) on a 14-h light/10-h
dark schedule (lights on at 6:00 AM). They were maintained at 95%
free-feeding weight (range 6–11.6 kg) with a diet consisting of pri-
mate chow (High Protein Monkey Diet; Harlan Teklad, Madison,
WI), fresh fruit, and peanuts, and they were provided water in the
home cage. Monkeys were maintained in accordance with the Insti-
tutional Animal Care and Use Committee, The University of Texas
Health Science Center at San Antonio, and the Guide for the Care
and Use of Laboratory Animals (National Research Council, 1996).

Surgery. Monkeys were anesthetized with ketamine (10 mg/kg
i.m.) and isoflurane (1.5–3.0% inhalation). Using sterile techniques,
chronic indwelling catheters (heparin coated polyurethane, o.d. �
1.68 mm, i.d. � 1.02 mm; Instech Solomon, Plymouth Meeting, PA)
were inserted into a femoral or subclavian vein. Suture silk (coated
vicryl; Ethicon Inc., Somerville, NJ) was used to anchor the catheter
to the vessel and ligate the section of the vessel proximal to the
catheter insertion. The distal end of the catheter was attached to a
vascular access port (Mida-cbas-c50; Instech Solomon) positioned
subcutaneously at the midscapular region of the back. Telemetry
transmitters (CTA-D70; Data Sciences International, St. Paul, MN)
were implanted subcutaneously; a skin incision was made approxi-
mately 6 cm lateral to the abdominal midline near the flank. The
skin over the flank was undermined by using dissection to create a
subcutaneous pocket in which the telemetry device was inserted. The
skin was closed with a 3-0 absorbable nylon suture. Electrocardio-
gram leads were placed in line with the long axis of the heart. One
electrode was placed in the upper right quadrant of the chest (just
below the pectoral muscles against the rib cage near the first in-
terspace), and the other was placed in the lower left quadrant (in-
terspace on the left caudal-lateral thorax).

Operant Conditioning Chambers. Discriminative stimulus ef-
fects and head shaking were measured concurrently in ventilated,
sound-attenuating chambers in the presence of white noise. Each
chamber contained two levers and two lights, one positioned above
each lever. Monkeys were seated in chairs (model R001; Primate
Products, Miami, FL), and their feet were placed in shoes containing
brass electrodes through which a brief electric stimulus (3 mA, 250
ms) could be delivered from an a.c. generator (Coulbourn Instru-
ments, Allentown, PA). An interface (MedAssociates, St. Albans, VT)
connected the chambers to a computer, which controlled and re-
corded experimental events.
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Discrimination Training Procedure. Each day �9-THC (1
mg/kg s.c.) was administered at 6:00 AM and 6:00 PM, and monkeys
discriminated rimonabant (1 mg/kg i.v.) from vehicle (at noon) under
a fixed ratio schedule of stimulus-shock termination. Experimental
sessions consisted of consecutive 20-min cycles. Each cycle began
with a 15-min timeout; responding on the levers during the timeout
had no programmed consequence. The timeout was followed by illu-
mination of red lights. The lights signaled delivery of an electric
stimulus in 40 s; however, five consecutive responses on the correct
lever extinguished the lights, prevented delivery of the electric stim-
ulus, and postponed the schedule for 30 s. The correct lever was
determined by administration of vehicle or rimonabant at the begin-
ning of the session; determination of correct levers (e.g., left, vehicle;
right, rimonabant) varied among monkeys and remained the same
for an individual throughout the study. A response on the incorrect
lever reset the response requirement on the correct lever. Response
periods ended after 5 min or the delivery of four electric stimuli,
whichever occurred first. Vehicle training was conducted by admin-
istering vehicle intravenously or sham (i.e., dull pressure applied to
the skin overlying the vascular access port) during the first minute of
each of no more than six cycles. Rimonabant training was conducted
by administering the training dose (1 mg/kg i.v.) during the first
minute of a cycle followed by vehicle or sham during the first minute
of a second cycle. Zero to four vehicle-training cycles preceded the
two rimonabant-training cycles.

Discrimination Testing Procedure. A monkey was tested for
the first time when the following criteria were satisfied in every cycle
during five consecutive or six of seven training sessions: at least 80%
of the total responses occurred on the correct lever and fewer than
five responses occurred on the incorrect lever before completion of
five consecutive responses on the correct lever. Subsequent tests
were conducted when performance for consecutive training sessions,
including both vehicle and rimonabant training sessions, satisfied
the criteria. The type of training session preceding test sessions
varied nonsystematically. Test sessions were identical to training
sessions except that five consecutive responses on either lever were
reinforced, and animals received vehicle or a dose of drug intrave-
nously during the first minute of a cycle.

To establish a rimonabant dose-effect curve, a dose was adminis-
tered intravenously during a cycle and then vehicle or sham was
administered in a second cycle. The time course of the training dose
(1 mg/kg) of rimonabant was established by administering the train-
ing dose 2 and 4 h before a multiple-cycle test, during which vehicle
was administered intravenously in the first cycle followed by sham in
a second cycle.

To examine whether the effects of rimonabant in �9-THC-treated
monkeys were also observed after abrupt discontinuation of �9-THC
treatment (i.e., �9-THC deprivation), multiple-cycle test sessions
were conducted before, during, and after �9-THC deprivation for 6
days. Training sessions were not conducted during �9-THC depriva-
tion. Test sessions were conducted at noon, and vehicle was admin-
istered intravenously in the first cycle followed by sham in subse-
quent cycles. The first test in the sequence was conducted during
�9-THC treatment, i.e., 6 h after the morning injection of �9-THC (1
mg/kg s.c.). Monkeys were deprived of �9-THC that evening (i.e., at
6:00 PM) by administering vehicle subcutaneously instead of �9-
THC, and monkeys continued to receive vehicle subcutaneously at
6:00 AM and 6:00 PM for the next 5 days and at 6:00 AM on the sixth
and last day of �9-THC deprivation. Test sessions were conducted on
days 1, 2, and 6 of the �9-THC deprivation period. On day 6 of
deprivation, �9-THC treatment was resumed in the evening, i.e.,
monkeys received 1 mg/kg �9-THC at 6:00 PM. The next day, mon-
keys received 1 mg/kg �9-THC at 6:00 AM, and the last test of the
sequence was conducted that day at noon.

The effects of test compounds alone and in combination with the
training dose of rimonabant were examined during four-cycle test
sessions. Vehicle or a dose of test drug was administered in the first
cycle followed by sham in a second cycle; rimonabant (1 mg/kg) was

administered in a third cycle followed by sham in a fourth cycle. Test
drugs were �9-THC (0.32–3.2 mg/kg), CP 55940 (0.032–0.32 mg/kg),
WIN 55212-2 (1–10 mg/kg), clonidine (0.0032–1 mg/kg), diazepam
(0.32–3.2 mg/kg), and cocaine (0.1–1 mg/kg).

Head Shaking. Cameras mounted inside the operant condition-
ing chambers provided a frontal view of each monkey. Video was
recorded with commercially available software (GV-650; GeoVision,
Taipei, Taiwan) and stored on a computer. Frequency of head shak-
ing was quantified by observers blind to treatment. Head shaking
was defined as rapid, horizontal, side-to-side oscillation of the head
for a minimum of 1 s. Each head shake was separated by at least 1 s
of no head shaking. To establish the dose-effect curve of rimonabant
and test drugs, the frequency of head shaking was measured imme-
diately after drug administration for 40 min. To establish a time
course of rimonabant in �9-THC-treated monkeys, the frequency of
head shaking was measured for 40 min at 2 and 4 h after adminis-
tration of the training dose (1 mg/kg). To examine head shaking after
the abrupt discontinuation of �9-THC treatment, frequency was
measured at noon for 80 min. The effects of a test drug on rimon-
abant-induced head shaking were measured by administering the
test drug 40 min before rimonabant; head shaking was measured for
40 min immediately after rimonabant was administered.

Heart Rate and Activity. Heart rate and activity were measured
in four unrestrained monkeys (i.e., in the home cage) via a receiver
(RMC-1; Data Sciences International), computer, and commercially
available software (Dataquest Acquisition and Analysis System;
Data Sciences International). Activity was defined by the position
and velocity of movement of the transmitter relative to the receiver;
activity was a relative measure (i.e., more active versus less active)
and not an absolute measure of distance. During a given observation
period, heart rate was measured continuously for 2 min every 5 min
and activity was measured continuously. The effects of vehicle and
rimonabant in the absence of chronic �9-THC treatment were exam-
ined in three monkeys that had not received chronic �9-THC treat-
ment for at least 6 months and in a fourth monkey that had not
previously received �9-THC treatment. The effects of vehicle and
rimonabant were then reassessed in these same monkeys after they
had received �9-THC (1 mg/kg/12 h) for 6 months. Vehicle or rimon-
abant (0.1–3.2 mg/kg i.v.) was administered while monkeys were
seated in chairs; they were immediately returned to the home cage at
noon for telemetry measurement. Drug discrimination sessions were
not conducted on those days. Tests with different doses of rimon-
abant were separated by at least 3 days. The time course of rimon-
abant (1 mg/kg i.v.) on heart rate and activity was generated from a
single session. For the �9-THC deprivation experiment, heart rate
and activity were measured throughout the day except during dis-
crimination test sessions (12:00 PM to 2:00 PM).

Drugs. The following drugs were administered intravenously:
rimonabant, �9-THC (100 mg/ml in absolute ethanol) (The Re-
search Technology Branch, National Institute on Drug Abuse,
Rockville, MD), CP 55940 (Tocris Bioscience, Ellisville, MO), and
WIN 55212-2 and diazepam (Sigma-Aldrich, St. Louis, MO). For
these drugs, the vehicle consisted of one part absolute ethanol, one
part Emulphor-620 (Rhone-Poulenc Inc., Princeton, NJ), and 18
parts physiologic saline. Clonidine hydrochloride (Sigma-Aldrich)
and cocaine hydrochloride (National Institute on Drug Abuse)
were prepared in distilled sterile water and administered subcu-
taneously. Ketamine hydrochloride (Bioniche, Athens, GA) was
prepared in physiological saline and administered subcutane-
ously. The volume was 0.03 to 1 ml/kg, and doses (mg/kg) were
expressed as the weight of the forms listed above.

Data Analyses. Discrimination, response rate, and head shaking
data were averaged from five monkeys, and telemetry data (heart
rate and activity) were averaged from four monkeys. Discrimination
data were expressed as a percentage of responses on the rimonabant
lever of total responses on the vehicle and rimonabant levers. Rate of
responding (responses per s) on both levers was converted to a
control, defined as the average response rate in all cycles during the
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five previous vehicle-training sessions, during which the test criteria
were satisfied, immediately preceding that test. Response rate data
were expressed as a percentage of the control for individual animals.
Discrimination data at a dose were not included for analysis or
plotted when the corresponding response rate was less than 20% of
control in three or more subjects; however, response rate data were
always included for analysis and plotted. Inter-rater reliability for
measurement of head shaking was established with linear regres-
sion of frequency measured from a training database consisting of 10
separate sessions. To match the temporal parameters used for mea-
surement of head shaking (i.e., 40 min for studies with test drugs and
80 min for the �9-THC deprivation study), discrimination and re-
sponse rate data were averaged from two and four cycles, respec-
tively, for further analysis. Heart rate data were averaged from all
values collected during a 40-min period and expressed as a difference
from the vehicle (nondrug) control. Activity was cumulated from all
values measured for 40 min (studies with rimonabant) or 8 h over-
night (�9-THC deprivation study). For the rimonabant dose-effect
and time course data and the �9-THC deprivation study, discrimi-
nation, response rate, head shaking, heart rate, and activity data
were averaged among monkeys (� S.E.M.) and plotted as a function
of dose or time. Dose-effect and time course data were analyzed
separately with ANOVA for repeated measures followed by Dun-
nett’s post-hoc test to examine significant differences from the vehi-
cle control (p � 0.05).

Discrimination, response rate, and head shaking data after vehi-
cle or the training dose (1 mg/kg) of rimonabant were determined in
three separate test sessions; data from these tests were averaged to
provide a single vehicle or rimonabant (1 mg/kg) control for further
analysis with test compounds (�9-THC, CP 55940, WIN 55212-2,
clonidine, diazepam, and cocaine). Head shaking data were con-
verted to a percentage of the rimonabant control for individual sub-
jects. Dose-effect data were analyzed separately per test compound
with ANOVA for repeated measures followed by Dunnett’s post-hoc
test to compare individual doses to the vehicle or rimonabant con-
trols (p � 0.05).

When a drug decreased the effects of rimonabant (1 mg/kg) to less
than 50%, potency was calculated by simultaneously fitting straight
lines to individual dose-effect data by means of Prism version 5.0 for
Windows (GraphPad Software Inc., San Diego, CA) with linear re-
gression. Straight lines were fitted to the linear portion of dose-effect
curves, defined by doses producing 20 to 80% of the maximum effect,
including not more than one dose producing less than 20% of the
maximum effect and not more than one dose producing more than
80% of the maximum effect. Other doses were excluded from linear
regression. The slopes of dose-effect curves were compared with an
F-ratio test by using GraphPad. If the slopes were not significantly
different, then a common, best-fitting slope was used to calculate potency
(Kenakin, 1997). Doses corresponding to the 50% level of the effect (ED50),
potency ratios, and their 95% confidence limits were calculated by parallel
line analysis of data from individual subjects (Tallarida, 2000). Potencies
were considered significantly different when the 95% confidence limits of
the potency ratio did not include 1.

Results
Discriminative and Rate Effects of Rimonabant in

�9-THC-Treated Monkeys. In three monkeys previously
trained to discriminate rimonabant (1 mg/kg i.v.) from vehi-
cle in the presence of a relatively small dose (0.32 mg/kg/day
i.v.) of �9-THC (McMahon, 2006a), stimulus control with
rimonabant in the presence of a larger dose (1 mg/kg/12 h) of
�9-THC was re-established in 8, 8, and 11 sessions in indi-
vidual monkeys. For two experimentally naive monkeys,
stimulus control with rimonabant (1 mg/kg i.v.) during treat-
ment with 1 mg/kg/12 h �9-THC was established in 30 and 53
sessions.

Rimonabant dose-dependently increased responding on the
drug-appropriate lever (F3,12 � 142; p � 0.001) (Fig. 1A);
doses of 0.32 and 1 mg/kg significantly increased rimon-
abant-lever responding to a mean of 72 and 93%, respec-
tively. After administration of vehicle, responding was 1% on
the rimonabant lever (Fig. 1A, V). The ED50 value (95%
confidence limits) of rimonabant to produce discriminative
stimulus effects was 0.25 (0.17–0.35) mg/kg. The discrimina-
tive stimulus effects of rimonabant decreased as a function of
time (Fig. 1B) (F3,9 � 29.6; p � 0.001), with the training dose
(1 mg/kg i.v.) producing significant drug-lever responding
(73%) for up to 121 to 160 min; percentage responding on the
rimonabant lever was no longer significantly different from
the vehicle control at 241 to 280 min. Over 10 vehicle training
sessions in which the criteria for testing were satisfied aver-
age rates of lever pressing for individual monkeys were 0.70,
0.74, 0.80, 1.29, and 1.44 responses per s. Rimonabant, up to
the training dose (1 mg/kg), did not significantly modify
response rate (p � 0.05) (Fig. 1, C and D).

The Effects of Rimonabant Alone and during
Chronic �9-THC: Head Shaking, Heart Rate, and Ac-
tivity. The inter-rater reliability between observers measur-
ing head shaking was relatively high, evidenced by a coeffi-
cient of determination of 0.92; the slope of the regression line
was not significantly different from unity and the intercept
was not significantly different from zero. Administration of
vehicle, either during chronic �9-THC or not, resulted in a
maximum average (� S.E.M.) frequency of 1.3 (� 0.9) head
shaking counts (Fig. 2A, V). When administered without
chronic �9-THC treatment, the mean frequency of head shak-
ing after 1 and 3.2 mg/kg rimonabant was 2.2 and 13.4,
respectively (Fig. 2A, F). Head shaking at 3.2 mg/kg rimon-
abant was caused by a marked increase in two of five mon-
keys; the group average data were not statistically signifi-
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Fig. 1. Discriminative stimulus effects of rimonabant (1 mg/kg) in rhesus
monkeys receiving chronic �9-THC (1 mg/kg/12 h). Abscissae: vehicle (V)
or dose in mg/kg body weight (A and C) and time (Min) after administra-
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cant (F2,12 � 2.18; p � 0.16). During chronic �9-THC (1
mg/kg/12 h), rimonabant significantly increased head shak-
ing as function of dose (F3,12 � 12.7; p � 0.001) (Fig. 2A, E)
and time (F3,9 � 9.00; p � 0.01) (Fig. 2B). A dose of 1 mg/kg
significantly increased head shaking frequency to 8.3 at 1 to
40 min, an effect that was no longer significantly different
from the vehicle control at 121 to 160 min.

Administration of vehicle intravenously outside the
home cage produced an increase in heart rate and activity
when monkeys were returned to the home cage for 40 min;
therefore, data were analyzed at 41 to 80 min, a period
when heart rate and activity were no longer significantly
different from data collected at the same time of day when
monkeys had not been removed from the home cage. Before
chronic �9-THC treatment, the average (� S.E.M.) vehicle
control heart rate was 132.1 (� 8.1) beats per min; rela-
tively small doses (0.32 and 1 mg/kg) of rimonabant did not
significantly modify heart rate, whereas a large dose (3.2
mg/kg) of rimonabant significantly increased heart rate by
25.8 beats per min (F3,9 � 4.98; p � 0.05) (Fig. 2C, F).
Relative to the nondrug control (i.e., no chronic �9-THC
treatment), heart rate during chronic �9-THC (1 mg/kg/12
h) was significantly decreased by 36.0 beats per min
(F4,12 � 6.90; p � 0.01) (Fig. 2C, compare E and F above V).
Rimonabant dose-dependently attenuated bradycardia
produced by chronic �9-THC; the significant antagonism
produced by 0.32 and 1 mg/kg rimonabant resulted in a
heart rate that was not different from the nondrug control
(Fig. 2C). Antagonism of �9-THC-induced bradycardia de-
creased as a function of time (F3,9 � 5.36; p � 0.05), i.e.,
antagonism produced by 1 mg/kg rimonabant was evident
at 121 to 160 min and not 241 to 280 min (Fig. 2D).

The nondrug control for activity was 32, 67, 97, and 120
counts per 40-min observation period for four respective mon-

keys. Before chronic �9-THC, there was a tendency for rimon-
abant to increase activity counts, although not significantly
because of relatively large error variance, i.e., average (�
S.E.M.) activity after 3.2 mg/kg rimonabant was 169 (� 58.4)
counts compared with 78.4 (� 18.6) counts after vehicle.
During chronic �9-THC treatment, there was a nonsignifi-
cant tendency for activity to be decreased relative to the
nondrug control and, further, for rimonabant to antagonize
�9-THC-induced hypoactivity. Mean (� S.E.M.) control activ-
ity during chronic �9-THC was 20 (� 9.7) counts, whereas
activity after rimonabant (1 mg/kg) was relatively high (i.e.,
72 � 20 counts) and similar to the nondrug control.

Temporary Discontinuation of Chronic �9-THC
Treatment. When tested with vehicle the day before dis-
continuation of �9-THC treatment, responding was 0% on
the rimonabant lever (Fig. 3A, leftmost THC point). Dur-
ing the same test, response rate was 101% of control and
the frequency of head shaking was 0.5 counts (Fig. 3 B and
C, respectively, leftmost THC points). Upon discontinua-
tion of �9-THC treatment, rimonabant-appropriate re-
sponding increased significantly, i.e., to 48% on depriva-
tion day 1 (F4,16 � 5.93; p � 0.01) (Fig. 3A). Response rate
during the �9-THC deprivation period was not signifi-
cantly different from the predeprivation control (p � 0.05)
(Fig. 3B). Head shaking frequency significantly increased
during the deprivation period, to 5.3 and 8.0 counts on
deprivation days 1 and 2, respectively (F4,16 � 6.92; p �
0.01) (Fig. 3C). On deprivation day 6, head shaking was no
longer significantly different from the predeprivation con-
trol. Upon resumption of �9-THC treatment, rimonabant-
lever responding and head shaking frequency were not
significantly different from predeprivation control values
(Fig. 3, A and C, respectively, rightmost THC points),
whereas the response rate was significantly decreased rel-
ative to the predeprivation control (F4,16 � 4.65; p � 0.05),
although the decrease was relatively small (Fig. 3B, right-
most THC point).

During the night (i.e., 8-h period beginning 1 h after lights
off and ending 1 h before lights on), mean (� S.E.M.) cumu-
lative activity during �9-THC treatment was 0.9 (� 0.4)
counts (Fig. 3D, leftmost THC point). The nondrug control
(i.e., no chronic �9-THC treatment) during the same 8-h
period was an average (� S.E.M.) of 1.6 (� 0.4) activity
counts. Upon discontinuation of chronic �9-THC treatment,
night activity increased in three of four monkeys. For exam-
ple, the maximum activity during any one night of the depri-
vation period was 16, 11, and 3.2 counts for each of three
monkeys. Cumulative night activity did not vary before, dur-
ing, and after the �9-THC deprivation period in one of four
monkeys, and analysis of the group data did not achieve
statistical significance (p � 0.05). Heart rate did not signifi-
cantly vary as a function of �9-THC deprivation status (data
not shown).

Effects of Cannabinoid Agonists Alone and in Com-
bination with Rimonabant: Discriminative Stimulus
Effects and Head Shaking. When administered alone,
�9-THC (0.32–3.2 mg/kg), CP 55940 (0.032– 0.32 mg/kg),
and WIN 55212-2 (1–10 mg/kg) produced a maximum of 1,
3, and 0% responses on the rimonabant lever, respectively
(Fig. 4A). CP 55940 (0.32 mg/kg) and WIN 55212-2 (10
mg/kg) significantly decreased response rate to 26%
(F3,12 � 11.9; p � 0.001) and 44% (F3,12 � 6.83; p � 0.01)
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of the vehicle control, respectively (Fig. 4B). �9-THC, up to
3.2 mg/kg, did not significantly modify response rate. The
cannabinoid agonists did not significantly increase head
shaking (p � 0.05) (Fig. 4C).

When administered in combination with the training dose
(1 mg/kg) of rimonabant, �9-THC significantly attenuated
rimonabant-lever responding (F3,12 � 40.9; p � 0.001); the
effects of the training dose (92% rimonabant-lever respond-
ing) were decreased to 2% by 3.2 mg/kg �9-THC (Fig. 4D, �).
Likewise, the discriminative stimulus effects of rimonabant
were dose-dependently attenuated by CP 55940 (F3,12 � 89.4;
p � 0.001) and WIN 55212-2 (F3,12 � 5.54; p � 0.05) (Fig. 4D,
‚ and �, respectively). However, WIN 55212-2 (up to a dose
of 10 mg/kg) produced a smaller decrease (49% rimonabant-
lever responding) than that obtained with 0.32 mg/kg CP
55940 (10% rimonabant-lever responding). The slopes of the
CP 55940 and �9-THC dose-effect curves were not signifi-
cantly different (p � 0.05), and the ED50 values (95% confi-
dence limits) were 0.14 (0.10–0.20) and 0.85 (0.66–1.1) mg/
kg, respectively. CP 55940 was more potent than �9-THC,
i.e., the potency ratio (95% confidence limits) was 6.0 (4.1–
8.6). A slope and ED50 value were not calculated for the WIN
55212-2 dose-effect data because the percentage of rimon-
abant-lever responding was not decreased to less than 50% in
two of five monkeys. Response rate was not significantly
modified when the cannabinoid agonists were combined with
the training dose of rimonabant (p � 0.05) (Fig. 4E).

Head shaking produced by 1 mg/kg rimonabant was
significantly and dose-dependently decreased by �9-THC
(F3,12 � 4.05; p � 0.05), CP 55940 (F3,12 � 7.14; p � 0.01),
and WIN 55212-2 (F3,12 � 17.7; p � 0.001). CP 55940 (0.32
mg/kg), �9-THC (3.2 mg/kg), and WIN 55212-2 (10 mg/kg)
significantly decreased head shaking to 10, 32, and 18% of
control, respectively (Fig. 4F). The slopes of the dose-effect
curves for CP 55940, �9-THC, and WIN 55212-2 were not
significantly different (p � 0.05); the ED50 values (95%
confidence limits) were 0.15 (0.07– 0.33), 1.8 (0.96 –3.5),
and 3.0 (1.3–7.1) mg/kg, respectively. CP 55940 attenuated
rimonabant-induced head shaking more potently than �9-
THC and WIN 55212-2, i.e., the potency ratios (95% con-
fidence limits) were 12 (3.1–29) and 17 (5.7– 49), respec-
tively. The potencies of �9-THC and WIN 55212-2 to
attenuate head shaking were not significantly different.

Effects of Noncannabinoids Alone and in Combina-
tion with Rimonabant: Discriminative Stimulus Ef-
fects and Head Shaking. When administered alone,
clonidine (0.0032–1 mg/kg), cocaine (0.1–1 mg/kg), and
diazepam (0.32–3.2 mg/kg) produced a maximum of 26, 39,
and 31% responding on the rimonabant lever, respectively
(Fig. 5A). The effect of cocaine was statistically significant
(F3,12 � 3.59; p � 0.05), whereas the effects of clonidine
and diazepam were not (p � 0.05). Diazepam (3.2 mg/kg)
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significantly decreased response rate to 37% of the vehicle
control (F3,12 � 4.76; p � 0.05), whereas cocaine and
clonidine did not significantly modify response rate up to
the largest dose (1 mg/kg) studied (p � 0.05) (Fig. 5B).
Clonidine, cocaine, and diazepam did not significantly in-
crease head shaking (p � 0.05) (Fig. 5C).

When administered in combination with the training
dose (1 mg/kg) of rimonabant, drug-lever responding was
dose-dependently attenuated by clonidine (F6,18 � 9.18;
p � 0.001). The dose-effect curve for clonidine seemed to
reach an asymptote with a maximum attenuation to 50%
rimonabant-lever responding. Neither cocaine nor diaze-
pam significantly attenuated the discriminative stimulus
effects of rimonabant (Fig. 5D, � and �, respectively).
When combined with rimonabant (1 mg/kg), diazepam sig-
nificantly decreased response rate to 54 and 37% of control
at doses of 1 and 3.2 mg/kg, respectively (F3,12 � 27.1; p �
0.001). In contrast, cocaine and clonidine (up to 1 mg/kg)
did not significantly modify response rate when combined
with rimonabant (Fig. 5E).

Rimonabant-induced head shaking was dose-depen-
dently attenuated by clonidine (F6,18 � 7.46; p � 0.001)
and cocaine (F3,9 � 23.4; p � 0.001) (Fig. 5F). Although
ANOVA of the diazepam dose-effect data was not statisti-
cally significant (p � 0.05), diazepam decreased rimon-
abant-induced head shaking to less than 50% of control in
all five monkeys. Furthermore, linear regression demon-
strated that the effects of diazepam were dose-dependent
(i.e., the slope of the dose-effect curve was significantly
different from 0). The slopes of the clonidine, cocaine, and
diazepam dose-effect curves to attenuate rimonabant-
induced head shaking were not significantly different (p �

0.05). The ED50 values (95% confidence limits) were 0.01
(0.003– 0.03) mg/kg for clonidine, 0.59 (0.28 –1.2) mg/kg for
cocaine, and 1.4 (0.41–5.4) mg/kg for diazepam. Clonidine
was significantly more potent than cocaine and diazepam,
which were equipotent.

Discussion
Rhesus monkeys receiving chronic �9-THC treatment (1

mg/kg/12 h) reliably discriminated the cannabinoid antago-
nist rimonabant (1 mg/kg). Rimonabant had similar potency
for producing discriminative stimulus effects, head shaking,
and antagonism of �9-THC-induced bradycardia. In the ab-
sence of chronic �9-THC treatment, a relatively large dose
(3.2 mg/kg) of rimonabant produced tachycardia and tended
to increase head shaking. When �9-THC treatment was
abruptly discontinued, there was an increase in both rimon-
abant-lever responding and head shaking. Moreover, activity
during the night, which was typically low in the absence of
any drug treatment, tended to increase in monkeys deprived
of chronic �9-THC treatment. The rimonabant discriminative
stimulus was attenuated fully by �9-THC and CP 55940 and
partially by WIN 55212-2 and clonidine; diazepam and co-
caine did not attenuate the rimonabant discriminative stim-
ulus. In contrast, rimonabant-induced head shaking was
nonselectively attenuated by the test compounds. These re-
sults show that the discriminative stimulus effects of rimon-
abant in �9-THC-treated monkeys are a more pharmacolog-
ically selective measure of cannabinoid withdrawal than
rimonabant-induced head shaking. In addition to cannabi-
noid agonists, �2-adrenergic agonists seem to be potential
pharmacotherapies for treating marijuana withdrawal.
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Rhesus monkeys were physically dependent on �9-THC,
evidenced by increases in rimonabant-lever responding, head
shaking, and night activity when �9-THC treatment was
abruptly discontinued. The magnitude of rimonabant-lever
responding obtained after abrupt discontinuation of �9-THC
treatment did not achieve the same maximum produced by
the training dose of rimonabant during �9-THC treatment,
suggesting that withdrawal upon abrupt discontinuation
of treatment was less robust than rimonabant-induced
withdrawal. This result is consistent with previous studies
assessing signs of cannabinoid withdrawal in rodents
(Aceto et al., 1996) and drug discrimination studies show-
ing that withdrawal induced by abrupt discontinuation of
opioid treatment was less robust than antagonist-induced
opioid withdrawal (Gellert and Holtzman, 1979). Slow me-
tabolism and elimination of �9-THC and its active metab-
olites (Grotenhermen, 2003) could decrease withdrawal
magnitude, as has been shown for other drug classes (i.e.,
long-acting barbiturates; Boisse and Okamoto, 1978). The
presently used dose (1 mg/kg/12 h) of �9-THC was compa-
rable with that used previously to produce dependence in
rhesus monkeys (Fredericks and Benowitz, 1980), evi-
denced in one study by a disruption in food-maintained
responding when �9-THC treatment was abruptly discon-
tinued (Beardsley et al., 1986). That operant responding
was not disrupted in the current study might be attributed
to the reinforcer (stimulus-shock termination) or route of
chronic �9-THC treatment (subcutaneous, respectively),
which differed from those (food presentation and intrave-
nous) used in the previous study (Beardsley et al., 1986).

The current study is the first to indicate that head shaking
is a sign of cannabinoid withdrawal in primates. Sleep
disruption, a prominent sign of marijuana withdrawal in
humans (Haney et al., 1999a,b; Budney et al., 2004), seems
likely to be responsible for the increased night activity in
three of four rhesus monkeys deprived of chronic �9-THC
in the current study.

Rimonabant-induced cannabinoid withdrawal in primates
was evidenced by dose-dependent and reliable discriminative
stimulus effects and head shaking. Several lines of evidence
suggest that discriminative stimulus effects measured here
reflected rimonabant-induced �9-THC withdrawal. First, in
the absence of chronic �9-THC treatment, rimonabant could
not be trained as discriminative stimulus in rhesus monkeys
up to a training dose of 3.2 mg/kg i.v. (McMahon, 2006a).
Second, the ED50 value for the discriminative stimulus effects
of rimonabant was strikingly similar to the apparent affinity
(pA2) or dose of rimonabant occupying 50% of cannabinoid re-
ceptors, as determined from antagonism of the discriminative
stimulus effects of cannabinoid agonists (McMahon, 2006b).
The ED50 value of the rimonabant discriminative stimulus also
was comparable with doses of rimonabant that antagonized
�9-THC-induced bradycardia, which was evident even after 6
months of �9-THC treatment (see also Kaymakçalan and Sivil,
1974; Fredericks et al., 1981). Third, rimonabant had the same
potency for producing discriminative stimulus effects and a sign
of withdrawal (head shaking). The discriminative stimulus ef-
fects of rimonabant under the present experimental conditions
seem to be related to �9-THC dependence and withdrawal.

Head shaking was evident not only when rimonabant (1
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p � 0.05 versus V or R in corresponding panels.
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mg/kg) was administered during �9-THC treatment, but also
when �9-THC treatment was abruptly discontinued, demon-
strating that head shaking is a cannabinoid withdrawal sign.
However, in the absence of chronic �9-THC, a relatively large
dose (3.2 mg/kg) of rimonabant produced tachycardia and
head shaking, although the latter was not statistically sig-
nificant. If rimonabant-induced head shaking in �9-THC-
treated monkeys is a withdrawal sign, then antagonism of
�9-THC must be the underlying mechanism. In contrast,
rimonabant-induced head shaking and tachycardia in the
absence of �9-THC treatment could be caused by a variety of
mechanisms; for example, rimonabant is a CB1 receptor in-
verse agonist in vitro (Bouaboula et al., 1997). A previous
study demonstrated that chronic treatment with a benzo-
diazepine agonist increased sensitivity to convulsions pro-
duced by benzodiazepine inverse agonists (Sannerud et al.,
1991). Chronic �9-THC treatment increased sensitivity to
rimonabant-induced head shaking in monkeys (present
study) and rodents (Cook et al., 1998), perhaps implicating
CB1 inverse agonism as the mechanism by which rimonabant
produces behavioral effects in the absence of �9-THC treat-
ment. Alternatively, the behavioral effects of rimonabant
could be caused by antagonism of endogenous cannabinoid
neurotransmitters (anandamide and 2-AG). However, the
apparent affinity of rimonabant determined in the presence
of anandamide and �9-THC was similar (McMahon, 2009),
suggesting that rimonabant should have similar potency for
producing behavioral effects regardless of whether antago-
nism of anandamide or �9-THC is the underlying mecha-
nism. The apparent affinity of rimonabant in the presence of
other endocannabinoids (2-AG) has not been determined; to
the extent that rimonabant antagonizes 2-AG with a lesser
potency than that for other agonists, antagonism of 2-AG
could be responsible for the effects of rimonabant alone. In
�9-THC-treated monkeys, rimonabant-induced head shaking
was attenuated by every test compound (cannabinoid, �2-
adrenergic, benzodiazepine, and monoamine agonists) in-
cluded for study. Even though head shaking seems to be a
cannabinoid withdrawal sign, its utility for establishing the
neuropharmacology of cannabinoid dependence and with-
drawal is limited by a lack of pharmacologic selectivity.

If the discriminative stimulus effects of rimonabant in
�9-THC-treated animals were related to withdrawal, then
attenuation would be expected from increasing the dose of
the dependence-inducing drug (�9-THC), which was dem-
onstrated here. Furthermore, to the extent that cannabi-
noid agonism is the mechanism by which �9-THC attenu-
ates rimonabant-induced withdrawal, other cannabinoid
agonists (CP 55940) would also be expected to attenuate
withdrawal, which was demonstrated here. Although CP
55940 was more potent than �9-THC, their individual po-
tencies were similar with respect to attenuation of rimon-
abant-induced head shaking and discriminative stimulus.
In contrast, the potency of WIN 55212-2 varied across the
two measures, which can be illustrated by comparing the
relative potency of WIN 55212-2 and �9-THC. For exam-
ple, WIN 55212-2 was less potent than �9-THC in attenu-
ating the discriminative stimulus effects of rimonabant,
whereas the agonists were equipotent in reducing rimon-
abant-induced head shaking. In monkeys discriminating a
relatively small dose of �9-THC, the potencies of �9-THC
and WIN 55212-2 also were similar (McMahon, 2006b).

Moreover, in that previous study, surmountable antago-
nism of �9-THC was observed across a broader range of
doses of rimonabant than antagonism of WIN 55212-2
(McMahon, 2006b). Collectively, these results show that
�9-THC and WIN 55212-2 differ in their interaction with
rimonabant and suggest that �9-THC and WIN 55212-2
differ in receptor mechanism of action; one interpretation
is that WIN 55212-2 acts via rimonabant-sensitive (CB1)
and rimonabant-insensitive (non-CB1) receptors. Head
shaking was a less pharmacologically selective measure of
the effects of rimonabant than discriminative stimulus
effects; therefore, a drug acting at both CB1 and non-CB1

receptors (WIN 55212-2) might be relatively more potent
at attenuating the former (i.e., less pharmacologically se-
lective measure) compared with attenuation of the latter.
With regard to therapeutic potential, the current results
suggest that attenuation of �9-THC or marijuana with-
drawal by cannabinoid agonists varies according to the
relative activity at CB1 versus other receptors.

A therapeutic with a mechanism of action distinct from
marijuana (i.e., a noncannabinoid) might have some advan-
tages over marijuana-like compounds in marijuana-depen-
dent individuals. Cross-tolerance from marijuana to a non-
cannabinoid, for example, should be less than cross-tolerance
to a cannabinoid. Moreover, a noncannabinoid would be ex-
pected to not have marijuana-like abuse and dependence
liability. In the current study, a benzodiazepine (diazepam)
did not attenuate the rimonabant-discriminative stimulus,
suggesting that anxiolytic activity is not sufficient to atten-
uate this particular measure of �9-THC withdrawal. In con-
trast, the �2-adrenergic agonist clonidine attenuated the
rimonabant-discriminative stimulus, although attenuation
by clonidine was partial (i.e., achieved an asymptote at 50%).
Although clonidine was less effective than �9-THC and CP
55940, clonidine has relatively low abuse liability (Roehrich
and Gold, 1987), which might increase the potential thera-
peutic utility of �2-adrenergic agonists for marijuana depen-
dence. The present results are consistent with the results of
a clinical study reporting that the �2-adrenergic agonist
lofexidine attenuated marijuana withdrawal (Haney et al.,
2008). In that clinical study, lofexidine was effective when
combined with �9-THC. Further studies are needed to help
determine whether cannabinoid and �2-adrenergic agonists
have greater therapeutic utility when they are combined
compared with when they are administered separately. The
rimonabant-discriminative stimulus in �9-THC-treated mon-
keys seems be an appropriate preclinical measure of canna-
binoid withdrawal and might be an especially useful measure
of the subjective experience of cannabinoid withdrawal.
Studies with cannabinoid and �2-adrenergic agonists, alone
and in combination, and studies with novel classes of drugs
in this assay have the potential to identify not only the
neurobiological underpinnings of cannabinoid dependence,
but also medicines that could help marijuana-dependent in-
dividuals achieve abstinence.
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